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ABSTRACT

This dissertation proposes and evaluates techniques for the integration of active
air flow control into building envelopes in order to allow for diverse and flexible appli‐
cations for managing air flow including amplification for more effective capture of wind
power. Existing building‐integrated wind approaches have typically utilized large
turbines to ensure high energy yields; this has restricted the viability of building‐
integrated wind in most built‐up areas, where the presence of low wind speeds reduces
the energy output, and the large turbines create myriad structural, aesthetic and
acoustical challenges. Smaller turbines have not yet proved viable for ubiquitous
applications as their outputs are hampered by the air flow conditions within urban
areas. This research proposes and evaluates the use of active flow control to overcome
the limitations of current strategies for building‐integrated wind energy capture by
enhancing the energy yields of small turbines, thus avoiding many of the problems
faced by using large turbines on buildings.

As a point of departure, the research uses air flow amplification geometries
from the Wind Amplified Rotor Platform (WARP) system as a baseline to establish the
passive amplification of air flow through the physical aerodynamic shaping of the
building envelope and investigates the viability of 'virtually' reproducing the amplifica‐
tion through the use of active flow control techniques. Geometric principles from the
WARP were first incorporated within building envelope designs in simulation studies for
the purpose of analyzing various parameters for the passive amplification of wind
flows. In comparing the cost to benefit ratios, the energy produced was included in a
parametric trade‐off analysis framework that included various factors for construction
complexity and cost associated with passive amplification techniques. The value
proposition for active amplification techniques was analyzed through the integration
of synthetic jets within building studies in order to test their potential for increasing
energy yields from small turbines mounted on bluff building envelopes.
xvii

A series of wind tunnel tests were conducted based on the simulation studies,
which demonstrated the capability of active flow control to replace the use of passive
techniques for air flow amplification. The simulations and experiments ultimately
culminated in the development of a parametric decision making construct that inte‐
grated the complex analysis of wind energy generation with a synergistic approach to
air flow management. The conclusions from this research show potential for
an extremely significant role for active air flow control techniques for the extraction of
wind energy within building envelope assemblies. Additionally, the significant synergis‐
tic benefits from incorporating active air flow control for more efficient building
construction and operational energy use point towards the necessity for further re‐
search to investigate the myriad benefits that could result from the transfer of this
emerging technology from the field of aeronautics to building applications.

xviii

1. INTRODUCTION
1.1 Background
The aim of extracting energy from ambient wind flow to supply urban buildings with an
on‐site, reliable and cost‐effective power source faces myriad technical, economic and
social challenges, but continues to be bolstered by rapid growth in the wind energy
sector as a whole. The United States has become a leading consumer of wind energy by
adding over 10,000 MW of new wind power generating capacity in 2009, and it is
expected that this growth will strongly continue in the coming years [1]. Additionally,
targets set by the U.S. Department of Energy that aim for wind energy to supply 20% of
all electricity by 2030 [1], have created significant opportunities for the continuing
development of feasible technologies for building‐integrated wind energy. However, the
viable adoption of these technologies continues to be hampered by a singular focus on
efficiencies in the development of mechanisms, to the detriment of holistic solutions
that synergistically address the complex array of challenges for the integration of wind
energy technologies into building envelopes.

This dissertation takes a substantially different approach to addressing the myri‐
ad challenges for the adoption of building‐integrated wind technology, by proposing to
link, through the use of air flow control, systems for the active extraction of wind energy
to a range of ancillary benefits, such as streamlining construction, structural and acous‐
tical loading, as well as inherently offering the potential for an intelligent responsive
system for dynamically varying the air flow and heat transfer properties of the building
envelope in accordance with changing weather patterns. Within this extensive range of
potential benefits from the adoption of air flow control technology in building enve‐
lopes, this dissertation focuses in particular on identifying and assessing the relationship
between active and passive air flow control techniques with respect to wind energy
capture and related building envelope construction techniques.

1

Within the American context, the market potential and technical case for build‐
ing‐integrated wind energy systems is further strengthened by massive electricity
consumption within buildings, which currently use 72% of all electricity produced [2].
This number is expected to increase to 75% by 2025 (Table 1.1) [3]. Electric energy
supply for buildings in the US is largely generated by fossil fuels such as coal and natural
gas (Figure 1.2), and the building sector as a whole currently accounts for 35‐40% of US
carbon emissions through its use of fossil fuels (Figure 1.2) [4]. Although the relative
abundance of these fossil fuel reserves continues to be a controversial subject of
debate, the environmental and geo‐political costs for accessing them over the long term
are increasingly gaining importance, within both public discourse and concomitant
policy formation, in ways that are leading to pressures and requirements for changes
within energy supply and use in the building sector [5]. There is also an emerging
societal consensus that continued dependency on fossil fuel consumption carries
unacceptably high environmental costs, through greenhouse gas emissions as well as
various other pollutants emitted during their use.

Table 1.1: Projected building electricity consumption in the United States shows a steady
rise into the future (adapted from [4])
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Figure 1.1: 2006 US building energy use data shows that fossil fuels form the bulk of the
building energy supply (adapted from [4])

Figure 1.2: Carbon emissions by sector in the United States show that the building sector
is a significant source of emissions, due to its reliance on fossil fuels (adapted from [4])

All these reasons have generated a societal impetus for encouraging clean energy
in the building sector. The projected growth in wind energy usage has created a huge
potential for it to form a major source of clean energy for buildings in the coming
decades. Generating wind energy on‐site for buildings offers numerous advantages over
supplying it from remote locations. In the US, there are approximately 4.6 million
commercial buildings, with approximately 60% located in areas with Class 2 or better
wind resources [6], offering significant energy generation potential.
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1.2 Challenges to Building-Integrated Wind Energy
While wind energy can offer significant potential for clean energy supply, it faces
numerous technical and social challenges to its application within buildings, including:
the size of turbines; the structural and vibrational loading (particularly in retrofit appli‐
cations); the acoustical effects; the perceived and real safety concerns (particularly in
areas of high and unpredictable wind loading); the turbulence present within urban air
canopies that can unpredictably affect the energy resources; and lastly, the considerable
aesthetic challenges that the technology poses for building integration [7]. Although
these challenges have resulted in substantial questions and concerns about the viability
of integrating wind generation technology into built environments, the potential for
wind to substantially shave the electrical loads of buildings has resulted in ongoing
support for its development, as evidenced by the examples cited in Chapter 2.

The size of the turbine is an important factor in building integration. Large sized
turbines have previously been utilized for their high energy yields; however, they are
unsuitable for integration in most building contexts because they require the provision
of substantial measures to deal with the resultant loading and vibration issues. While
the use of small sized turbines can avoid these problems, and reduce acoustic and
aesthetic concerns, they generate significantly lower energy yields than their larger
counterparts. Additionally, the presence of lower mean wind speeds due to urban
roughness restricts the energy generation capacity of the integrated wind turbines.
Turbulence within urban wind flows causes frequent variations in the direction of flow.
If the turbines cannot adapt rapidly to these changes, it further reduces their yields and
imposes additional stresses on them. Therefore, for building‐integrated wind energy to
increase in its applicability, it will require the use of small sized turbines that are able to
generate higher amounts of energy, while being able to overcome the extenuating
effects of urban wind flows. However, in order to viably achieve the integration of small
scale turbines within the building envelope requires the synergistic integration of a
complex array of programmatic criteria.
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This dissertation explores, analyzes and assesses the potential of an integrated
approach to assessing the above challenges through the application of passive and
active air flow control techniques to the building envelope, in order to accommodate
this complex array of requirements that range from wind energy generation to construc‐
tion techniques required as the potential means for achieving these goals.

1.3 Research Objectives
This dissertation explores, analyzes and assesses the potential of an integrated approach
to assessing the above challenges through the application of passive and active air flow
control techniques to the building envelope, in order to accommodate this complex
array of requirements that range from wind energy generation to construction tech‐
niques required as the potential means for achieving these goals. The passive flow
control technologies are based on the design principles of the Wind Amplified Rotor
Platform (WARP) system developed by ENECO [8], while the active flow control tech‐
niques utilize a systemic approach with synthetic jets [9]. In order to achieve this goal,
the following key objectives are identified:

Objective 1: Investigate and evaluate passive wind amplification through the physical
topological modulation of the building envelope
Objective 2: Investigate and evaluate the potential for wind amplification through virtual
aeroshaping of the building envelope by active flow control using synthetic jets
Objective 3: Development of a parametric trade‐off analysis tool for integrating these
passive and active flow control techniques into building design through an analysis of
multiple factors including wind energy generation, floor space areas and building
envelope construction components

These objectives are used to develop different research questions, which are
then used to guide the research design. The process is illustrated in Figure 1.4.
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1.4 Scope and Limitations
The scope of this investigation was determined by a holistic framework that outlines a
broad range of critical variables. Both quantifiable as well as qualifiable variables were
included within this framework. The variables emanate from eight different categories,
and are described in below in Table 1.2. The categories are: bioclimatic flows impacting
the building envelope; passive flow control through the aerodynamic shaping of the
building envelope; active flow control systems; building programmatic design require‐
ments; components specified for a wind energy capture system; passive synergistic
effects; wind energy contribution and economics. These variables were carefully identi‐
fied through literature research, based on the specific components required for this
approach, and through a determination of the critical building design factors involved.

The independent as well as simultaneous effects of these variables on the devel‐
opment of viable design solutions are investigated in this study. Some of the variables
mentioned in Table 1.2 such as structural loads, programmatic adjacencies, exterior
views, building aesthetics, acoustics, safety, surface cooling, natural ventilation and
daylighting are considered beyond the scope of this study. These variables do not have a
direct influence on the energy generation capacity of the integrated turbines, and hence
do not affect the results. However, they are examined at length in the discussion chap‐
ter. Additionally, specific limitations were present in the simulation and experiments
that were conducted; these are described in detail in the following chapters.
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BIOCLIMATIC FLOWS IMPACTING
BUILDING ENVELOPE

Wind flows
Incident solar radiation

PASSIVE FLOW CONTROL

Amplification of wind speeds through physical
shaping of the building envelope

ACTIVE FLOW CONTROL

Amplification of wind speeds and flow directional
control through virtual shaping of the building
envelope

BUILDING PROGRAMMATIC
DESIGN REQUIREMENTS

COMPONENTS OF THE WIND
ENERGY CAPTURE SYSTEM

SYNERGISTIC
PASSIVE SYSTEMS

WIND ENERGY CONTRIBUTION

Interior floor space area
Interior volume
Envelope surface area
Façade construction components
Structural live and dead loads
Programmatic adjacencies
Exterior views
Building aesthetics
Turbine type and size
Turbine number and location
Acoustics
Safety
Surface cooling
Natural ventilation
Self‐shading
Daylighting
Building energy use offset
CO2 emissions reduction

ECONOMICS

Turbine cost payback
Life‐cycle costs

Table 1.2: Variables in the proposed analysis framework (The highlighted cells represents
the variables examined in detail in the simulations and the experiments)

A summary explanation of the variables in Table 1.2 is provided below.


The bioclimatic flows impacting the building envelope are the primary determi‐
nants of building energy use and generation. Incident solar radiation on the
envelope is included because of its impact on building energy loads



The passive and active flow control techniques include the physical shaping of
the building envelope geometry using WARP principles, and virtual aeroshaping
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through the use of synthetic jets. They constitute the techniques incorporated in
the research proposal that enable enhanced performance from the integrated
small turbines, as well as a host of other hypothetical benefits that require study
beyond this dissertation, such as: structural and acoustical loading, dynamic infil‐
tration (ventilation) and dynamic control of heat transfer within various sections
of the building envelope.



Among the factors under building programmatic design requirements, the inte‐
rior floor area, interior volume, façade surface area and façade construction
components are chosen for analysis. The use of passive and active flow control
techniques has a direct influence on these four components, which are critical in
establishing the viability of the approach. Other factors that are included under
this category, but which are not examined in detail include wind loads on struc‐
ture, programmatic adjacencies, exterior views and aesthetics. These factors are
important because the use of passive and active flow control can reduce wind
loads on the structure, potentially resulting in savings in structural materials re‐
quired. The approach can also have an influence on the interior spatial layout, as
certain areas may need to be zoned away from the turbines. Exterior view and
building aesthetics fall under the qualifiable aspects in this category, exterior
views from the building, and could be important in certain design contexts



The integrated wind energy system includes the turbines used for harnessing the
wind flows and converting them into energy. The turbine type, size, number and
location directly contribute towards the amount of wind energy generated, and
are included in the analysis. Other important factors that are not analyzed in this
work include technical aspects such as the attachment mechanism for the tur‐
bines, acoustics and safety. Although the use of small turbines significantly
lowers noise and safety concerns, these factors need to be examined for any
building‐integrated wind design proposal
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The use of active flow control for amplification of flow also result in a number of
synergistic effects that can be further beneficial towards reducing building ener‐
gy use. These effects include control of heat flows into and within the building
envelope and the potential for natural ventilation through channeling of wind
flows, which could form important components of strategies for reducing build‐
ing energy consumption. The ability for the active air flow controls to viably
switch all of the above characteristics on demand, depending on the relationship
between fluctuating ambient energy flows and the equally variable building oc‐
cupation patterns and energy requirements, points to the opening of a
potentially vast new field of inquiry for air flow management within buildings.



The contribution of the wind energy generated is evaluated through the amount
of building energy use that it can offset, and consequently the CO2 emissions
that can be reduced. Both these factors are highly location dependent



Finally, a method for evaluating the wind energy economics after the incorpora‐
tion of flow control techniques is provided through cost analysis

The interrelationships between the different variables described in Table 1.2, and the
structure in which they are modeled within the holistic framework is captured in Figure
1.3 below. This diagram shows that the variables are interdependent, and their relation‐
ships are complex in nature. The framework is used to develop the parametric trade‐off
analysis tool, which allows for the integration of the complex analysis of fluctuating
bioclimatic resources with a synergistic approach to air flow management.
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Figure 1.3: Diagram illustrating the the trade-off analysis framework

1.5 Dissertation Outline
Figure 1.4 describes the organization of the research process. The body of the disserta‐
tion document is arranged in six chapters, and follows the adopted research process.
The contents of these chapters are described below.

Figure 1.4: Dissertation outline showing the organization of the research

Chapter 2 outlines a literature review of critical precedents in the development
of building‐integrated wind energy informing the development of design criteria that
underpin the dissertation’s proposed technical approach pursued in the simulations and
the experiments and within the research questions that are addressed. This first part of
this chapter examines why urban wind resources are not utilized more by urban build‐
ings and how these challenges might be met through the proposed combination of
passive and active air flow control techniques. Urban wind flow characteristics that
impact energy generation and the influence of building geometries on the flows were
analyzed. The different types and sizes of wind turbines, their energy yields and appro‐
priateness for different building‐integrated design contexts are analyzed. The third part
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identifies current knowledge gaps in building‐integrated wind energy based on some of
the existing design proposals. The proposals are categorized into two types: designs that
utilize the building form for amplifying wind flows for energy generation; and those that
just utilize the building for mounting the turbines. Two prominent proposals that are
analyzed in detail are the Bahrain World Trade Center by WS Atkins, located in Manama,
Bahrain and the Pearl River Tower by SOM, located in Guangzhou, China. In the end, the
techniques for passive and active flow control and their potential for advancing building‐
integrated wind energy generation are discussed over limitations and current applica‐
tions. The case studies point towards two major trends in building‐integrated wind: the
increasing passive amplification of flow around building envelopes on high‐end com‐
mercial buildings and the adaption of small turbines as retrofitted to existing
construction. It is seen that neither of these major trends can be assessed at this time as
viable for ubiquitous application, further leading to the necessity for a more powerful
and flexible approach that responds to the idiosyncratic requirements of actual building
and urban sites. Additionally, the presence of multiple, often conflicting criteria within
building design and construction highlights the need for adopting a holistic approach in
the management of air flow for multiple purposes, that link active energy extraction
with substantial ancillary benefits such as structural loading, passive ventilation, switch‐
able heat transfer properties at the building envelope.

Chapter 3 describes the research design adopted in this dissertation to achieve
the objectives. The goal and objectives for the research are stated. A framework for
analyzing critical wind energy and building related factors is developed, and is used for
determining the factors used in the simulations and the experiments. The research
methods adopted are described in detail, along with the procedure adopted for validat‐
ing their results.

Chapter 4 explains the procedures adopted in the different simulation and ex‐
periments, and catalogs their results. The results are shown to demonstrate a proof‐of‐
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concept for the application of flow control for building‐integrated wind energy. In
particular, the full implications of the research suggest that the use of active flow
control via synthetic jets may outperform the physical aerodynamic shaping of building
envelopes, in terms of amplifying air flows at the surface, suggesting the possibility of
generating higher energy yields from small turbines without the need for complex
curvatures on the building envelope.

Chapter 5 utilizes the data gathered from the simulations and the experiments
and integrates them into a trade‐off analysis application developed specifically to
enable performance‐based approach for informing the decision process in including
critical design factors, providing reliable performance data and allowing the quick
iteration of multiple design options. The trade‐off analysis allowed for assessing multiple
qualitative and cost values associated with the variable options. Ultimately, the para‐
metric program supports the simulation and the experimental results that indicate that
the use of active flow control techniques can prove to be more cost‐effective than the
passive techniques, due to the high construction costs associated with the latter option.

Chapter 6 discusses the implications of the results from the simulations and the
experiments. The results are evaluated with respect to the research objectives, and also
used to compare the research to precedent examples. The discussion is also extended to
the impact of the approach on factors from the frameworks that were not specifically
incorporated in the simulations and the experiments. These discussions highlight the
additional synergistic benefits that can be obtained from the adoption of this approach,
which can further assist in establishing its viability.

Chapter 7 reflects on the critical pathways that need to be continued in the fu‐
ture to advance the unanswered questions in the research and also the new directions
that emerged during the research process. Specific future directions are identified for
research which are: examining the effects of active flow control on building wind
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loading; development of a control system that allows the responsiveness to changing
external conditions and the further development of the decision‐making structure
prototype developed in this research.

1.6 Significance of the Research
This research began with assessing a combination of passive and active flow control
techniques, incorporated within building envelopes as a means of increasing energy
yields from small integrated turbines. However, the results are implying an extremely
significant potential role for active air flow control techniques to supplement and
perhaps replace passive amplification altogether in the aerodynamic shaping of air flow
for the extraction of wind energy within building envelope assemblies. Additionally, the
significant potential benefits associated with building construction and operational
energy use point towards the necessity for further research to investigate the myriad
benefits that could result from the transfer of this emerging technology from the field of
aeronautics to building applications.

The results suggest that the integration of active air flow control technology into
the building envelope could remove many of the intractable barriers that have come to
be associated with building‐integrated wind technology: structural, vibrational and
acoustical challenges (particularly within retrofit applications); scale of the individual
turbines; and the potential scale of the vertical turbine array. The virtual modification of
the surface created by active flow control has been shown to significantly reduce drag
on the building mass, and can provide major savings in structural investments required
for construction. Coupled with its ability to significantly reduce vortex shedding in the
wake, active flow control on building envelopes can allow buildings to better deal with
multiple wind loading effects, including structural loading, vibrations, acoustics, and
heat transfer/infiltration, which can be source of problem for tall towers in particular.
The amplification of flow generated allows the building‐integrated system to move
towards much smaller sized turbines, which minimize the vibrational or acoustical
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challenges associated with integrating the turbines, and suggests an extremely signifi‐
cant increase in the allowable size of arrays for tall buildings, by making the adoption of
turbines along vertical surfaces viable for the first time. Additionally, while the simula‐
tions and the experiments showed that while utilizing an array of small turbines does
not prove viable via a purely passive approach by physically shaping the building mass,
the ability of active flow control to enhance resource potential on bluff and cylindrical
buildings suggests that it may also become viable to use fewer, smaller turbines by
maximizing energy generation while simplifying the associated construction techniques
required. These findings points towards implementing a more distributed model of
energy generation, which is better suited towards harnessing wind resources.

All these benefits can help in overcoming the challenges associated with econo‐
mies of scale for building‐integrated wind energy identified in the prior section. Small
scale wind turbines, while offering advantages for building integration, have previously
proven unviable in a building‐integrated context due to limits in their energy yields, as
well as the inability to respond to urban wind flow conditions. By using passive and
active flow control techniques, this approach modifies flow fields and enhances the
performance of these turbines, significantly increasing their energy yields. This approach
has the potential to significantly expand the use of wind as a renewable energy source
for buildings on‐site, as well as potentially provide a host of ancillary benefits, which
further render active wind extraction systems viable by lowering both the initial costs of
structural and building envelope construction, as well as lowering the cost payback
period of systems by dramatically lowering building energy consumption profiles.

The implications of being able to viably control, on demand, the direction and
amplitude of air flow into and around building envelopes, are numerous and significant.
While this dissertation focuses on the potential for transforming the quality of the wind
resource for the purposes of energy extraction through the amplification and reattach‐
ment of flow, there are myriad potential benefits from the introduction of active air
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flow control technology within building envelopes: chief among them are the control of
heat transfer properties and controlling air infiltration through the building envelope.
Modifying surface flows could potentially allow for heat to be removed before it can
enter the building envelope, reducing external loads on the HVAC systems. Additionally,
air flows can be channeled and redirected through the building envelope to enable
natural ventilation when required, generating significant savings by reducing the de‐
pendence on costly mechanical equipment.

This research also advances knowledge on building scale interactions between
bioclimatic flows, flow control mechanisms and building design, by providing a holistic
analysis framework that estimates the individual impacts of critical parameters while
also considering their simultaneous effects through a trade‐off analysis. Although many
prior studies have focused on individual impacts of each of these areas, their cumulative
impacts have thus been largely unknown. This understanding of system behavior will
not only add to the knowledge of a rapidly emerging field, but also help create a
roadmap for designers to work on building‐integrated wind energy.
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2. LITERATURE REVIEW
2.1 Background
Integrating wind turbines into buildings is a complex endeavor, as it involves navigating
the interactions between various bioclimatic, energy capture and building related
factors. A detailed understanding of these factors and their interrelationships is there‐
fore required in order to maximize the performance of the designs. This chapter
examines the existing literature on the important factors involved, and assesses the
relative merits of the different strategies adopted by precedent examples in this arena,
in context of the proposals in this dissertation. Passive and active flow control tech‐
niques using WARP principles and synthetic jets are introduced as potential translational
technologies for and their capability to substantially augment the extraction of wind
energy within building‐integrated applications.

This chapter is arranged into six main sections, as follows:


Section 2.2 examines the concept of centralized versus distributed wind energy
generation, and proposes several criteria that highlight why distributed wind en‐
ergy could be an advantageous option for increasing clean energy supply to
buildings, if the wind resources around buildings can be augmented through flow
control techniques



Section 2.3 looks at the wind flow characteristics that are critical for building‐
integrated wind energy generation, and how they are addressed by the pro‐
posed flow control hypothesis in this research



Section 2.4 examines the challenges in the modeling of wind flows on building
and urban scales using computational fluid dynamics simulations and wind tun‐
nels. A set of best practices are compiled for guiding the CFD simulations used in
this research



Section 2.4 examines the impact that different types of wind turbine develop‐
ments will have in the attempt to harness wind energy for buildings, and
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evaluates their potential energy yields and their appropriateness for different
building‐integrated wind design situations


Section 2.5 outlines how the advantages and disadvantages of the significant
precedent design proposals utilizing building‐integrated wind energy have in‐
formed the proposed simulations and experiments to assess the potential for
augmentation of the efficiency of building‐integrated wind energy systems
through the incorporation of passive and active flow control techniques



Section 2.6 introduces the passive and active flow control techniques using
WARP principles and synthetic jets respectively, and explores their potential for
enhancing building‐integrated wind energy generation

2.2 Centralized vs. Distributed Wind Energy Generation
Investing in on‐site wind energy generation for buildings necessitates its comparison to
the alternative option of harvesting wind energy from large‐scale, off‐site wind energy
generation. Wind energy generation on this scale mostly uses large wind turbines;
usually upwards of 20 m (65 ft.) in diameter, which require siting them in large open
spaces.

Large‐scale, off‐site wind energy generation of this nature is generally reliable;
however, the distance of the energy generators from demand centers requires a com‐
plex Transmission & Distribution (T & D) system in place to transport this energy to the
locations where it is required (Figure 2.1). For example, the best wind resources in the
US are in North Dakota, which is a large but thinly populated state with no large urban
load centers.
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Off‐site, large scale
wind energy generators
T&D
system

Load
center

Figure 2.1: Centralized wind energy generation from large scale off-site sources requires
significant investment in an extensive T & D system

T & D systems in the United States are widely dispersed and transmission lines
are often fraught with problems [10]. Additionally, congestion in the T & D system is
also a major impediment towards more widespread deployment of large scale wind
farms within rural and/or remote locations; the system is also often incapable of han‐
dling additional input of energy [10]. Congestion can lead to higher electricity costs
because customers cannot get access to lower‐cost electricity supplies. Losses in the T &
D system are another major problem. T & D losses were about 5% in 1970, and grew to
9.5% in 2001 [10]. The estimated combined monetary costs of these losses run into
billions of dollars annually, further strengthening the case for using on‐site distributed
wind energy generation systems.

When generating energy on‐site, using arrays of small wind turbines, as proposed
by this research, can result in a much smoother quality of wind energy generation, as
the presence of multiple turbines can cancel out large variations in energy that may be
generated from a single large turbine (Figure 2.2) [11]. This is critical for harnessing a
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dispersed energy source like wind. Therefore, even on the building scale, deploying
multiple small turbines can be a more reliable strategy for energy generation rather
than relying on a single large turbine.

Figure 2.2: Performance variability of wind turbines. Multiple turbines spread out over a
larger area cancel out large variations in energy generation that is seen in an individual
turbine. Adapted from [12]
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2.3 Wind Flow Characteristics Critical to Building-Integrated Wind Energy
Generation
There are several characteristics of wind flow that are critical to the viability of building‐
integrated wind energy generation that are often highly compromised in turbulent
urban conditions, in and around buildings. These conditions have previously constituted
one of the significant impediments to the incorporation of distributed wind turbines
within highly populated areas, and as such, constitutes one of the factors that inform
the proposed adoption of flow control to ameliorate the wind flow characteristics.

2.3.1

Wind Flow Speeds

Because the velocity of the wind flows is the most important factor in wind energy
generation, this research focuses on methods to overcome the lower velocities that are
seen within urban air canopies. Wind velocities are classified by an empirical measure
called as the Beaufort scale [13], which is described in Appendix B. As shown in the wind
turbine energy calculations in Section 2.5.3, the velocity number gets cubed to obtain
the turbine output. This shows that a slight increase in flow velocity will result in a large
increase in turbine energy output. Therefore, central to the proposed research is the
principle that if wind flow speeds can be amplified viably through the use of passive and
active amplification strategies, higher amounts of energy could be generated from
smaller sized wind turbines; thereby rendering small, distributed turbine arrays more
ubiquitously applicable to urban settings where the flow speeds are currently too low
for providing meaningful energy contribution to buildings.

2.3.2

Atmospheric Boundary Layer

Critical to building‐integrated wind strategies is the concept of the Atmospheric Bound‐
ary Layer (ABL), which allows for the analysis and assessment of the potential to
manipulate wind flows in proportion to their relative elevation. The ABL is defined as
the portion of the atmosphere which experiences the effects of drag from the surface
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[14]. The height of the ABL depends on the surface characteristics, and could be 500 m
or more over an urban area [15].

In an ABL, the wind speed is considered to be zero at the surface, due to friction‐
al drag. The average speed of the wind increases with the elevation, while the intensity
of the turbulence or gusting decreases [14]. The vertical distribution of this flow can be
approximated by a logarithmic profile. This profile can be adjusted based on the type of
surface roughness present, and is used in computational modeling of wind flows in this
research.

The wind profile calculations used in this research approximate the wind speed Ū
by using the following formula [16].
∗

where

∗

log

/

= friction (or shear) velocity in meters per second,
= Von Karman’s constant (~0.41), and
= surface roughness in meters

In a typical ABL profile, lower elevations are generally unsuitable for wind energy
generation because of slower wind speeds. However, the potential to amplify flow
speeds using passive and active flow control techniques can potentially allow for wind
turbines to be used at lower elevations than would be conventionally feasible.

2.3.3

Laminar and Turbulent Wind Flows

Turbulent flow in urban areas reduces the potential for energy extraction from wind
because of the chaotic motion generated by the formation of eddies of various scales
[11]. The laminar or turbulent characteristics of a particular flow regime can be de‐
scribed by a non‐dimensional Reynolds Number (Re), which provides a measure of
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the ratio of inertial forces to viscous forces. The following formula is used for calculating
Re in this research [17]:
∗
where

/

= velocity (m/s)
= characteristic length (m)
= kinematic viscosity (m2/s)

Flow around buildings is generally considered to be turbulent, which makes gener‐
ating building‐integrated wind energy challenging. This is because the chaotic motions
and low wind speeds in turbulent flows reduce energy yields and impose wear and tear
on the turbine mechanisms. The use of passive and active flow control to amplify and
channel air flows can also potentially result in the reduction of turbulence, which could
further contribute to a more reliable wind energy generation from the integrated
turbines.

2.3.4

Urban Areas and their Influence on Wind Flows

The complexity of modeling wind flow in urban areas results from the large scales at
which geographical and urban development factors affect the quality of the wind flow,
as well as the rate at which changes can occur. Therefore, non‐adaptive solutions, such
as those seen in the precedent examples, cannot quickly respond to unanticipated
changes in wind quality and direction, and will continue to be limited to areas such as
coastal sites where the wind quality and direction is fairly reliable.

Wind flows over urban areas can be broadly categorized on the basis of their spatial
scales. This categorization has been described in detail by Britter and Hanna [18]. These
categories are shown in Figure 2.3 below and are as follows:

23

a. Regional Scale (100 – 200 km.)
b. City Scale (10 – 20 km.)
c. Neighborhood Scale (1 – 2 km.)
d. Street Scale (100 – 200 m.)

Street scale

Neighborhood scale

City scale

Regional scale

Figure 2.3: Scales of analysis for wind flows‐ current techniques allow for accurate modeling of flows fairly quickly and reliably at the street and neighborhood scales

The regional and city scale extend to the entire portion that is essentially affect‐
ed by the urban area. At these scales, the modeling of wind flows is difficult, and usually
relies on the generalization of the surfaces. The city scale causes the formation of what
has is termed as an urban air canopy [19]. Flows within the urban canopy layer are
complex and frequently varying, due to the presence of structures of different sizes and
shapes. This requires the adoption of a wind turbine integration strategy that is adapta‐
ble and quickly responds to changing wind conditions that are prevalent. The proposed
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integration of active flow controls can potentially provide the ability to modify flows
near the surface of buildings, to overcome any changes in speed or direction, thereby
ensuring a constant amplified air flow onto the integrated turbines.

A cross‐section of a typical urban area is shown below in Figure 2.4 [19]. Within the
urban canopy layer, the flow can be affected by the buildings in numerous ways. Hence,
it is important to understand the behavior of flows around typical urban geometries, for
devising appropriate strategies for locating the turbines on the building envelopes, and
for incorporating the flow control mechanisms.

Figure 2.4: Wind flow over an urban area can be differentiated into layers based on the
effects of the buildings and other objects [19]. Flows within the urban canopy layer are of
interest in building-integrated wind energy generation

The roughness created by the urban canopy can be approximated in order to de‐
fine a suitable wind flow profile for modeling studies. Davenport et al [20] describes
categories that can be used to approximate the surface roughness z0, which is adopted
in this research. These categories are described in Table 2.1 below:
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SURFACE
ROUGHNESS
CATEGORY

LENGTH z0

SITE DESCRIPTION

(in meters)
Roughly open

0.1

Moderately open country
with occasional obstacles
(e.g., isolated low buildings)
at relative separations of at
least 20 obstacle heights

Rough

0.25

Scattered

buildings

at

relative separations of 8 to
12 obstacle heights
Very Rough

0.5

Area moderately covered by
low buildings at relative
separations

of

3

to

7

obstacle heights
Skimming

1.0

Densely
without

built‐up
much

area
obstacle

height variation
Chaotic

2.0

City centers with mixture of
low‐rise

and

high‐rise

buildings
Table 2.1: The Davenport roughness classification provides numerical constants for
approximating the effects of surface roughness on the wind flow profile [20]

The nature of the flows around urban buildings is an important factor in determin‐
ing suitable locations for mounting of wind turbines. A more detailed explanation of
urban layouts on wind flows is described in Appendix D. While urban layouts generate
chaotic flows, they can also funnel flows along urban corridors, as shown in Figure 2.5.
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Façade mounted wind turbines, which are proposed in this research, can potentially tap
into this source of enhanced wind flows.

Figure 2.5: Flows in urban canyons. These canyons create chaotic flows (left) but can also
funnel flows along corridors (right) which could potentially be harnessed for energy
generation by buildings

The street scale addresses the flow within and near one or two individual streets,
buildings or intersections. The geometry of the individual buildings has a large influence
on the flows at this scale, and is analyzed in the next section. This understanding helped
propose locations on the building geometry that would facilitate the mounting of
turbines from an energy generation perspective.

2.3.5

Flows around Bluff Buildings

Flows around bluff buildings are often complex, with separation and stagnation zones,
turbulent wakes and vortices [21], [22] and can create many challenges for building‐
integrated wind energy generation.

The flow amplification at the edges of bluff buildings can provide opportunities for
passively amplified wind energy generation (Figure 2.6); however, the problem with
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these flows is that they can be turbulent and unsteady. The angle at which the flow
separation occurs can keep varying with changes in direction and intensity, which would
additionally decrease the energy generation capabilities of the integrated turbines. In
comparison, the streamlined geometries described in the next section can offer better
opportunities for harnessing wind energy. Active flow control, which is described later in
this chapter, carries the potential for virtual reshaping of bluff geometries, which could
allow for them to appear more streamlined to the air flows around it, through the
process of virtual aeroshaping.
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Figure 2.6: Air flows around a bluff body show that amplification is generated at the edges,
but significant separation and turbulence are also seen (adapted from [21]). The areas of
increased wind speeds offer opportunities for mounting turbines, but the flows can be
turbulent and unsteady
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2.3.6

Flows around Streamlined Buildings

Whereas bluff bodies exhibit significant airflow separation, geometries that are more
streamlined can amplify wind speeds with reduced separation (Figure 2.7), and are the
focus of this research.

Figure 2.7: Wind flows over a streamlined body show reduced turbulence and separation
(adapted from [23])

As with the bluff geometries, curved geometries like cylinders exhibit amplifications
of flow on their sides. Wind amplification on the edge of the parapet is not as pro‐
nounced as seen in the rectangular geometries, due to the curvature. For this reason,
most of the usable flows for wind energy generation are present on the sides of the
cylindrical geometry.

For tall tower buildings in particular, the façade then becomes an attractive option
for mounting turbines. The facades can then offer a much larger surface area for har‐
nessing air flow, as compared to the roof areas (Figure 2.8).

30

Figure 2.8: Increased access to wind resources. Facades of tall tower building can offer a
large surface area for harnessing wind energy

In summary, bluff and streamlined geometries affect the flows around them in very
different ways, and offer different opportunities for harnessing wind energy (Figure 2.9).
However, flows around streamlined geometries generally show lesser turbulence and
separation, thus providing important advantages over the other geometries. However,
streamlined geometries can be limiting in terms of building factors, and can present a
trade‐off between wind energy generation and other design factors.

Figure 2.9: Comparison of airflows around bluff (left) and aerodynamic (right) bodies show
different opportunities for harnessing wind energy at the surface. Aerodynamic bodies
offer opportunities for more reliable energy generation because of reduced separation
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2.3.7

Wind Loads on Buildings

While high speed winds are beneficial for energy generation from turbines, they exert
loads on the building structure. Addressing wind loading issues on buildings can provide
many opportunities synergistic opportunities for incorporating passive and active flow
controls. Generally, buildings need to be designed to ensure that their structures are
stiff enough to prevent any swaying or buckling effects that can be caused by the wind
forces (Figure 2.10) [24], which can add significantly to their total structural costs.

Figure 2.10: Wind loads on buildings can result in swaying (left) and torsional (right)
effects that require additional structural support techniques for mitigation

The actual loads exerted on a building depend upon the characteristics of the wind
flows and the shape of the building. An important factor in determining wind loads is
the drag coefficient, which is a dimensionless quantity that quantifies the resistance of
the object to the wind flow [25]. Curved geometries have a much smaller drag coeffi‐
cient than rectangular ones, and can therefore deal more effectively with wind loading
(Figure 2.11). This is important because a lower resistance to wind flow would require
lesser structural bracing for the building to counteract wind loads, thereby resulting in
cost savings on the structure.
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Figure 2.11: Drag coefficients for different geometries. Curved geometries offer much
lesser resistance to wind flows than bluff geometries (Adapted from [25])

Another major concern for tall buildings is the phenomenon of vortex shedding
(Figure 2.12), which can generate violent vibrations and possibly structural failure if not
addressed [26].

Figure 2.12: Vortex shedding from buildings, if coinciding with the natural frequency of the
structure can result in large oscillations and possibly structural failure

Vortex shedding is analyzed using the dimensionless Strouhal Number, which is ex‐
pressed as [27]:
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∗
where

= Strouhal Number
= vortex shedding frequency
= diameter of the body
= flow velocity

Means for controlling vortex shedding include the provision of dampers that can
sense and counter building movements, or through additional bracing [26]. These
measures can add to the cost of the building project. Control of vortex shedding is also
possible through passive means, as shown in Appendix E. These involve a range of
options from chamfering the corners of the building to having a more streamlined cross‐
section [27]. Some of the precedent examples in wind energy integration are seen to
incorporate these measures in their designs.

The use of wind turbines on buildings can be used to disrupt the formation of vorti‐
ces before they are formed, thus providing a means for reducing the vortex shedding
problem. Additionally, both passive and active flow control can be used for this purpose
as well. In active flow control using synthetic jets, the jet actuation frequency is also
non‐dimensionalized as a Strouhal number. By selecting a jet actuation Strouhal number
of the same order of magnitude or greater building’s shedding Strouhal number, the
vortex shedding can potentially be minimized or mitigated altogether.

2.4 Modeling of Wind Flows for Building-Integrated Wind Energy
There are two widely used approaches for studying wind flows around buildings, which
are described in detail in this section:


Wind tunnel tests



Computer simulations
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2.4.1.1

Computational Fluid Dynamics Modeling

Computer simulations of wind flows involve the use of Computational Fluid Dynamics
(CFD), which combines the classical branches of theoretical and experimental science
with the power of modern numerical computation [29]. CFD is employed as a major
element of this research, for analyzing air flows around geometries. The use of CFD has
become popular in the past decade due to its informative results, low labor costs and
little equipment [29]. Accurate CFD models can give a designer a reliable picture of the
wind flows around the building being designed [30]. This information can be used to
estimate wind energy generation for different design alternatives, and help identify
appropriate wind turbine integration strategies.

2.4.1.1.1

Choosing an Appropriate CFD Model

CFD approaches can be classified into three types: Direct Numerical Simulation (DNS),
Reynolds Averaged Navier‐Stokes (RANS) equation modeling, and Large Eddy Simulation
(LES), as shown in Figure 2.13 [31]. The accuracy of a specific model depends on the
problem that it is being utilized for. Additionally, a number of factors such as the choice
of grid, specific parameters used for the model, etc. have an influence on the solution
generated. RANS models solve time averaged Navier‐Stokes equations by using turbu‐
lence modeling, and can be further divided into turbulent viscosity models and
Reynolds‐stress models [31]. The most widely used model in this category is the stand‐
ard k‐ε model, which has been utilized in this study.
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LEVEL 1
LEVEL 2

Direct Numerical Simulation (DNS)

Large Eddy Simulation (LES)

LEVEL 3

Reynolds Averaged Navier Stokes (RANS)
Second Order Closures
Reynolds Stress Models (RSM)

LEVEL 4

First Order Closures

Eddy Viscosity Methods

Zero Equation Models

Non‐linear Eddy Viscosity Methods

Two Equation Models

Non‐linear k‐e models

Figure 2.13: Hierarchy of turbulence models (adapted from [31]). While k-ε models offer
simplified techniques for modeling turbulence, they have proven to be robust in their
application, and can provide reliable results for flows near the surface of a body

The standard k‐ε model is based on model transport equations for the turbulent ki‐
netic energy, k, and its dissipation rate, ε [32]. This model has proven very successful for
numerous engineering applications. It is favored due to its low computational costs and
generally better numerical stability. However, certain characteristics of airflow around
buildings, such as the resolution of wake flows are represented poorly by this model
[30]. A number of modified k– ε turbulence models have been proposed that seek to
overcome some of the limitations of the standard k– ε model [33], however, their
applicability for studying urban wind flows has been seen to be limited [34].
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The standard k‐ε model utilizes two separate equations for solving for k and ε. The‐
se are [32]:

For turbulent kinetic energy k:

For dissipation ε:

There were two important reasons for the choice of this model in the CFD simula‐
tions in this dissertation:


The goal of the simulations was to determine the velocities of wind flow close to
the surface of streamlined building geometries. As this kind of airflow does not
exhibit large separation, and it is not required to accurately resolve the flow in
the wake, the k– ε model was found adequate for these goals



The k– ε model was found to be the most suitable based on the computational
power available, as well as for rapidly testing different geometric options

2.4.1.1.2

Validating CFD Results

The results of CFD are only as valid as the models incorporated in the governing equa‐
tions and boundary conditions, and therefore are subject to error, especially for
turbulent flows. Various approaches have been undertaken in validating results from
CFD simulations. The choice of parameters for the problem being solved is important in
obtaining a reasonably accurate solution. In addition, there are various best practices
that can be adopted for simulating flows around buildings.
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For this research, the choice of turbulence models and parameters are compared
with existing validated examples of flows around buildings, using data from Murakami &
Mochida [35] and Tutar & Oguz [36].

2.4.1.1.3

Challenges and Limitations in CFD

Modeling of the wind flows around buildings in urban areas poses several challenges to
CFD practitioners. Blocken & Carmeliet [37] outlines the main challenges as follows:

(i) Computation of urban wind flows requires knowledge of the characteristics of
the ABL. Besides mean wind speed data, atmospheric turbulence data is needed in
principle to accurately represent atmospheric wind and its effects in the computational
models. However, most of the time meteorological data does not provide the level of
details needed for CFD modeling. Therefore obtaining appropriate boundary conditions
that CFD modeling requires can be difficult
(ii) Urban areas can have closely spaced building groups with different geome‐
tries, heights and orientations. This poses challenges when discretizing the
computational domain
(iii) Urban wind flows are highly complex, being highly three dimensional, and of‐
ten accompanied by strong streamline curvature, separation, as well as vortices of
various origins and unsteadiness
(iv) Wind flows in urban areas involve spatial and temporal scales ranging from
small gusts to vortices of size comparable to that of building itself. Resolving such widely
varying scales can require a significant amount of computational resources

Some of the prior work on analyzing urban wind flows utilizing CFD is explained
in Appendix F.
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2.4.1.2

Wind Tunnel Testing

Wind tunnel tests use a scaled down physical model of the building (and its surrounding
environment, if necessary), which is placed in a duct through which air is blown in order
to simulate wind flow. Pressure ports are placed on the surfaces of the model to meas‐
ure wind pressure on them. Sometimes, a smoke particulate is introduced into the
tunnel to visualize the flow. The advantage of using a wind tunnel is its controlled,
reproducible environment that allows the investigation of individual effects of specific
parameters and their variations [38].

Wind tunnel testing can be expensive as the physical models of the geometries
need to be created for this purpose, and the process requires a dedicated testing
facility. Wind tunnel tests were primarily used in this research to evaluate the perfor‐
mance of active flow control via synthetic jets. A detailed explanation of the wind tunnel
setup used is provided in the next chapter. The relative advantages and disadvantages
of using CFD and wind tunnel testing are explained in Appendix G.

While CFD and wind tunnels are often seen as competing methods to investigat‐
ing a problem, they can be complementary in their use. Wind tunnel tests are frequently
used to validate results from a CFD simulation. CFD is often employed to cut down on
test options for wind tunnels. In this study, CFD is used to narrow down the test models
deployed in the wind tunnel. Additionally, testing of the synthetic jet mechanisms in the
wind tunnel will be eventually used to develop reliable CFD models.

2.5 Wind Turbines for Building Integration
In the context of building‐integrated wind energy, a viable strategy would require the
use of small sized turbines that are able to generate higher amounts of energy, while
being able to overcome the extenuating effects of urban wind flows. The proposed use
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of active and passive flow control aims to address some of the critical challenges faced
with integrated wind turbines into buildings.

2.5.1

Comparison of Large and Small Size Wind Turbines

The distinction between small and large wind turbines is a relative one; however in the
context of building‐integration, this research considers wind turbines of size 5 m. or
lesser in diameter as ‘small’. In comparison, residential size wind turbines are in the
range of 2 m. in diameter (Figure 2.14). It has been noted that the wind turbine industry
in general is moving in the direction of large turbines, primarily for their high energy
generation capabilities. However, the small turbine market has also been experiencing a
steady growth over the last few years [39].

Figure 2.14: Relative sizes of wind turbines (adapted from [39]). Small-sized turbines, while
more amenable towards building-integration, generate much lower energy yields as
compared to their larger counterparts
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Small wind turbines face the inherent disadvantage of lower energy yields, as the
swept area of the turbine is a factor in its power output (Figure 2.15). However, tech‐
niques of wind flow amplification have shown to substantially increase energy yields
from small turbines. The use of passive and active flow control proposed in this research
aims at achieving this purpose. While energy yield is the most important factor; in a
building‐integrated scenario, the use of large wind turbines can result in significant
issues. The installation of many smaller machines, as opposed to a single large one can
offer the economies of factory mass production, quality control and prefabrication [11].
Small wind turbines also eliminate the need for costly gearboxes. Gearboxes are a
critical component of large wind turbines, but are also frequently prone to failure [40].
Manufacturing learning curves can also be flatter, especially if the turbines will be
installed in previously untested conditions. Also, the lightweight components in a small
wind turbine greatly reduce any safety issues that may be associated with their use, in a
building context. Thus small turbines have multiple advantages that make them attrac‐
tive for building integration.

Figure 2.15: Relationship of energy production to turbine size, shows how large turbines
can outperform smaller turbines in terms of energy generation, however in buildinginetgration, small turbines can offer many critical advantages (adapted from [11])
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The relative advantages and disadvantages of small and large turbines for building
integration is summarized as follows, in Table 2.2:

SMALL WIND TURBINES

Have comparatively low energy yields

LARGE WIND TURBINES

High energy yields

Visually less conspicuous; easier to integrate Visually prominent; will dominate the appear‐
into buildings without significantly altering the ance of the building
aesthetics
Materials required (and hence the embodied Require large amounts of material for con‐
energy) is low

struction

Can adapt easily to variable winds

Requires complex mechanisms for yawing

Easy transport and assembly on site

Transport and assembly can be

Simpler to operate and maintain

challenging

Safety and acoustic issues are easier to handle

More challenging to operate and maintain
Major safety and acoustic issues; require
significant mitigation measures

Table 2.2: Comparison of the relative merits of large and small sized wind turbines

2.5.2

Types of Wind Turbines

Different types of turbines can function differently in a building‐integrated context, and
require carefully consideration based on how they are utilized. Wind turbines can be
broadly be categorized into two main types, based on their mechanism of operation:
Horizontal Axis Wind Turbines (HAWT’s) and Vertical Axis Wind Turbines (VAWT’s).
HAWT’s can be further categorized into Upwind and Downwind types, based on the
location of the rotors, while VAWT’s can be also categorized into the Darrieus (lift‐type)
and Savonius (drag‐type) types based on the type of rotors utilized [41].
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2.5.2.1

Horizontal Axis Wind Turbines

The modern wind turbine industry has largely adopted the HAWT type design, which
utilizes rotor blades that rotate about a horizontal axis (Figure 2.16) [42]. HAWTs require
the provision of additional mechanisms to help them yaw into the wind, which can be
limiting in a building‐integrated context.

Figure 2.16: A modern HAWT. The 3-blade design is the most commonly used for turbines,
and has been shown to generate the highest energy yields

HAWTs can be broadly classified into Upwind and Downwind types [41]. From a
building‐integration perspective, there is no critical difference between the two HAWT
types. The different types of HAWT designs are described in Appendix H.

2.5.2.2

Vertical Axis Wind Turbines (VAWT)

The VAWT utilizes rotor blades that rotate about a vertical axis (Figure 2.17) [41]. This
type of design offers an important advantage in removing the need for a yaw mecha‐
nism to be able to face the wind. Thus a VAWT can theoretically accept winds from any
direction. In theory, this may be more advantageous in a building‐integrated scenario.
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Figure 2.17: A modern VAWT. Large scale VAWTs have largely fallen out of favor, with
current turbines manufactured in only small or medium scales

As with the HAWT’s, VAWT’s also come in a variety of configurations, and are
described in Appendix E. VAWT’s can be categorized in the Darrieus and the Savonius
types [41]. The Darrieus design uses two or three airfoils that are generally curved and
rotate around a vertical shaft (Figure 2.18). Some designs utilize straight blades, rather
than curved ones.

Figure 2.18: A Darrieus type VAWT. The design makes use of lift forces to further enhance
efficiency in operation

Unlike the Darrieus VAWT, the Savonius VAWT (Figure 2.19) works on the drag
principle. The S‐shaped blades of the Savonius can be configured in a number of ways.
The Savonius rotors are generally less efficient and utilize more material in their con‐
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struction [41]. However, they also have a compact size and therefore take up lesser area
than similar sized lift‐type turbines.

Figure 2.19: A Savonius type VAWT. The design operates solely on the drag principle, and
consequently generates much lower amounts of energy due to lower speeds of rotation

From a building integration perspective, there is a significant difference between
the utilization of the Darrieus and Savonius type VAWT’s. In general, the Savonius VAWT
can operate in much higher wind speeds and is more rugged in its operation. However,
energy yields from the Savonius VAWT are much lower than the Darrieus VAWT. Both
these VAWT’s can operate in wind flows from any direction.

2.5.2.3

Comparison of Horizontal and Vertical Axis Wind Turbines

The modern wind turbine industry in the US (both large and small scale) has gone in the
direction of HAWTs. On the other hand, VAWTs have found a niche in the small turbine
market, largely in European countries. Some of the most prominent VAWTs current
being marketed are designed for use in built areas.

When operating in ideal conditions, there is conflicting information as to which
type of wind turbine would perform better in terms of energy yields. Vosburgh [40]
claims that VAWT designs can yield as much energy as HAWTs. Tables 2.3 and 2.4 below
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summarizes some of the known advantages and disadvantages of standard HAWT and
VAWT designs:

HORIZONTAL AXIS WIND TURBINES
Advantages
Commercially

Disadvantages
more

popular,

hence

technology is more developed

the Have a limited yaw, requires active yawing
mechanism for more a reliable movement of
the rotor into the wind

Self‐starting

Require furling or blade pitch/stall control
mechanisms to protect themselves from
dangerous winds

Require lesser material for construction
Table 2.3: Advantages and disadvantages of standard HAWTs

VERTICAL AXIS WIND TURBINES
Advantages

Disadvantages

Can accept winds from all directions without Require more material for construction
the need for yawing to orient the rotor
Can perform better in gusty or variable wind Requires start up energy
conditions
Can be simpler in construction

Requires reliable braking mechanisms

Operationally more rugged
Table 2.4: Advantages and disadvantages of standard VAWTs

For stand‐alone turbines, HAWTs are generally easier to install than VAWTs.
However, turbine maintenance can be more difficult, because the generator is usually
located in the nacelle.

In conclusion, if their technical limitations can be satisfactorily addressed,
VAWTs can potentially offer some important advantages in a building‐integrated scenar‐
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io. The performance of the different types of wind turbines is summarized in Figure 2.20
as follows:

Figure 2.20: Performance curves for different types of wind turbine types. The 3-blade
HAWT shows higher efficiency, however the Savonius turbine can operate at lower flow
speeds (adapted from [42])

A more detailed explanation of other turbine related factors relevant to building
integration can be found in Appendix J.

2.5.3

Calculating Energy Output from Wind Turbines

The energy yield from a wind turbine can be calculated using the following formula [41],
which was used in this research:
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0.5 ∗

∗

∗

∗

∗

∗

Where:
= Power generated (in watts)
= Velocity of wind (in meters per second). Velocity of wind is a very important fac‐
tor, as the wind power generated increases with the wind speed cubed. This means that
a slight increase in wind velocity from of 5 to 6 m/s can result in a threefold increase in
power output. The quality of wind hitting the turbine is also important to the perfor‐
mance of the turbine; excessive turbulence and shear can cause material fatigue and
reduce life expectancy
= Swept area of rotor (in meters). This is also an important factor, as the rotor
swept area for a HAWT is a square of the radius. Thus for a 20% increase in rotor diame‐
ter from 5 to 6 m. can result in a 44% increase in swept area
= Coefficient of performance (0.59 is the theoretical (Betz) limit, a good turbine
has a Cp of 0.4). Drag‐driven turbines have a substantially lower Cp than lift‐driven ones
(<11%).The theoretical Cp for a HAWT does not differ significantly from that of a VAWT;
however variations in performance occur in practice due to their mechanical Compo‐
nents
= Electrical efficiency (Can be up to 80% of better). Electrical efficiencies encom‐
pass all combined electric losses in the convertors, switches, cables and controls. For
small turbines, this could be in the 60‐70% range
= Mechanical efficiency (Can be up to 95%). Mechanical efficiencies depend on
losses caused by friction between the components. Small turbines have a higher range of
efficiencies because of fewer components (around 96%)
= Density of air (Approximately 1.225 kg/m3 at sea level, decreases with eleva‐
tion)
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2.5.4

Economics of Wind Power

A technique of assessing the economic cost of a wind turbine is by calculating the
levelized cost, which includes all the costs over its lifetime: initial investment, operations
and maintenance, cost of fuel, and cost of capital. The levelized cost of electricity from
wind turbines in the United States is currently on par with some natural gas generating
plants, particularly when the price of natural gas is high. In some prime locations, wind
power can produce electricity at $0.08 ‐ 0.13 per KWh, without including tax credits
[42]. Wind power can become even more competitively priced if the costs of carbon
emissions are incorporated in the calculations. The price per KWh of wind power has
fallen dramatically over the years, with an increasing number of installations as well as
rapid progress in wind technologies.

In a building‐integrated scenario, the costs of utilizing the turbines are folded into
the project costs. The costs will then depend on a number of factors ranging from the
complexity of the geometry to the size and type of turbines. The precedent examples,
described in the next section, show that small turbines. The use of passive and active
flow control can potentially significantly increase turbine yields, thereby reducing cost
payback periods on them.

2.5.5

Emissions Reductions from Wind Energy

Emissions reductions can be a significant factor in supporting the case for building‐
integrated wind, both through on‐site clean energy generation, and through avoided
emissions through T & D from off‐site sources. Wind energy can significantly reduce
emissions of both air pollutants as well as greenhouse gases when compared to other
methods of generating electricity, because it produces zero emissions during operation.
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2.5.6

Summary of Wind Turbines for Building Integration

In summary, the impacts of the different types and sizes of wind turbines on building
integration are shown below in Figure 2.21. Small turbines present lower costs for
integration; but generate lower energy yields. VAWT’s are able to harness a broader
range of wind flows; but can be slightly more expensive than HAWT’s, and possibly
slightly less efficient in their operation.

Figure 2.21: Summary of wind turbine analysis for building integration
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2.6 Precedents in Building-Integrated Wind Designs
2.6.1

Introduction

The last decade has seen a significant growth in building designs that consider the
turbines as an integral part of the design. Various factors have contributed to this
resurgence; prime among them are a growing awareness of problems related to fossil
fuel energy, an increasing interest in renewable energy application and a rapid devel‐
opment in wind turbine technology. This has been shown by a number of high profile
projects utilizing integrated wind energy, some of which are explained in detail in this
section. An analysis of many of these projects shows significant limitations in translating
the proposed strategies for more ubiquitous applications, particularly through the size
of the turbines and the flow augmentation techniques that were adopted.

These designs can roughly be categorized into two types, based on whether or
not they use the building form for amplifying the wind flow around them for increased
wind energy generation. The following projects were selected for further analysis:


Designs utilizing building amplified wind turbines (Figure 2.22)
o Bahrain World Trade Center
o Pearl River Tower
o Razor/Castle House
o SkyZED “Flower Tower”
o Clean Technology Tower
o Ramsgate Street
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Designs utilizing building mounted wind turbines (Figure 2.25)
o Lighthouse Tower
o Miami COR
o Freedom Tower
o 2020 Tower
o Near North Apartments
o Discovery Tower

These projects show a wide variety of building types ranging from office spaces
to apartments and heights ranging from as small as 25 meters to as high as 550 meters.
A wide range of turbine types and turbine integration strategies is also demonstrated by
these projects.

2.6.2

Architectural Designs Utilizing Building-Amplified Wind Turbines
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river tower, (d) SkyZED ‘flower tower’, (d) Razor/Castle house, and (e) Ramsgate street

Figure 2.22: Comparison of different building-amplified wind energy proposals (a) Bahrain world trade center, (b) Pearl

Among these, the Bahrain World Trade Center and the Pearl River Tower are an‐
alyzed in more detail in the next section. More explanation of the other designs can be
found in Appendix G.

2.6.2.1

Bahrain World Trade Center

Architect: W.S. Atkins
Location: Manama, Bahrain
Status: Completed
Turbine type, size & number: HAWT, 29 m. (~ 95 ft.) dia., three total
Expected energy output: 11‐1300 MWh annually (initial estimates), possibly 2600 MWh
Building height and area: 240 m. (~ 787 ft.) height; area 35,000 sq.m. (376,737 sq.ft.)
(towers only)

Less amplification

240 m.

NORWIN HAWTs
29 m. diameter
225 KW

More
amplification

Figure 2.23: Elevation of the BWTC showing the relative height and size of the turbines, as
well as the turbine details
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The Bahrain World Trade Center (BWTC) is the first building in the world to in‐
corporate large scale wind turbines in its design (Figure 2.23). The building was designed
by the firm W.S. Atkins, with Shaun Killa as the lead architect [43]. The focal point of the
design is two sail‐shaped towers that support the wind turbines on bridges that link
them. The use of wind turbines was conceptualized at the onset of the design process,
and it remains the predominant feature of the design. Appendix K explains the design of
the BWTC design in more detail.

Analysis
BWTC uses an atypical building design, because it utilizes two towers for channeling the
wind flows. The use of large sized turbines meant that the designers had to provide
several measures to mitigate issues arising from vibration, noise, etc. These include the
use of dampers to ensure vibrations are not transmitted to the towers from the bridge,
allowing for movement of the bridge via bearings, using a V‐shaped profile for the
bridge to prevent accidental blade strikes, etc. [43] Special care had to be taken to
minimize noise through commissioning tests. The glazed areas close to the turbines had
to be additionally insulated against noise and strengthened for impact from air caused
by the rotation of the blades. This added to the initial cost of the turbine installations.
Additionally, the location of the BWTC allows it to access steady wind flows that do not
vary much by direction. This is typically not the case in most inland urban sites, which
then make the BWTC approach unviable.

The building was estimated to cost $150,000,000, according to WS Atkins. Incor‐
porating the turbines was estimated to cost 3.5 ‐ 5% of the overall project value [43].
This puts their cost somewhere between $5,250,000 and $7,500,000. The cost of
electricity is heavily subsidized in Bahrain; the average annual cost of electricity as little
as 3 fils a kWh or $0.01/kWh. (In comparison, the US average was $0.11/kWh in 2008).
These figures allow for some quick estimation as to what the expected payback periods
for the wind turbines are, which is summarized in Table 2.6 below. This payback analysis
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does not include additional costs associated with the operations and maintenance of
the turbines, and is therefore limited in scope.

Total project cost: $150,000,000
Total cost of turbine integration: 3.5 – 5% of total project cost
Estimated electric cost:$0.01/kWh
Percentage Energy Supply (in

Cost of Turbines (as percentage

MWh)

of total project cost) (in $)

Simple Payback Period (in years)

1,100 (11%)

$5,250,000 (3.5%)

477

1,300 (15%)

$5,250,000 (3.5%)

404

2,600 (30%)

$5,250,000 (3.5%)

202

1,100 (11%)

$7,500,000 (5%)

682

1,300 (15%)

$7,500,000 (5%)

577

2,600 (30%)

$7,500,000 (5%)

288

Total project cost: $150,000,000
Total cost of turbine integration: 3.5 – 5% of total project cost
Estimated electric cost:$0.11/kWh
Percentage Energy Supply (in

Cost of Turbines (as percentage

Simple Payback Period (in years)

MWh)

of total project cost) (in $)

1,100 (11%)

$5,250,000 (3.5%)

43

1,300 (15%)

$5,250,000 (3.5%)

37

2,600 (30%)

$5,250,000 (3.5%)

18

1,100 (11%)

$7,500,000 (5%)

62

1,300 (15%)

$7,500,000 (5%)

52

2,600 (30%)

$7,500,000 (5%)

26

Table 2.5: Simple cost payback analysis for the BWTC wind turbines

These first set of calculations in Table 2.6 show that the turbines do not provide
useful payback periods, but this is largely due to the subsidized cost of electricity. If the
cost per KWh is increased to average US levels (i.e. $0.11/KWh), then it is seen that
under the best circumstances (turbines being able to supply 2600 MWh of electricity,
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and costing $5,250,000), the payback period can be as less as 18 years. However, it has
to be noted that the turbines cannot be evaluated in terms of energy payback only;
other benefits that they generate need to be taken into consideration.

In summary, the BWTC faces limitations through its use of large sized turbines, in
expanding the use of the adopted design strategy. However, if the design were to move
towards using smaller sized turbines, then the energy generation would drop significant‐
ly, indicating that the amplification strategy would provide limited help for increasing
energy yields.

2.6.2.2

Pearl River Tower

Architect: SOM
Location: Guangzhou, China
Status: Under construction
Turbine type, size & number: VAWT, 5 m. (16 ft.) height, four total
Expected energy output: N.A.
Building height and area: 310 m. (1017 ft.) height; 212,165 sq.m. (2,283,725 sq.ft.) area

Figure 2.24: View showing the Pearl River Tower design proposal (left) and a CFD analysis
of the design showing air flow streamlines (right) [Images courtesy of SOM]
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The Pearl River Tower (PRT) was designed by the firm Skidmore, Owings & Merrill (SOM)
(Figure 2.24), with Adrian Smith as the lead architect. The design incorporates four
apertures on the façade that serve to amplify winds onto turbines located within them.
A detailed explanation of the design is provided in Appendix L.

Analysis
The PRT proposal started with an ambitious goal of being an effectively net zero energy
tower. Wind energy generation was considered as an important part of a series of
strategies designed to reduce energy use; the holistic approach to design has been
crucial in reducing the first costs typically associated with incorporating such measures,
and finding avenues to generate other tangible benefits. Unlike the BWTC design, in
PRT, the wind turbines are located within the structure, which meant that it would have
a greater effect on space programming. The use of the Savonius type VAWTs meant that
noise and vibration issues were minimized. Additionally, the designers have zoned the
turbines to ensure that the floors on which they are located serve as the mechanical
rooms. This would cluster all the HVAC and other equipment together and make it
easier to seal them off from the rest of the spaces. The aperture location also visually
conceals the turbines, avoiding any major influence on building aesthetics. Compared to
the BWTC, where the turbines are a prominent visual feature of the design, in the PRT
they will not be visible from the ground level or from any of the interior spaces.

As mentioned before, the turbines are located within apertures on the façade on
the building. The façade was designed to curve and scoop the wind into the apertures.
These apertures create a pressure difference between the windward and leeward sides,
thus acting as Venturi tubes that serve to amplify the flow of wind through them. The
range of directions which the turbines can access is restricted by the design of the
openings, and it has been shown in other studies that such apertures are sensitive to
directional changes. This implies that the amount of amplification would decrease
steadily with a deviation from a flow path parallel to the aperture openings. The use of
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the aperture strategy also has an important peripheral benefit – that of reducing the
amount of wind loading on the building. The apertures essentially provide pressure
relief, and this has resulted in lesser concrete and steel being used for building the
structure, demonstrating an important synergistic benefit of utilizing aerodynamically
shaped structures.

The turbines that will be used are expected to be 5 m. (16.5 ft.) in height and 2 m.
(6.5 ft.) in diameter. This is markedly smaller than the turbines used in BWTC, which are
29 m. (95 ft.) in diameter. This shows that a significant improvement has been created
in their energy generation capabilities by the use of the amplification strategy. The exact
amount of energy that the turbines would generate was unclear at the time of this
research. When compared to the BWTC, the PRT building stands at a disadvantage
because it is located in a highly built‐up area surrounded by buildings, which would
affect the quality of the air flows. However, at a height of 310 m. (1017 ft.), it is much
taller than the BWTC, and able to access higher, and possibly better wind flows.

In summary, the PRT pursues a design strategy that uses small turbines, however
the use of the amplification channels and a Savonius‐type rotor limits the overall energy
yields, further highlighting the limitations of the strategy for ubiquitous application.
However, without knowing the exact amount of energy generated from the turbines
overall it is difficult to estimate how soon the turbines would provide payback through
on‐site energy generation.

The other projects using building‐amplified wind energy generation listed in Figure
2.25 below are described in more detail in Appendix M.

2.6.3

Architectural Designs Integrating Building-Mounted Wind Turbines

All the projects shown below are described in more detail in Appendix N.
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(c) Freedom tower, (d) 2020 tower, (e) Near north apartments, and (f) Discovery tower

Figure 2.25: Comparison of different building-mounted wind energy proposals (a) Lighthouse tower, (b) Miami COR,

2.6.4



Summary of Precedent Design Examples

Only the Pearl River Tower, Ramsgate Street and Near North Apartments use
turbines that can be classified as small. Among these, only the Pearl River Tower
is the only skyscraper building, and therefore has a significant energy consump‐
tion profile



In the building‐amplified examples, the multiple towers and the aperture strate‐
gy are commonly used (Figure 2.26). However, both of these severely restrict the
directions of wind that can be usefully amplified

Figure 2.26: Turbine integration strategies adopted in the precedent examples



Projects that incorporate building‐amplified turbines have utilized all the basic
different turbine types



The simple cost payback analysis carried out shows that large turbines need not
necessarily provide quick payback because the costs involved in the integration
are still large. On the other hand the use of small turbines still have long payback
periods because of low energy yields



All projects that incorporate building‐mounted turbines locate the turbines in
the roof or the apex of the building. The HAWT is the most commonly used tur‐
bine type in building‐mounted examples



Some of the examples utilize bluff geometries for their designs (e.g. Discovery
tower). While these geometries appear attractive because of high floor space ar‐
eas, they result in highly skewed flows (Figure 62.27, Left); which calls for the
need for tilting the turbines or tailoring them to the flows. The skewing also in‐
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troduces additional loads on the turbines, potentially decreasing their life expec‐
tancies. In contrast the cylindrical geometries offer a more focused flow onto the
turbines (Figure 2.27, Right).

Figure 2.27: Section showing CFD simulations of total velocity vectors for a rectangular geometry (left) and a cylindrical geometry (right). The rectangular
geometry shows skewed flows onto the turbines, while the cylindrical geometry
show a more focused flow



Bluff and the aperture geometries (e.g. the PRT example) are also acutely direc‐
tion dependent for providing wind amplification onto the turbines. Therefore,
the turbine output can be easily reduced by small orientation changes in the
wind (Figure 2.28). This is important because it may not be possible to always
orient a building geometry to have it face the prevailing wind direction, because
of conflicts with other design criteria.
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Figure 2.28: 2D CFD simulations of total velocity vectors for the bluff (top row) and
the diffuser (bottom row) geometries show a decrease of up to 70% and 30% respectively in wind amplification at turbine locations. Column A shows a wind angle
of 0◦; Column B an angle of 45◦; and Column C; an angle of 60◦



The analysis indicates the multiple shortcomings of existing design strategies,
further highlighting the need for a more powerful and flexible approach that re‐
sponds to the idiosyncratic requirements of actual building and urban sites. The
use of passive and active flow control, described in the next section, aims to ad‐
dress many of these shortcomings

2.7 Air Flow Control Techniques
Flow control is the manipulation of the flow field of a gas or a liquid either passively or
actively to achieve a desired effect [44].

There are two basic types of flow control techniques: Passive and Active [44].
Passive flow control techniques do not require any energy expenditure. The WARP can
be classified as a passive means of flow control, because of its ability to channel and
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amplify the flow field by the means of specialized geometric shapes. Other means of
passive flow control include the provision of riblets, dimples, vanes, etc. on the surfaces
to exert an influence on the flow around the body. Passive techniques have many
limitations to their performance, mainly because they cannot adjust to changing flow
conditions. This can cause them to be operationally ineffective, or even detrimental in
certain situations. Active flow control is a fairly modern technology, which some amount
of power input and a control loop to achieve its objectives. Active techniques can be
designed for optimal operation over a range of conditions, which makes them more
attractive than passive mechanisms. Examples of active flow control mechanisms
include synthetic jets, continuous jets, low energy plasma, etc. Of these, synthetic jets
have been researched widely due to their zero net mass flux capabilities, and have
shown significant results in their application [9].

Integration of flow control techniques is proposed in this research as a means for
enhancing the wind energy generation from small turbines, with the goal of making
building‐integration wind energy using small envelope‐mounted turbines viable in most
contexts.

2.7.1
2.7.1.1

Passive Flow Control Using the Wind Amplified Rotor Platform
Introduction

The Wind Amplified Rotor Platform (WARP) is a patented wind energy capture system
developed by Alfred Weisbrich, an aeronautical engineer. ENECO Texas LLC, a company
founded by Mr. Weisbrich, builds and markets the WARP system.

The WARP system is unique because it focuses on wind speed amplification ra‐
ther than rely on large turbines for enhanced wind energy capture. A typical WARP
system mimics the saddle shape that is commonly found in nature‐ such as in a canyon
pass – that acts as a wind amplifier via the Venturi effect (Figure 2.29). This idea has
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been adopted in the WARP system in the form of horizontal channels that can groom
and focus wind flows onto strategically located turbines (Fig 2.30). An optimally shaped
WARP module can amplify wind flows 1.5 to 1.8 times the freestream speed. This
capability has been evaluated through wind tunnel testing conducted for the New York
State Energy Research and Development Authority by Dr. Robert Duffy, the former chair
of the Mechnical Engineering Department at Rensselaer [45], and also through CFD
simulations conducted by Dr. Karl Pucher at the Technical University of Graz in Austria
[46]; and has been validated by various agencies such as NASA and Grumman Aerospace
[8]. The first set of CFD simulations described in the next chapter further demonstrate
this amplification capability.

Area of high
Flow speeds

Figure 2.29: Illustration of the Venturi effect. When air flow is forced through a constriction, the velocity of the flow must increase to satisfy the equation of continuity. This
gain in velocity is balanced by a drop in pressure. The WARP relies on this principle to
achieve amplification in flow speeds
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generator and other
mechanical/electrical
components

Wind turbines

Figure 2.30: Close up view of a typical WARP yawing module with attached turbines
[Image courtesy Al Weisbrich]

In a stand‐alone WARP system, multiple modules can be stacked above each
other (Figure 2.31), to add more energy generation capability as required. This allows
the WARP system to generate high amounts of energy while avoiding the problems
associated with large scale turbines.

ambient wind
flow

amplified
wind flow

Figure 2.31: Conceptual diagram illustrating the amplifying concept of the WARP
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Energy generation from wind systems has been generally dependent on rotor
size; however, the WARP system has been shown to significantly increase the amount of
energy that can be generated from smaller sized machines (Appendix O).

2.7.1.2

Design of the WARP System

The WARP has a specific geometric ratio for maximizing system performance, which is
described below in Figure 2.32 [8]. This ratio has been shown to obtain a maximum
amplification of 1.7 times the freestream flow in the prior wind tunnel tests [45], and
between 1.5‐1.8 times the freestream flow in the prior CFD simulations [46]. The
circular profile in plan of the module essentially allows it to accept and amplify wind
from any direction.
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Figure 2.32: Geometric ratio used for the optimal design of a WARP module. The ratio
ensures optimal system design for the stand-alone WARP systems; however it faces
limitations for building-integration (Adapted from [8])
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A stand‐alone WARP system uses turbines with a rotor diameter is 3 m. (10 ft.)
or less. ENECO recommends the use of a multi‐bladed rotor that it typically used in
helicopter tails, in order to deal effectively with the shear stresses imposed on the
turbines within the channels [8]. However, the module itself allows for any type of wind
turbine to be utilized.

The stand‐alone WARP system is also designed with the ability for the modules
to move into the wind. The WARP module has two turbines located 180 degrees apart
on the module. A change in wind direction causes an imbalance of thrust on the rotors,
allowing them to passively move and align with the new direction, as shown in Figure
2.33 [8]. In the presence of extremely high speed winds, a simple braking mechanism
can enable the turbines to move into an area of benign flow to protect themselves.

New wind direction

Initial wind direction

Figure 2.33: Yawing of the WARP module into the changing wind direction. The yawing is
enabled passively

It has to be noted that the geometries tested in the simulations and the experi‐
ments vary significantly from the prescribed ratios of the WARP, for the purposes of
facilitating building integration, and hence do not qualify as WARP. In particular, the
modified WARP geometries have increased diameters to reflect a building size configu‐
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ration. A different nomenclature is developed to categorize the test geometries, which
follow similar principles of air flow amplification through horizontal channels, but are
not optimized for this purpose.

2.7.1.3

Important advantages of the WARP Approach for Building Integration

Incorporating the principles of the WARP offers several important advantages over the
use of large turbines as well as other amplification strategies, for a building‐integrated
scenario.


The amplification of the ambient wind speed by 1.5‐1.8 times is comparable to
the aperture strategy which has an estimated amplification capability of 1.5‐2.0
times



The amplification channels create a horizontal shear gradient, where the speeds
close to the surface are faster (Figure 2.34). This allows for higher energy recov‐
ery than if the same wind energy is uniformly distributed over the rotor disc
area, because the high wind speeds are concentrated on the tip region of the ro‐
tor, where they are most useful. This makes this strategy superior to the
aperture strategy in energy generation

Figure 2.34: Area of maximum air flow amplification in a WARP channel, which is close to
the surface of the trough area
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The grooming of airflow before they hit the turbines mean that turbulence can
be reduced, creating a more focused flow. This can reduce fluctuations in electri‐
cal power output, allowing for a more reliable energy generation. In urban areas,
where turbulent winds are prevalent, this can be a huge advantage



NASA research has shown a 10% to 20% degradation in energy output perfor‐
mance when blades are exposed to precipitation such as direct rain drop impact
[47]. The shape of the amplification channels allows the turbines to be shielded
from environmental factors, which minimizes such degradation. This can be ad‐
vantageous in climates which experience large amounts of rain and/or snow. The
curved shape can prevent excessive accumulation of snow on the surface



If the turbines are provided with mechanisms (either passive or active) to move
into the changing wind directions, they can potentially increase energy genera‐
tion capabilities because they can reduce interruptions in wind energy
generation



The use of the WARP design principles in building envelopes can reduce drag,
which would result in lesser building material being used for the structure



Additionally, the shielding allows the turbines to be visually concealed if desired,
which may be beneficial for shaping the building aesthetics. This shielding also
allows turbine noise to be largely isolated



Potential for self‐shading and surface cooling created by the geometries, that
could reduce energy usage

2.7.1.4

Challenges to the Integration of the WARP Principles into Tall Building Designs

WARP design principles can be potentially utilized in a building context in a number of
ways. These integration strategies can be broadly classified as appendage, crowning,
partial integration and total integration (Figure 2.35). Appendage involves attaching a
stand‐alone WARP wind system atop a building within an unoccupied tower turbine,
and has been substantially investigated by ENECO in association with HOK Architects, in
the United States and by European Consortiums in Belgium and France (Figure 2.36).
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However, the viability and cost pay pack periods of this approach has not been proven
in production. The approach also has limited applicability to building‐integrated condi‐
tions, as the roofs of tall towers types are generally encumbered with mechanical
equipment and the addition of a warp appendage onto a bluff building type would be
hampered by the air flow separation which would limit resources. Crowning involves
shaping the top portion of a building using the WARP‐based approach; while partial
integration involves shaping the intermediate sections of a building using the WARP‐
based approach. Both of these approaches also provide limited number of turbines,
thereby hampering their viability. Finally, this investigation proposes a new integration
of warp‐based geometries: total integration, which involves creating periodic surfaces
along the length of the building envelope and has the potential to generate the highest
amount of wind energy.

As described in the previous section, total integration can potentially offer a
number of important advantages for building‐integrated wind energy generation;
however, adopting this approach presents a number of the following drawbacks as well:

Figure 2.35: Proposed strategies for integrating the WARP principles. The total integration
option (far right) has the potential to generate the highest energy yields, and is therefore
the focus of this research
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The pronounced curvatures (Figure 2.36) required for maximizing wind amplifi‐
cation increases the complexity of constructing the building envelope. This can
significantly increase the associated construction costs

Figure 2.36: Visualization of an unoccupied WARP appendage as an airport control tower
proposal by HOK and ENECO (left), and WARP appendage installations in Belgium and
France (right top and bottom respectively) (Images courtesy of Al Weisbrich, ENECO)



Additionally, while stand‐alone WARP modules can be easily yawed to face
changing wind directions, using the building envelope as the module complicates
yawing because of the relatively larger girth. Yawing small sized turbines across a
large surface cannot be done passively, as with the stand‐alone modules, and
will require additional complex mechanisms.



The optimal geometric ratios developed for the stand‐alone WARP system link
the radius of the whole module to the radius of the channel. If this relationship is
retained for a building design, it will create an unusually large size of radius for
the channel and severely restrict the interior space (Figure 2.37). While this rela‐
tionship is appropriate for stand‐alone systems as they only incorporate minimal
functions within the module, it is not feasible for building integration. For this
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reason, the use of the module radius as a factor in this relationship needs to be
removed. Hence, the test geometries used in the simulations and the experi‐
ments vary from the prescribed WARP ratios. Following analysis by Duffy [45], it
was determined that significant amplification of air flow could still be obtained
when increasing the core diameter by up to eight times without a concomitant
increase in the periodic amplitude [48].

Figure 2.37: Tying channel radius to the building floor radius. Diagram showing a building
form on the left retaining the optimum geometries for amplification of airflow by Duffy [45],
and the right cylinder showing an eightfold increase of the core diameter relationship

In summary, while the WARP presents significant opportunities for building‐
integrated wind, it creates numerous challenges as well. Active flow control mechanisms
are therefore explored as a technique for addressing these limitations.

2.7.2
2.7.2.1

Active Flow Control Using Synthetic Jets
Introduction

A synthetic jet is a zero‐net mass flux device that imparts momentum to the flow field.
Synthetic jets consist of three essential components: an oscillating mechanism, an
orifice and a cavity, as shown in Figure 2.38 below [49].
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Figure 2.38: Conceptual diagram illustrating a synthetic jet mechanism [13]

The oscillating mechanism is the most important part of the synthetic jet, and
can be created using various mechanisms ranging from piezoelectric diaphragms to
motor driven pistons. The displacement amplitude of this mechanism creates an alter‐
nating pressure gradient within the cavity that forces air in and out of the orifice. As air
is ejected from the orifice, it separates creating a pair of counter‐rotating cortices in the
case of a rectangular orifice. These vortices advect away from the orifice by their own
self‐induced velocity. Subsequent cycles result in a chain of vortical structures being
created. When the synthetic jet is placed flush with a surface, the interaction of the
cross‐flow with the synthetic jet results in advection of these vortices downstream of
the orifice by the free‐stream velocity, and can result in flow reattachment. When the
Strouhal number of the synthetic jets is at least an order of magnitude greater than the
Strouhal number of the body, a quasi‐steady recirculation region is formed. To the
freestream flow, this recirculation region will appear to be a modified surface with an
added momentum, which is termed as ‘virtual aeroshaping’ [50], and has been shown to
delay separation on cylinders in past studies. By changing the amplitude of the oscillat‐
ing mechanism, the jet velocity can be controlled. Additionally, the jet orifice can also be
pitched or skewed to vary the effects. At small scales, the mechanisms for the synthetic
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jets are simple, and consume very little energy. Therefore, they are able to impart useful
modifications to the flow field with a minimal energy input.

Synthetic jets have been widely tested under various conditions, both through
CFD as well as wind tunnel studies. They have been applied on airfoils to improve lift
[51], as well as on cylindrical bodies to reduce drag [52], [53].

2.7.2.2

Applications of Synthetic Jets

Synthetic jets can be produced over a broad range of length and time scales, making
them attractive for a broad range of flow control applications. Some of the current
avenues of research for applications of synthetic jets include:


In aerospace application, synthetic Jets have been studied for controlling flow on
aircraft and missiles at high angles of attack, delay the stall of wings on aircraft,
enhance the lift characteristics of helicopter blades, etc.



Their ability to reduce drag on a body has led to their testing within land based
vehicles to make them more efficient



Synthetic jets have been tested for thermal management of electronics, via the
cooling effects that can be generated by their operation



They have been tested for application in underwater vehicles, as well as on mi‐
cro‐UAV’s, as a propulsion mechanism



2.7.2.3

They have been tested on wind turbine blades to improve performance

Important Advantages of Using Synthetic Jets

At high frequencies, the formation of the recirculation bubble from the synthetic jets
virtually modifies the surface of the body. This ‘virtual aero‐shaping’ effect can poten‐
tially be utilized to alter the pressure gradient around the body [53], changing it without
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the use of any external moving parts. If applied on a building, it can be potentially used
to essentially adapt the surface to varying external conditions, quickly and easily.

Synthetic jets can promote reattachment of flow along the surface (Figure 2.39).
This means that wind flows can be channeled for energy generation or for natural
ventilation as required, regardless of variations in the direction of flow.

Flow before synthetic
jet actuation
Location of
synthetic jet

Flow after synthetic
jet actuation

Figure 2.39: Flow reattachment around a cylinder by a synthetic jet [9]

Additionally, synthetic jets can significantly reduce the drag on a body. When
applied on a cylindrical body, they have been shown to reduce drag by as much as 30%
[9]. This could potentially translate into significant savings on structural costs for the
building, through the reduction of structural material required for bracing against wind
loads.

As previously mentioned, synthetic jets are not the only means for implementing
active flow control. Steady jets can be an attractive mechanism for building‐integration
as well, if they could be coupled with existing HVAC systems which could provide a
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source of air for generating the jets. However, synthetic jets have been shown to
significantly outperform steady jets, which make them an attractive option for building
integration. Additionally, a small number of synthetic jets can result in a large change in
the flow field, which could make them viable for scaling to building integration.

2.7.2.4

Proposed Integration of Synthetic Jets into Buildings

The ability of synthetic jets to virtually modify the shape of a body provides unique
opportunities for building‐integrated wind. While passive techniques based on the
WARP principles can generate required amounts of wind amplification, they pose
problems for building‐integration because of high costs in creating the complex curved
shapes. Decreasing the curvature of the WARP‐based geometries shapes will reduce
costs, but will also result in a decrease in wind amplification, as shown by the simula‐
tions in the preceding chapters. For this reason, synthetic jets are proposed as a means
of virtually creating the ridges through virtual aeroshaping.
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2.7.2.5

Comparison of Assumptions underlying the Proposed Replacement of Passive
Flow Control on Building Envelopes with Active Flow Control for enhanced Wind
Energy Extraction

PASSIVE FLOW CONTROL
ENERGY INPUTS

ACTIVE FLOW CONTROL

Pro: Failsafe; requires no energy

Con: Requires a small input of

input for operation

energy for operation

Pro: No additional operational

Con: Small additional

costs involved beyond turbines

operational costs involved

ADAPTABILITY /

Con: Is not adaptable to varying

Pro: Can be adapted to

ENERGY OUTPUTS

conditions; may pose additional

respond to changing wind

safety challenges in certain

conditions, thereby signifi‐

situations

cantly increasing the

Con: Must be fixed into one

temporal range for viable

position thereby only capitalizing

energy extraction, with

on prevailing winds; seasonal and

additional safety benefits

MAINTENANCE COSTS

diurnal losses in most urban sites

INITIAL COSTS /

Pro: Typically uses simpler

Pro: Virtual shaping of

SYSTEM COMPLEXITY

mechanisms

envelope air flow is assumed

Pro: Involves no moving parts

to cost less than physical

beyond turbines, hence there are

(passive) shaping, leading to

no additional acoustical issues

lowered initial system costs

Con: Expensive physical shaping of

overall

envelope structures leads to higher

Con: Uses relatively more

overall initial costs for system

complex mechanisms;

integration`

involves moving parts which
can create additional acoustic
concerns

SYSTEM RESILIENCY

Pro: More robust option

Con: Relatively less robust
option

Table 2.6: Comparative Benefits of passive and active flow control into building envelopes
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2.8 Chapter Summary
The background literature on three important areas in building‐integrated wind energy
– the characteristics of wind flows in urban areas, CFD techniques that are used to
model them, and different wind turbine types that can be used to harness their energy
is examined in this chapter. Various precedent examples were investigated that utilize
different design strategies in attempting to merge these factors together with the
building program. The relative advantages and disadvantages of the different strategies
adopted in these examples were evaluated.

A new approach, utilizing passive and active wind flow control techniques is pro‐
posed. This approach uses principles from the WARP and synthetic jets to channel and
amplify wind flows and maximize energy generation potential from small turbines
attached to the facade. This use of flow control can potentially avoid many of the
problems with existing integration strategies by extracting more energy from smaller
sized machines. Their potential benefits are summarized in Figures 2.40 – 2.42 below.
These benefits include allowing for a distributed model of wind energy generation,
enhancing wind resources at a particular site, allowing for accessing resources at lower
elevations, allowing for the use of smaller wind turbines, creating amplified and focused
flows that result in higher turbine yields, allowing for adapting to changing flow condi‐
tions, allowing for more reliable energy yields from integrated turbines through reduced
separation via virtual aeroshaping, reducing structural material required for the build‐
ing, generating multiple synergistic benefits, enhanced emissions savings and reduced
cost payback periods.
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Figure 2.40: Potential benefits of the research proposal for integrating active flow control
into building envelopes for augmented wind energy capture
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Figure 2.41: Potential benefits of the research proposal for integrating active flow control
into building envelopes for augmented wind energy capture
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Figure 2.42: Potential benefits of the research proposal for integrating active flow control
into building envelopes for augmented wind energy capture
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The performative strengths in wind energy generation for the proposed passive
and active flow control techniques for enhancing building‐integrated wind energy
generation were then evaluated using CFD simulations and wind tunnel tests. However,
in order to achieve a viable integration, the use of these techniques needed to be
reconciled with various building factors involved. For this reason, a framework is devel‐
oped in the next chapter that can be used to investigate the use of the proposed passive
and active flow control techniques from a wider perspective, and bridge wind energy
generation with important building factors. Using this framework, a specific set of
criteria is identified that are further investigated through a series of CFD simulations and
wind tunnel experiments to quantify their performance.
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3. RESEARCH DESIGN
3.1 Introduction
The critical literature review chapter explored the primary components of building‐
integrated wind in detail. Previous design examples were analyzed, and their limitations
were highlighted. A new approach utilizing small envelope‐mounted wind turbines with
passive and active flow controls was proposed. The passive flow control techniques
examined were derived from the geometric principles of the Wind Assisted Rotor
Platform (WARP) system, and mapped onto a cylinder with varying periodic amplitudes
(herein defined as a ‘periodic cylinder’). Subsequently, wind tunnel experiments were
designed in collaboration with the Rensselaer Flow Control Lab to virtually replicate
versions of this periodic cylinder with varying amplitudes using synthetic jets that were
then tested within the wind tunnel. Both these techniques and their potential ad‐
vantages for building integration are evaluated and incorporated into the parametric
decision making framework. This parametric tool comparatively situates the relative
advantages of both physically and virtually shaping the aerodynamics of building surfac‐
es to amplify the wind flow for the amplification of wind flow and subsequent energy
extraction within building envelopes. It has to be noted that these shapes are investi‐
gated as an experimental pass that compares optimal and non‐optimal geometries for
flow amplification. The results are not intended to suggest specific design solutions;
they are meant to serve as starting points for exploring the integration of active flow
control into building envelopes.

A series of research objectives were developed in Chapter 1 for integrating passive
and active flow control into building design for the purpose of enhancing wind energy
generation. This chapter describes the research methods utilized in this dissertation to
accomplish these objectives. An analysis framework is first developed to set up the
simulations and experiments for addressing these objectives. The variables identified in
Chapter 1 were used to define the scope of the simulations and the experiments. The
setups for the simulations and the experiments are described in detail. Each simulation
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and experiment is guided by a specific research questions, derived from the individual
objectives.

3.2 Analysis Framework Overview
The focus of the framework is to guide the implementation of the proposed objectives,
through determining the appropriate test procedures that can be used. The analysis
framework used is illustrated in Figure 3.1 below:

Figure 3.1: The proposed analysis framework for the research

To address these questions, three different tests are proposed. The tests are de‐
signed with the purpose of quantifying the performance of these specific factors, and
understanding their behavior in relationship to one another. Using the variables listed in
Table 1.1 from Chapter 1, research questions are developed in order to explore the
different components of the dissertation objectives, and create focused goals for the
simulations and the experiments.
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3.3 Research Design
The numerical simulations and wind tunnel experiments in this study are designed to
explore the different components of the proposed building‐integrated wind approach,
based on the objectives, and are as follows:


The first set of simulations looks at adopting a purely passive approach using the
periodic cylinder and comparing it to the existing design strategies. The results
from the first set of simulations showed the limitations in adapting the WARP
principles into a building context.



For this reason, a second set of simulations were designed to examine the
change amplification performance by varying the amplitude of the periodic cyl‐
inder to address some of the concern. The results showed a decrease in
amplification capabilities, and highlighted the need for incorporating the active
techniques to increase the energy yields.



Wind tunnel experiments were then conducted to test the coupling of the pas‐
sive approach based on the periodic cylinder with active flow control in the form
of synthetic jets, to determine further amplification that could be obtained. The‐
se experiments quantified the potential additional amplification that can be
obtained by incorporating synthetic jets.



Finally, the data collected from the simulations and the experiments into a trade‐
off decision framework that examines the performative factors related to wind
energy vis‐à‐vis critical building design factors.
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A. Passive flow control design based on
optimal Warp geometries that maximiz‐
ing wind amplification through complex
curvatures that can increase construc‐
tion costs, making the strategy unviable
in most building‐integrated contexts

B. Reduced curvatures of the WARP‐based
designs for reduced envelope costs, but
also reduce performance of the geome‐
try in wind amplification, and
consequently output energy of
generation

D. Incorporated synthetic jets on a modi‐
fied WARP‐based geometry or even a
plain cylinder geometry to potentially
extend or create the ridge heights virtu‐
ally, thus generating the wind
amplification without the need for creat‐
ing the pronounced physical curves (thus
enabling hung curtain wall facades for
lower construction costs
E. Virtual Shaping of Warp‐based air flow
geometries through Active Flow Control
as integrated into a bluff cylindrical en‐
velope

Figure 3.2: Comparative factors exploring building WARP-based geometries: A,B - Envelope integrated passive flow control based on WARP geometries; C – Reduced
amplitude periodic geometry with active flow control augmentation; D – Virtual Shaping of geometries through active flow control integration into a bluff cylindrical
envelope
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3.4 Research Methods
A parametric feedback loop was created with the following inputs: CFD simulations;
wind tunnel testing; and building energy performance simulations. These inputs were
examined individually and in relationship to each other in the development of the trade‐
off decision making tool that allows for the understanding of cost benefit relationships.
A description of these experimental techniques is described in detail in this section.

3.4.1

Air Flow Testing

The main goal of air flow testing was to examine the flow velocities near the surface of
the test geometries, resulting from the use of the proposed passive and active flow
control techniques. This would then allow for estimating the potential wind energy that
could be generated from the integrated turbines. In addition, various other characteris‐
tics of related interest were also gathered in the experiments that could be used to
support related variables of interest for building‐integrated wind energy integration that
were beyond the scope of this study.

3.4.1.1

Numerical Simulations

The software Fluent [55] was used to carry out the simulations in this research. Based
on the literature, the following setup has been adopted as the basis for the simulations:

Turbulence model: The k‐ε turbulence model is utilized for all the simulations

Size of computational domain: The minimum distances for the boundaries adopted in
the simulations to ensure that they do not affect the flows are shown below: (Figures 3.3
& 3.4)
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Figure 3.3: Typical domain size adopted for the CFD simulations (diagram not to scale)

Boundary conditions for domain:
Inlet: A velocity inlet with an appropriate logarithmic profile is used
Outlet: At the boundary where the fluid leaves the computational domain, an
outflow condition is used
Base: Considered as a rough wall, with an appropriate roughness length
Lateral sides: Symmetry boundary conditions are used
Top: A wall with a no‐slip condition is used

Two exceptions with these boundary conditions were the second and fourth set of
simulations. In the second simulation set, the entire domain was sliced into half and a
symmetry condition used at the center line. This was done due to the computational
limitations for the experiment at that time. The fourth simulation set was intended to
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guide the wind tunnel tests, hence the domain sizes used in this followed the wind
tunnel dimensions.

Figure 3.4: Appropriate boundary conditions for the CFD simulations

Building Walls: At solid walls, a no‐slip boundary condition is used
Grid: At least 10 cells per cube root of the building volume are used as an initial mini‐
mum grid resolution
Convergence Criteria: The default convergence criterion of 0.001 is utilized. The reduc‐
tion of the residuals of at least four orders of magnitude is recommended. In addition to
the residuals the target variables (i.e., wind velocity) are also recorded. If these variables
are constant or oscillate around a constant value, then the solution was regarded as
converged
Software Utilized: This research utilizes a proprietary software, Fluent, for the study.
Fluent version 9 (along with its associated meshing tool, Gambit, was used for the first
set of simulations, while the later simulations utilized Version 12 of the software. (Figure
3.5)
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Figure 3.5: Screenshots showing the Gambit (left) & Fluent (right) interfaces

3.4.1.2

Wind Tunnel Tests for the Validation of CFD Simulations of Passive and Active
Flow Control Integration into Building Envelopes

The models for the wind tunnel tests were designed to test the research hypothesis for
the potential of active air flow control techniques to augment and/or replace passive
flow controls for enhancing wind energy generation. Based on the results of the CFD
analysis, discussed in the following chapter, three geometries were selected for wind
tunnel testing carried out by Edward DeMauro, a doctoral student under the direction
of Professor Michael Amitay at the RPI Department of Mechanical, Aerospace and
Nuclear Engineering. The experiments were developed following the fourth set of CFD
simulation tests, and were conducted at the subsonic wind tunnel located in the RPI’s
Flow Control Research Laboratory (Figure 3.6). The details of the wind tunnel are as
follows:

Wind tunnel type: Open‐return
Test section dimensions: 0.8 m x 0.8 m x 5 m
Motor: 100 HP with a variable speed drive
Reynolds number based on diameter: ~116,600
Data acquisition: LabView and Matlab
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Test section

Figure 3.6: Rensselaer subsonic wind tunnel used for flow control experiments

The wind tunnel test section has a cross‐section of 0.8 m x 0.8 m, and has clear
acrylic panels on the sides for observation. The maximum speed in the tunnel is 50 m/s,
with a turbulence intensity of 0.225%. Three test articles were designed for the experi‐
ments using NX Unigrafix. The appropriate dimensions for the test models were
obtained after scaling down profiles to a maximum diameter of 10.16 cm (4 inches). The
test model sizes ensured only a small blockage of approximately 5% of the tunnel cross‐
sectional area.

The models represented a large amplitude periodic cylinder, a reduced ampli‐
tude periodic cylinder, and a circular cylinder. The test models were envisioned as
aluminum cylinders with the test articles located in the middle portion of the cylinder
that was used for data collection, as shown in Figure 3.6. The next chapter explains the
models in more detail. The top and bottom portions of all three models were smooth
cylinderss. Interchanging models was accomplished by removing the test article from
one model and replacing it with the test article from another. In order to observe how
active flow control may be used to virtually affect the flow around the models, six
synthetic jets were incorporated into the circular cylindrical and reduced amplitude
periodic cylinder test articles, in two columns of three jets. No synthetic jets were
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incorporated in the large amplitude periodic cylinder model, as it was used as the
baseline to which the other two models were compared.

The synthetic jets were generated using piezoelectric disks with a diameter of 27
mm and a resonance frequency of 3.9 ± 0.5 kHz. The jets had a rectangular exit orifice at
the surface of the test article of length of 25.4 mm, and a width of 1.016 mm. The jet
orifices were oriented parallel to the freestream flow. The jets were driven with a
frequency of 2.6 kHz, with an input voltage amplitude ranging from 0‐80 V. The non‐
dimensional frequency of the jets corresponded to St = 14.7, two orders of magnitude
greater than the non‐dimensional shedding frequency of the models, St= 0.16. The
strength of each jet used was determined by the blowing ratio Cb, and the momentum
coefficient, Cμ. Cb is defined as follows [56]:

where
is the jet velocity and
is the freestream velocity

A Cb of 0.6 was utilized in the experiments. Cμ is defined as follows [53]:

where
is the density of the synthetic jet;
is the density of the freestream velocity;
is the jet velocity;
is the freestream velocity;
D is the model diameter;
H is the model span;
b, h are the jet orifice length and width respectively.
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The models were designed to be mounted vertically from the floor of the wind
tunnel. Surface pressure measurements were collected using a three 16 channel Scani‐
valve DSA 3217 pressure scanner. The DSA 3217 has 16 channels with a maximum range
of ±1.25 kPa and an error of ±0.40% full scale, where each of the pressure values pre‐
sented is an average of 20,000 samples collected at a rate of 500 Hz.

The ports had a flexible plastic tube with the opening attached to a steel tube
opening on the exterior of the test article. All test articles had seven rows of pressure
ports placed at spanwise locations corresponding to 3 ridges and 4 troughs of the
periodic cylinder model. The circular cylinder and the reduced amplitude cylinder each
had 16 columns of pressure ports placed about the circumference of the models, with a
total of 112 pressure ports each. Because the large amplitude cylinder did not incorpo‐
rate synthetic jets, only a single column of pressure ports was needed. The spanwise
location of these pressure ports was retained the same for all three models. Each
pressure port has stainless steel tubing, with 1.651 mm in outside diameter and 1.397
mm inside diameter.

Figure 3.7: Diagram showing a typical test article in the wind tunnel

The models were mounted on a turntable that allowed them to be rotated in‐
crementally (Figure 3.7). Pressure data was used to map the pressure coefficient (Cp)
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about the model test articles in both the spanwise and azimuthal directions. Cp is
defined as [57]:

∗

∗

where
and

are the local and free‐stream pressures,

is the density of the free stream velocity and
is the freestream velocity.

Data collected from the large amplitude cylinder model were used as a baseline
to compare the results from the reduced amplitude cylinder and the circular cylinder.
The effect of the jets on the surface pressures (and therefore the local velocities) could
be ascertained by comparing the pressure distributions with and without jet actuation.

3.4.2

Building Energy Performance Testing

A critical question in the investigation of the energy performance of the integrated
turbines resulting from the incorporation of the proposed flow control techniques, to
determine how much energy it could potentially contribute towards building operation‐
al requirements. For this reason, it was important to determine the energy use
requirements of the test designs. Various techniques, ranging from benchmark model‐
ing to traditional energy modeling are employed in this research. A brief description of
the techniques and their application is provided below.

3.4.2.1

Energy Simulations

Ecotect Analysis (referred to as Ecotect in this document) [58] is a proprietary building
analysis software program that provides a number of tools for building design and
analysis. Of particular interest in this research was its ability to calculate incident solar
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radiation on complex surfaces, and determine its effect on energy loads. Ecotect version
2011 was used for these simulation tests. The results show that the potential energy use
reduction is highly dependent on the specific climatic zone and the materials used for
the façade, and therefore should be evaluated on a case‐by‐case basis.

Simulations were carried out for a major urban center located within each major
climatic zone in the US. Weather data for individual cities was downloaded from the
DOE website in the EPW format, and then converted into weather data files (WEA
format) within Ecotect. For all the geometries, the base was specified as a floor ele‐
ment, having a carpeted concrete slab on ground, and the top was specified as a roof
element, having an insulated metal deck. The façade was specified as windows with a
double glazed low‐e aluminum frame. In order to determine the space loads in the
building, a fully air‐conditioned space was assumed. An open office space was specified,
which had a 24 hour operational schedule that was restricted to weekdays. The internal
design conditions were retained at the default values.

For expediency in running the trade‐off parametric decision tool, a quick ‘sketch’
of the on‐site energy profiles were generated using ENERGY STAR Target Finder [59], a
widely used web‐based building energy benchmarking software. Target Finder is used in
this research as a technique for rapidly estimating building energy needs. The software
uses data from the Commercial Building Energy Consumption Survey (CBECS) data to
estimate energy use for buildings, given specific parameters about building location,
square foot area, space type, etc. While a more rigorous energy simulation tool would
provide detailed data on energy usage, Target Finder is employed to allow for the quick
integration of data into the parametric trade‐off analysis tool. The current crop of
energy simulation tools do not allow for a seamless integration into the proposed
framework, and therefore the use of Target Finder serves as a placeholder for incorpo‐
rating a more accurate technique for evaluating energy use when they become
available.
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The energy estimation runs carried out used an office space type specification
for the test designs. The gross floor area was calculated by the output from the Grass‐
hopper model. The number of operating hours per week was set at 40. The number of
workers was estimated at the maximum number based on the area that was needed for
an office space. The building was specified as heated and cooled more than 50% of the
time. Energy sources were estimated after looking at the typical commercial building
energy mix for that particular location.

3.4.3

Parametric Trade-off Analysis for Design Decision Making

The final part of this research focuses on utilizing the passive and active mechanisms
into an architectural design context, for the purpose of enhancing wind energy genera‐
tion from small sized, façade mounted turbines. To achieve this goal, an integrated
framework is developed that attempts to model the multi‐variate relationships that
would provide the foundation for a decision making tool. The goal behind this frame‐
work is to enable designers to run ‘what‐if’ scenarios by manipulating the different input
variables, and observing the effects on the generated design schemes, as well as on the
associated performance metrics. Grasshopper [60] was the graphical algorithmic editor
that was chosen this research due to its strengths in modeling relationships between
different variables and carrying out parametric analysis on designs. This technique
allowed the definition of sophisticated relationships between the different study varia‐
bles, while mapping and visualizing the relationships through a graphical interface.

3.4.4

Quantitative Analysis

Spreadsheet modeling via Excel is employed in this research for carrying out some of the
quantitative analysis related to wind modeling, greenhouse gas emissions and cost
analysis. Data generated through parametric modeling is fed into Excel spreadsheets for
this purpose. The wind modeling spreadsheet uses the roughness equations that were
obtained from the literature study and uses them to develop a more realistic flow
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profile for a particular site, based on the type of surroundings. The flow speeds are then
fed into the parametric model for amplification and energy generation calculations.
Other Excel calculators developed for this research are the GHG emissions calculator,
which estimates emissions based on the fuel mix for the location, and an aggregate
spreadsheet that combines all the data generated from the Grasshopper model for cost
calculations.

3.5 Chapter Summary
This chapter described the specific simulations and the experiments proposed in this
research to address the different objectives. The rationale for the design of the CFD
simulations and wind tunnel experiments design are explained. Additionally, the tech‐
niques adopted for building energy performance modeling are also explained and
rationalized. The proposed parametric trade‐off framework is described, along with its
component parts. The next chapter explains the process adopted for the CFD simula‐
tions that provide the basis for the model geometries for the wind tunnel experiments
that are executed to validate the CFD analysis on the passive amplification of air flow
around building envelopes, along with the testing of the ‘virtual’ production of this
amplification of flow through the incorporation of synthetic jets.
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4. RESULTS AND ANALYSIS
4.1 Introduction
The previous chapter discussed the experimental design adopted for the research.
Different simulations and experiments were set up for examining the research objec‐
tives, as follows:
1. Evaluating the wind energy generation capacity of a passive amplification ap‐
proach based on geometric principles from the WARP
2. Testing the performance of variations in the amplitude of the periodic cylinder
test geometries
3. Testing the influence of synthetic jets on amplifying local air flows near the sur‐
face
The results from these simulations and the experiments are described in detail in
this chapter.

4.2 Design of CFD Simulations
The CFD simulations use the data collected by Murakami & Mochida [35] as a reference
for choosing the variables. Of particular interest to this work were the flow velocities
near the surface of the geometries; therefore it was not important to resolve flows in
the wake of the geometries. This research replicates the experiments by Murakami &
Mochida by comparing the pressure coefficient values from the published data to the
simulation values. Also used as a reference is data from Tutar & Oguz [36], who used
experimental data to simulate flows around a group of buildings using different turbu‐
lence models in Fluent. Subsequent simulations used in this experiment adopt a similar
setup specified below to maintain reliability from the results.

For the validation tests, a computational domain with a downstream length of
15.7 Hb (x‐direction), a lateral width of 9.7Hb (y‐direction) and a vertical height of 5.2Hb
(z‐direction) was used as seen in Figure 4.1. As the accuracy of the numerical results
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depends on the resolution of the boundary layer around the building surface, the non‐
uniformly spaced grid points are chosen with a constant expansion factor in the neigh‐
borhood of the geometry, comparable with that used in Murakami & Mochida. Fluent
was used to run the CFD simulations for this test. The grid generated for the simulations,
based on the data from Tutar & Oguz, is shown in Figure 4.1 below.

Figure 4.1: Grid setup adopted in the CFD validation test

The following settings are adopted for the simulation:

Turbulence model: Standard k‐e model with enhanced wall treatment
Boundary conditions:
Inlet‐ Velocity inlet
Outlet‐ Outflow
Lateral Sides and Top Boundary‐ Symmetry
Base Boundary and Geometry‐ Wall
Inlet condition:
Velocity profile suggested by Murakami & Mochida
Model constants suggested by Tutar & Oguz:
Cmu‐ 0.09
C1‐ Epsilon‐ 1.44
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C2‐ Epsilon‐ 1.92
TKE Prandtl Number‐ 1.0
TDR Prandtl Number‐ 1.3
Mesh type: Hex dominant
Mesh resolution suggested by Murakami & Mochida:
Number of elements: 33185
Pressure‐Velocity Coupling: SIMPLE scheme
Pressure: Standard
Momentum: Second Order Upwind
TKE: First Order Upwind, as suggested by Murakami & Mochida)
TDR: First Order Upwind, as suggested by Murakami & Mochida)
Residual Convergence Factor:
0.001 (Default in Fluent, suggested by Tutar & Oguz)

The results for surface pressure coefficients, shown below in Figure 4.2, are in
good agreement with those from Murakami & Mochida, with variations of less than 0.1
for all the data points collected. This demonstrates the validity of the simulation setup
adopted, and provides confidence in the reliability of their results.

Figure 4.2: Test results for the CFD validation test
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4.3 Simulation Set 1: Evaluating the Amplification Performance of an Optimal
WARP Geometry

Research Questions Examined:


Can the amplification performance of an optimal WARP geometry be further
demonstrated through CFD simulations?

Aims:
The optimal WARP geometry has been seen to show air flow amplification in the range
of 1.5‐1.8 the range of the freestream flow speeds in prior wind tunnel experiments and
CFD simulations [45],[46]. This simulation aimed to further ratify those findings and to
lay the groundwork for further testing in this research.

Limitations:
The standard k‐ε turbulence model is utilized for the CFD simulation. While robust and
generally capable of producing reliable results, this model has limitations in dealing with
separated and complex air flows.

Inputs and Outputs:
Air flow around an optimal WARP geometry configuration with the prescribed ratios is
simulated. The velocity magnitude close to the surface is tabulated, to gauge the
amount of amplification generated relative to the freestream flow speed.

Simulation Setup:
An optimal WARP geometry with a module diameter of 1.07 m. was used for the simula‐
tions (Figure 4.3). The geometry had three channels stacked above each other, and
capped with two cylindrical pieces at the top and the bottom. The cylindrical pieces had
a height of 1.14 m. each, amounting to the total height of the module equal to 3.77 m.
The ratio of the diameter of the geometry to the diameter of the amplification channel
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was approximately 2.1. The size of the domain used for the simulation was 73.9 m. x
37.5 m. x 18.2 m., (Figure 4.4) in accordance with the size requirements described in the
last chapter. A freestream flow speed of 18 m/s was simulated. This amounted to a
Reynolds number of 1.2 x 106.

Figure 4.3: Geometry used for the CFD simulation for reproducing prior wind tunnel and
CFD findings by [45], [46]
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Location of test
geometry

Figure 4.4: Domain size used for the simulation

Results:
The contours of velocity magnitude are shown in Figures 4.5 & 4.6 below. The results
demonstrate a maximum amplification of 1.63 times the freestream flow speed, at
areas close to the troughs of the channels. This result is seen to be in agreement with
the prior wind tunnel experiments and CFD simulations carried out on the optimal
WARP geometry.
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Figure 4.5: Section showing contours of velocity magnitude from the simulation

Maximum flow
speed near
trough= 29.36
m/s

Figure 4.6: Section showing contours of velocity magnitude from the simulation
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4.4 Simulations Set 2: Evaluating the Wind Energy Generation Capacity of a
Passive Amplification Approach Based on the WARP Design Principles

Research Questions Examined:


What is the change in wind energy generation capacity from large to small inte‐
grated turbines?



What is the potential energy generation capacity of small turbines by using pas‐
sive amplification technique based on WARP design principles?



What is the potential energy generation capacity of the passive amplification
technique based on WARP design principles, compared to other building‐
augmentation approaches identified through the literature?

Aims:
For evaluating the energy generation capabilities of the integrated turbines from the
incorporation of the proposed flow control techniques, multiple factors need to be
taken into consideration simultaneously. These include turbine size, number of turbines,
turbine type, turbine location, wind speed, and air flow amplification strategy. This
experiment therefore aims at carrying out two basic comparisons:


Large turbines vs. small turbines utilizing passive flow controls based on the
WARP design principles



Small turbines with passive flow controls based on the WARP design principles
vs. small turbines using alternative passive amplification strategies identified
from the literature

The alternative amplification strategies tested include:


Wind turbines on the parapet



Wind turbines along the sides of the façade



Wind turbines in apertures through building
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Based on these strategies, a series of building design configurations are evolved. The
different strategies were expressed in the form of idealized geometries, with overall
boundaries of 75 m. x 75 m. x 140 m. (height) in all the cases. The height limit was
maintained constant in order to ensure uniform access to wind resource for all the
geometries in this experiment, as the wind speed increases with height. The length and
width constraints ensured that an even comparison for floor space areas could be
obtained. CFD was employed in these simulations to determine the flow velocities at
the proposed turbine locations.

Limitations:
The k‐ε turbulence model is utilized for the CFD tests. Only single tower buildings were
utilized in this study. Changing wind directions are not considered in this experiment, in
order to obtain a consistent baseline for comparing the results. However, the effects of
changing wind directions are discussed in the next chapter. The experiment does not
make a distinction to the type of turbine, as changing wind directions are not consid‐
ered, and under a constant wind flow, the theoretical performance of a HAWT or a
VAWT does not differ significantly.

Inputs and Outputs:
A building design configuration with the proposed passive flow control techniques was
compared in terms of potential energy yields to comparable configurations with varia‐
tions in turbine size, type and integration strategy. All these configurations were tested
for a unidirectional flow regime. A typical logarithmic flow profile was adopted for
simulating the flows. The wind flow speeds at the turbine locations were measured and
across individual turbine rotor areas in all the cases. This data was used to estimate the
potential energy yields from the turbines. The Reynolds number was calculated as 8.3 x
106 at the height of the geometries, based on the flow velocity upstream.
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Simulation Setup:
Four geometric types were chosen for the experiment: The first one is a plain rectangu‐
lar block, which represents the majority of the current building stock. Rectangular
structures have been explored for their capability to enhance wind speeds at their
edges, as seen in the literature. The second uses aerodynamic apertures within the
block to allow for a 'diffuser' based augmentation, based on the Pearl River Tower
design. The third is a plain cylinder block, which is also a fairly common building form.
The cylinder was chosen because of the wind speed enhancement it can create along its
vertical edges.

The fourth geometry is a large amplitude periodic cylinder, which is a modified
WARP geometry. The geometry tested here has a module diameter ratio to channel
radius ratio of 18.75. It was expected that this increase in diameter of the module result
in some decrease in amplification performance as compared to the prescribed WARP
design, however, the goal behind these simulations were to explore a strategy that
would be practical for building integration, which meant a trade‐off between amplifica‐
tion performance and building design factors.
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Figure 4.7: Diagram showing the six configurations tested in simulations set 1. The relative
size of the channels the turbines have been changed here for clarity

Six different turbine configurations (#1 ‐ #6) utilizing building‐augmentation
strategies, were explored using these geometries (Figure 4.7). The configurations were
chosen to maximize wind energy generation for each type of geometry. The turbines
were located at points of maximum wind amplification in each case. The number of
turbines ranged from one to thirty. Configuration #1 uses a large amplitude periodic
cylinder geometry, and incorporates 14 turbines of 2 m diameter each. Only the rectan‐
gular geometry allows for the provision of the largest turbine, which has a diameter of
20 m (#2). This geometry also allows for turbine integration both on the roof and the
edges (#3 and #4). The aperture geometry (#5) is specialized to accommodate turbines
within itself. Table 4.1 below shows a summary of the configurations used:
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2

3

4

5

6

75 m (dia) x 140 m (ht)

75 m (l) x 75 m (w) 140
m (ht)

75 m (l) x 75 m (w) 140
m (ht)

75 m (l) x 75 m (w) 140
m (ht)

75 m (l) x 75 m (w) 140
m (ht)

75 m (dia) x 140 m (ht)

Diameter (m)

Rotor

#of Turbines

Overall
Dimensions (m)

Geometry/
Turbine
Location
1

14

6

1

20

15

2

30

2

4

10

30

2

Table 4.1: Summary descriptions of the configurations tested

a. Wind Flow Regime Tested
The configurations are tested a unidirectional flow regime, with a logarithmic vertical
profile, using a roughness factor for a semi‐urban area.

b. Wind Power Calculations
The specific turbine sizes used in each case were determined by the affordances created
by their locations as well as the type of geometry; however, there were fixed lower and
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upper limits of 2 m and 20 m respectively on the rotor diameters/heights. The lower
limit was concluded after studying the average sizes of small turbine rotors, while the
upper limit was used as 5% of the geometry size, from the literature. The turbines were
located above a minimum height of 20 m from the ground, to avoid the high turbulence
typically prevalent near the surface. Where multiple adjacent turbines were possible,
they were spaced at a minimum distance of two times the rotor diameter, in order to
minimize interference from one another. The calculations for the wind power output
from the turbines is described previously in Chapter 2, Section 2.5.3, and was obtained
from [41]. The turbine outputs were calculated as annual estimates. In all the cases, the
best possible efficiencies were assumed for the turbine operation.

c. CFD Simulations
The FLUENT 6.2 CFD package was used for the simulations. Figure 4.2 illustrates the
overall setup used in GAMBIT. The building geometry was sliced into half along its
central axis, and a symmetry condition provided on the slicing face in order to decrease
computation time (Figure 4.8). A tetrahedral grid with a resolution of 5 m was used at
the outer edges, which transitioned to 0.5 m near the object.

Figure 4.8: Typical Gambit model used for the CFD simulations
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A standard k‐ε turbulence model was utilized for the simulations. The SIMPLE pres‐
sure‐velocity coupling scheme in all the cases, along with the second‐order upwind
differencing scheme for momentum. The governing equations were solved with a
segregated scheme. The geometries were provided with enhanced wall treatment, for
greater accuracy of flows near the surface. The 1/7th power law was used to provide
the variation of velocity with height. A unidirectional wind flow was assumed. The
roughness of the geometry’s surrounding environment was represented by an 'open‐
field' condition.

d. Energy Calculations
The air flow amplifications created in each case were measured from the CFD simula‐
tions. The average wind flow speed values in the proximity of the turbines served as the
input value to calculate how much energy could be generated by the turbines.

Results
The following CFD plots illustrate the variations in flows that take place around the
different geometries tested. Flow speeds are indicated by the color bar on the left. The
blue colors at the bottom of the bar indicate lower total flow velocities; while the red
colors at the top indicate higher total flow velocities.

The rectangular geometry (Figure 4.9 and Figure 4.10) show amplifications at the
edges, but with a large amount of skewing, which can be deleterious to the operation of
the turbines. In contrast, the circular cylinder, diffuser and periodic cylinder geometries
offer less skewing and more focused flows near their surfaces.
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Figure 4.9: Vectors of total velocity around the rectangle

Figure 4.10: Vectors of total velocity for the rectangular configuration
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Figure 4.11: Vectors of total velocity for the aperture

Figure 4.12: Vectors of total velocity for the cylinder
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Figure 4.13: Vectors of total velocity around the periodic cylinder

The results illustrate the difference in energy outputs between the small and
large turbines. A single large turbine provides over twice the output of multiple small
machines. The aerodynamically formed geometries are clearly seen to increase the
energy generated from the small turbines, through passive amplification. The cylindrical
geometry begins to offer this additional amplification, but requires a large number of
turbines (in this case, 30) to overtake the output of configuration #1. The diffuser
geometry offers the highest wind amplification among all the non‐periodic cylinder‐
based and non‐bluff forms, but lags behind in overall energy yields due to limitations in
the number of turbines that can be incorporated.

The configuration using the large amplitude periodic cylinder geometry demon‐
strates that large amounts of energy can be generated by a reasonable number of small‐
sized turbines, which surpasses the plain cylindrical geometry in terms of amplification
performance, and start to match the energy yields of the large turbine. The increase in
the diameter of the modules is shown to provide a flow amplification that is surpassed
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only by the diffuser geometry. However, these results need to be discussed in the light
of other building design factors.

A critical building design factor that needs to be discussed is the available floor
space areas that each of these geometries provide. The floor space area is almost cut
down by half, which highlights the losses incurred during aerodynamic shaping. The
rectangular geometries can maximize the interior floor space areas because of their
shape, but clearly show limitations for wind energy generation. The diffuser geometry
shows high energy yields from the turbines, but cutting apertures within a geometry
with a deep floor plate clearly reduces floor space. The use of this strategy in buildings
with deep floor plates reduces its efficacy and results in wastage of usable floor space.
The circular and large amplitude periodic cylinder geometries comparatively increase
energy yields, but are limiting in terms of floor space areas, especially in the case of the
large amplitude periodic cylinder (Table 4.2).

Another factor for consideration is the quality of wind energy generation relative to
the different geometries. The bluff rectangular geometry generates flows with large
amounts of shear and separation. This can place additional stress on the turbines, which
decrease the amount of energy generated, and reduces their life expectancies. Hence,
the actual amount of energy generated from the large turbine will be lesser than the
predicted values. In contrast, the aerodynamic geometries show lesser shear and
separation, and result in a more focused flow onto the turbines. The impact of changing
wind directions, discussed in Chapter 5, provides additional impetus for the use of
façade mounted turbines on cylindrical geometries.
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#of Turbines

Rotor
Diameter (m)

Annual Wind Energy
Produced (MWh)

Geometry/
Turbine Location
1

208

14

2

2

284

1

20

3

38

15

2

4

64

30

2

5

84

4

2

6

176

30

2

Table 4.2: Results for Simulations Set 1

This trade‐off between energy generation from the configurations and the availa‐
ble floor space area that they can provide necessitates the need for exploring variations
of the amplitude for the periodic cylinder that do not decrease floor space area through
deep channels (Figure 4.14). The second set of simulations attempts to examine the
amplification performance of periodic cylinders that vary the amplitude size.
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Figure 4.14: Loss of interior volume for a large amplitude periodic cylinder, for varying
turbine sizes

4.5 Simulations Set 3: Testing the Performance of Variations in the Amplitude
of the Periodic Cylinder Test Geometries

Research Question/s Examined:


What is the change in local air flow amplification resulting from varying the am‐
plitude of the periodic cylinder test geometries?

Aims:
This experiment aims at examining the differences in wind amplifications caused by
variations in the amplitude of the periodic cylinder test geometries. Variations are
explored in terms of channel height and depth. These variations in height allow for the
accommodation of different sized small turbines, ranging from 2 m. in diameter/height
to 5 m. in diameter/height. Simultaneously, three variations in channel depth are
explored ranging from the “optimal” depth to gradually reduced depths. Altogether,
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twelve different geometric variations are explored in this experiment. These variations
were tested for an input wind speed of 18m/s, to enable comparison to data from prior
studies. The Reynolds number in the tests ranged from 4 x 105 (for the 6 m/s freestream
speed) to as high as 1.8 x 106 (for the 24 m/s freestream speed).

The average wind velocities close to the surface of the channel are measured,
where the maximum amplification is expected to occur. This amplification is of the most
use to the wind turbines, as it gets concentrated on the blade tips of the rotors. The
amount of amplification close to the surface of the channels is carefully measured
through the use of CFD simulations (using the software Fluent), and summarized. Based
on the amplification obtained, the energy yields from a specific turbine size that can be
accommodated within the channel are estimated, thus helping a designer estimate the
performance of integrated wind turbines for a proposed design.

The first experiment used CFD simulations to measure the amplification gener‐
ated for eight different variations in the amplitude of the periodic cylinder, in channel
size and depth. The results from this experiment are described in this section.

Inputs and Outputs:
Twelve different geometric variations were tested using CFD simulations. These varia‐
tions are shown in Figures 4.15 and Tables 4.3 and 4.4. The large amplitude periodic
cylinder uses a module diameter to channel ratio of 10, which was a decrease from the
previous set due to computational constraints. The goal behind these simulations was to
introduce the concept of the reduced amplitude periodic cylinder, and examine its
amplification capabilities relative to the large amplitude periodic cylinder and the
circular cylinder. This would determine whether the reduced amplitude periodic cylinder
was worth exploring for building integration.
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Figure 4.15: Variations in channel depth explored in this simulation

For each of these variations, four different input wind speeds: 6 m/s, 12 m/s, 18
m/s and 24 m/s are fed into the simulation model. The outputs in this experiment are
the amplified wind velocity close to the troughs of the channels, and the predicted
energy output from a turbine placed in the channel.
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Variation 1
Turbine size possible: 2 m
Channel depth: Optimal (2.3
m)

Variation 2
Turbine size possible: 2 m
Channel depth: Reduced (1.7
m)

Variation 3
Turbine size possible: 2 m
Channel depth: None

Section showing dimensions Section showing dimensions Section showing dimensions of
of Variation 1
of Variation 2
Variation 3
Variation 4
Turbine size possible: 3 m
Channel depth: Deep (3.3 m)

Variation 6
Variation 5
Turbine size possible: 3 m
Turbine size possible: 3 m
Channel depth: Reduced Channel depth: None
(2.25 m)

Section showing dimensions of
Section showing dimensions Section showing dimensions Variation 6
of Variation 5
of Variation 4
Table 4.3: 2D sections of test geometries 1-6 with dimensions
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Variation 7
Turbine size possible: 4 m
Channel depth: Deep (4.40
m)

Variation 9
Variation 8
Turbine size possible: 4 m
Turbine size possible: 4 m
Channel depth: Reduced Channel depth: None
(3.20 m)

Section showing dimensions Section showing dimensions Section showing dimensions of
Variation 9
of Variation 8
of Variation 7

Variation 10
Turbine size possible: 5 m
Channel depth: Deep (5.5 m)

Variation 12
Variation 11
Turbine size possible: 5 m
Turbine size possible: 5 m
Channel depth: Reduced (4.0 Channel depth: None
m)

Section showing dimensions Section showing dimensions Section showing dimensions of
Variation 12
of Variation 10
of Variation 11

Table 4.4: 2D sections of test geometries 7-12 with dimensions
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Simulation Setup:
a. CAD Modeling
The geometry for the simulations was first created using a proprietary CAD software,
AutoCAD, due to its ease in generating complex shapes. A typical experimental geome‐
try used is shown below in Figure 4.16. The domain sizes were chosen to ensure that
they meet the minimum requirements as stated in Section 3.4.1.1 in the previous
chapter.

Test geometry

Domain geometry

Figure 4.16: Screenshot showing the analysis geometry created for the simulations

The amplification channel was nestled within a cylindrical geometry that ran the
height of the domain. The overall size of the domain, especially the location of the outer
surfaces was chosen carefully to avoid any interference with the flows in and close to
the channel. The overall size of the domain is shown in the diagram below in Figure
4.17. Once the CAD geometry was generated, it was exported to Fluent as an ACIS solid.
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SIDE
ELEVATION

PLAN

Figure 4.17: Domain size used in the simulation

b. Fluent Software
The mesh was created to ensure that a fine grained resolution of flows near the surface
was obtained. A tetrahedral mesh was utilized for the volume. The mesh was quality
checked to make sure highly skewed elements were not present. To satisfactorily
resolve the flows close to the surface, a fine resolution of 0.15 m was provided for the
area close to the channel, as shown below in Figure 4.18.
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Figure 4.18: Screenshot showing a top view of the tetrahedral Gambit mesh used

For the boundary types, a velocity inlet was used at the surface facing the chan‐
nel and an outflow at the opposite surface. All other adjacent surfaces were assigned as
walls. The channel and its housing geometry were designated as walls as well (Figure
4.19).

Figure 4.19: Boundary types used in the Gambit model
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The standard k‐ε turbulence model was utilized for the simulations. Additionally,
enhanced wall treatment with pressure gradient effects was used in the simulations to
provide accuracy in flows close to the surface. The default values were retained for most
variables, except for the discretization schemes for momentum, turbulent kinetic energy
and turbulent dissipation rate, where the second order upwind scheme was applied. At
the inlet, a uniform flow of the required wind speed (6/12/18/24 m/s) was applied.

For all the simulations, the residuals for continuity, x, y and z velocities, as well as
k and ε were provided a convergence criteria of 0.001. Additionally, a point monitor was
also used in the area of interest to track any changes in velocity. Approximately 100‐150
iterations were required for the simulations to converge in each case. Additionally, the
change in velocities in the area of interest was monitored closely to ensure additional
accuracy of the results. The velocities were recorded at points along a vertical sectional
plane which cut through the center of the channel, as shown below in Figure 4.20.
Additionally, X‐Y velocity plots were obtained for a line along the plane running outward
from the center of the channel surface, for further evaluation of the results.

Figure 4.20: Plan view showing the the sectional plane utilized in the analysis

Limitations:
In a periodic cylinder geometry, the air flow amplification is concentrated in the area
close to the channel troughs, as described in Chapter 2. For this reason, a wind turbine
127

mounted close to the surface experiences a sheared flow that it concentrated more on
the tips of the blades on one side, as opposed to having an evenly distributed flow over
the surface area of the rotor. For this reason, a more accurate energy calculation would
involve the use of specialized codes to predict the performance of the wind turbines.
However, this set of simulations approximates the projections for energy yields by
assuming that the average amplified flow speed near the troughs is evenly distributed
on the turbine blades.

Additionally, the standard k‐ε turbulence model used for the simulations has its
limitations, as described in the literature review chapter. However, with the time and
computational resources available, it was determined that it can generate sufficiently
accurate results for these simulations. The actual turbines were not simulated in the
simulations; the air flow speeds near the surface were used to estimate their potential
energy yields.

Results:
The results are illustrated in Figures 4.21‐4.29 below.
a. Variation 1

Figure 4.21: Velocity vectors along the sectional plane for Variation 1

The average amplified velocity in the channel showed an increase of approxi‐
mately 54% (1.34 times) over the ambient wind speed.
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b. Variation 2

Figure 4.22: Velocity vectors along the sectional plane for Variation 2

The average amplified velocity in the channel showed an increase of approxi‐
mately 48% (1.48 times) over the ambient wind speed.

c. Variation 4

Figure 4.23: Velocity vectors along the sectional plane for Variation 4

The average amplified velocity in the channel showed an increase of approxi‐
mately 65% (1.65 times) over the ambient wind speed.
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d. Variation 5

Figure 4.24: Velocity vectors along the sectional plane for Variation 5

The average amplified velocity in the channel showed an increase of approxi‐
mately 57% (1.57 times) over the ambient wind speed.

e. Variation 7

Figure 4.25: Velocity vectors along the sectional plane for Variation 7

The average amplified velocity in the channel showed an increase of approxi‐
mately 67% (1.68 times) over the ambient wind speed.
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f. Variation 8

Figure 4.26: Velocity vectors along the sectional plane for Variation 8

The average amplified velocity in the channel showed an increase of approxi‐
mately 59% (1.6 times) over the ambient wind speed.

g. Variation 10

Figure 4.27: Velocity vectors along the sectional plane for Variation 10

The average amplified velocity in the channel showed an increase of approxi‐
mately 72% (1.72 times) over the ambient wind speed.
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h. Variation 11

Figure 4.28: Velocity vectors along the sectional plane for Variation 11

The average amplified velocity in the channel showed an increase of approxi‐
mately 63% (1.63 times) over the ambient wind speed.

i.

Variations 3, 6, 9, 12

Figure 4.29: Velocity vectors along the sectional plane for Variations 3, 6, 9, 12

The average amplified velocity in the channel showed an increase of approxi‐
mately 37% (1.37 times) over the ambient wind speed.

These values were additionally input into Excel, in order to plot them graphically.
The plotted graphs show a near linear increase in amplified wind speed with an increase
in ambient speed (Figure 4.30).
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Figure 4.30: Plots showing increase in amplification for the different geometries

On an average, the periodic cylinder with the large amplitude geometry showed
an increase in wind speeds of 1.5 to 1.7 times, which is in the range of predicted ampli‐
fication. It is conceivable that with a further increase in ambient wind speed, an
amplification of 1.8 times can be obtained, as indicated by the literature. The periodic
cylinder with the reduced amplitude, on the other hand showed an average increase of
1.4 to 1.6 times the ambient speed, while the cylinder showed an average increase of
1.3 times.

Figure 4.31 below shows the corresponding increases in potential energy yields
from the integrated turbines. Because of the highest amplification, the large amplitude
periodic cylinder provides the largest amount of potential energy yields.
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Figure 4.31: Increase in potential energy generation for the different geometries

4.6 Wind Tunnel Experiments: Testing the Potential of Synthetic Jets for
Amplifying Local Air Flows

Research Questions Examined:


What is the local air velocity about a large amplitude periodic cylinder compared
to a reduced amplitude periodic cylinder and a circular cylinder with synthetic
jets?

Aims:
Reducing the amplitude of the periodic cylinder has been shown, via the prior set of CFD
simulations, to result in a decrease in performance in air flow amplification in the
troughs and consequently the wind energy generation from the attached turbines. The
incorporation of synthetic jets can potentially address this problem by virtually extend‐
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ing the ridge heights of reduced amplitude geometries and possibly cylindrical geome‐
tries as well (Figure 4.32), in a process referred to in literature as their virtual shaping
ability [31]. The actual ability of the synthetic jets to achieve this result is analyzed in a
wind tunnel.

Figure 4.32: Proposed application of active flow control techniques in order to reproduce
the amplification of flow provided by the WARP-based geometries through active flow
control onto a bluff cylinder

Inputs and Outputs:
Three models were tested in the wind tunnel: a circular cylinder with synthetic jets, a
reduced amplitude periodic cylinder with synthetic jets and a large amplitude periodic
cylinder without synthetic jets. The models were tested at a freestream velocity of 18
m/s, corresponding to a Reynolds number of 116,600 based on diameter. The pressure
coefficient Cp was measured by collecting static pressure data on the surface of the
models.
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Experimental Setup:
The dimensions of the test sections of the three models tested are shown in Figures
4.33, 4.34 and 4.35 below. Figure 4.33 shows the dimensions of the curvatures associat‐
ed with the large amplitude periodic cylinder and the reduced amplitude periodic
cylinder geometries, while Figures 4.34 & 4.35 shows the entire test sections. The test
model dimensions amounted to an aspect ratio of 3.125. The synthetic jet orifices can
be seen on the reduced amplitude cylinder and the circular cylinder, as well as pressure
ports on all the three test sections.

Dimensions in cms.

Figure 4.33: Diagram showing dimensions of the model curvatures (a= Large amplitude
periodic cylinder; b= Reduced amplitude periodic cylinder; c= Cylinder)
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Openings for
synthetic jet

Pressure ports

Figure 4.34: CAD models of the test sections used (a= Large amplitude periodic cylinder;
b= Reduced amplitude periodic cylinder; c = Cylinder) (Image courtesy: Edward DeMauro)

Figure 4.35: CAD drawing of large amplitude periodic cylinder (Image courtesy: Edward
DeMauro)

The circular cylinder and the reduced amplitude periodic cylinder each housed a
set of six synthetic jets, divided into two columns of three on the surface of the test
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sections, located at ± 37º (Figure 4.36). On the reduced amplitude periodic cylinder, the
synthetic jet orifices were placed to the three central ridges of the model. Figures 4.37‐
4.39 show photographs illustrating the model assemblies.

Synthetic jet
location

Pressure port
location

Figure 4.36: Plan view of a model showing location of the pressure ports and synthetic jets

Pressure data without the use of synthetic jets were collected at angles between
0º and 180º, taken at 5º increments for all three models. Pressure data with synthetic
jet actuation was collected for the circular cylinder and reduced amplitude periodic
cylinder using all columns of pressure ports. The jets were actuated in 3 different
combinations: 1, 2 and 3 jets (Figure 4.40). Data was collected at two different blowing
ratios, Cb= 0.4 and 0.6. The results shown here are for Cb = 0.6.
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Opening for
synthetic jet

Pressure port
location
Figure 4.37: Photograph of a disassembled model for the cylinder showing steel tubing for
the pressure ports and the synthetic jet orifices

Pressure port
piping

Figure 4.38: Photograph of a model showing pressure port piping

139

Synthetic jet

Figure 4.39: Photograph of a model showing wiring of the synthetic jets

Limitations:
The overall diameter of the model had to be restricted to 10.16 cm in order to maintain
a low blockage rate of 5% in the wind tunnel. Also, only a single Reynolds number of
116,000 was used.

Results:

Figure 4.40: Combinations used for the activation of synthetic jets
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Large amplitude periodic cylinder results:
Figure 4.41 shows the azimuthal pressure distribution for the large amplitude periodic
cylinder model. Figure 4.42 shows the variation in Cp along the height of the model. The
trough regions were calculated to have an amplification which was approximately
11.24% higher than the ridge areas. Overall, a maximum amplification of approximately
1.3 times the freestream velocity is seen at the trough.

Figure 4.41: Pressure coefficients across circumferential length for the large amplitude
periodic cylinder model (Image courtesy: Edward DeMauro)
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Figure 4.42: Pressure coefficients across height for the large amplitude periodic cylinder
model at an azimuthal angle of 75° (Image courtesy: Edward DeMauro)

Reduced amplitude periodic cylinder results:
The results from the reduced amplitude periodic cylinder are shown below in Figures
4.43‐4.45. Figure 4.44 shows the results for a jet angle of 113º, where the most signifi‐
cant change was observed from the activation of the jets. The trough regions were
calculated to have an average of 7.23% greater amplification than at the ridges, before
the use of synthetic jets. From the data shown below, it appears that the local flow field
is possibly turbulent due to the much more negative values of Cp compared to the large
amplitude periodic cylinder and the circular cylinder.
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Figure 4.43: Pressure coefficients across circumferential length for the reduced amplitude
periodic cylinder model before forcing (Image courtesy: Edward DeMauro)

Figure 4.44: Pressure coefficients across circumferential length for the reduced amplitude
periodic cylinder model for all pressure ports after forcing (Image courtesy: Edward
DeMauro)
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Figure 4.45: Pressure coefficients across height for the reduced amplitude periodic
cylinder model at an azimuthal angle of 75° (Image courtesy: Edward DeMauro)

Circular Cylinder Results:
The results for the circular cylinder are shown below in Figures 4.46‐4.48. Without the
use of synthetic jets, the pressure distribution along the span of the circular cylinder is
uniform. The use of the jets is seen to reduce Cp values (Figure 4.47), which shows the
results for a jet angle of 113º, where the most significant change was observed from the
activation of the jets. From figure 4.48, it is seen that no major difference is seen in
lowering the Cp values from the activation of 1, 2 or all the 3 jets. Before the use of the
jets, the circular cylinder shows an amplification that is roughly equal to that of the large
amplitude periodic cylinder. However, with the use of the jets, a large reduction in Cp
can be seen, which demonstrates significant amplification, as high as 1.55 times the
freestream flow.
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Figure 4.46: Pressure coefficients across circumferential length for the circular cylinder
model without the use of synthetic jets (Image courtesy: Edward DeMauro)

Figure 4.47: Pressure coefficients across circumferential length for the circular cylinder
model with the use of synthetic jets (Image courtesy: Edward DeMauro)
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Figure 4.48: Pressure coefficients across height for the circular cylinder model at an
azimuthal angle of 75° (Image courtesy: Edward DeMauro)

Comparing the Cp results from the large amplitude periodic cylinder, reduced amplitude
periodic cylinder and the circular cylinder, the following preliminary conclusions can be
drawn:



The velocity amplification by the large amplitude periodic cylinder is seen to be
lower than expected, and almost equal to the circular cylinder



The troughs of the large amplitude periodic cylinder show an average of less
than 12% greater velocity amplification than at the ridges



The reduced amplitude periodic cylinder results show a flow field that appears to
be turbulent. This is attributed to the possibility that the shape being less opti‐
mized, however further investigation is required



The ridges of the reduced amplitude periodic cylinder show an average of 7%
greater velocity amplification than the troughs, without the use of synthetic jets



Among the three geometries, the circular cylinder shows the largest amount of
change in Cp due to synthetic jets
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Any combination of jets appeared to behave like effectively one large jet for the
circular cylinder and the reduced amplitude periodic cylinder



Preliminary results not shown here show that the wake is narrowed and shifted
upon the activation of synthetic jets, indicating a decrease in drag, and also
demonstrating that the synthetic jets can alter the flow direction at certain
model angles. Further investigation is required to explore these results

It has to be noted that the experiments did not observe an isolated bubble on the
surface from the virtual aeroshaping, as previously expected. This was due to the fact
that even a single synthetic jet, operating at the specified blowing ratio and frequency
was capable of generating a change in the flow field across the entire height of the test
article. Further investigations have been planned into examining the three dimensional
nature of the local flows for examining this finding in more detail.

4.7 Simulations Set 4: Testing the Performance of Variations in the Amplitude
of the Periodic Cylinder Test Geometries

Research Questions Examined:


What is the local air velocity about a large amplitude periodic cylinder compared
to a reduced amplitude periodic cylinder and a circular cylinder?

Aims:
The wind tunnel tests showed lower than expected air flow amplification for the large
and reduced amplitude periodic cylinder without synthetic jets, under Reynolds number
flows of 116,600. The goal behind the final set of CFD simulations was to analyze the
wind tunnel test geometries under similar conditions, to observe whether the results
can be replicated using CFD. This would provide insights into some of the results from
the wind tunnel experiments.

147

Limitations:
The standard k‐ε turbulence model is utilized for these CFD tests. This model has certain
limitations in modeling complex flows; however it was deemed as appropriate for use in
these simulations based on the goals.

Inputs and Outputs:
Geometries similar to those used in the wind tunnel experiments were used for these
similations (Figure 4.49). A freestream flow 18 m/s was simulated, which amounted to a
Reynolds number of 116,600. The domain cross section was modeled at 80 cm. x 80 cm.
corresponding to the wind tunnel size (Figure 4.50). No synthetic jets were simulated;
the goal behind these simulations was to observe the passive effects of these geome‐
tries. The pressure coefficient Cp was measured for all the geometries, across one half
of the circumferential length, at heights corresponding to the elevations of the pressure
ports utilized in the wind tunnel experiments (Figure 4.51). The Cp values were plotted
in Excel to analyze their distribution.

Figure 4.49: Test geometries utilized for simulations set 4
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Figure 4.50: Domain size for simulations set 4

Figure 4.51: Sectional planes used for measuring Cp

Simulation Setup:
Three geometric types were chosen for the experiment. Unlike some of the previous
CFD experiments, the domain used for the simulations was designed to match the wind
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tunnel dimensions. The turbulent intensity and length scale were specified as 0.225%
and 0.063 m. respectively, based on the wind tunnel. An unstructured grid was used for
meshing the simulation domain.

Results:
The Cp values observed in the simulations show a high degree of correlation with the
corresponding results from the wind tunnel experiments. The results for the large
amplitude periodic cylinder (Figure 4.52) show a difference in the Cp values at the
trough and the ridge areas. Extrapolating these results, it is seen that the large ampli‐
tude periodic cylinder, under low Reynolds number flows offers an amplification that is
no greater than that from the circular cylinder (approximately 1.34 times the freestream
flow speed). The reduced amplitude periodic cylinder shows a pressure distribution with
significant variations in Cp indicating a turbulent flow field (Figure 4.53).
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Figure 4.52: Cp results for the large amplitude periodic cylinder
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Figure 4.53: Cp results for the reduced amplitude periodic cylinder
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Figure 4.54: Cp results for the circular cylinder

4.8 Chapter Summary


The optimal WARP geometry showed a maximum amplification of 1.63 times at
its troughs, as compared to the freestream flow, for a Reynolds number of 1.2 x
106 , in the first CFD simulation study
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The second CFD simulation study showed that a large diameter periodic cylinder
with a large amplitude demonstrated that it could generate enough amplifica‐
tion to allow small façade mounted turbines to considerably increase energy
generation, which can surpass other passive techniques for flow amplification.
These simulations were conducted for a Reynolds number of approximately 8 x
106. However, it was also seen that the large amplitude cylinder can considerably
decrease interior floor space area



The third CFD simulation study examined the amplification potential for a re‐
duced amplitude periodic cylinder as compared to a large amplitude periodic
cylinder and a circular cylinder, for a variety of freestream flow speeds, and
Reynolds numbers ranging from 4 x 105 to 1.8 x 106. The reduced amplitude pe‐
riodic cylinder was shown to provide amplification in the range of 1.4‐1.6 times
the freestream flow, as compared to 1.3 times for the circular cylinder and 1.5‐
1.7 times for the large amplitude periodic cylinder



The wind tunnel experiments were initially designed to explore comparing a
large amplitude, large diameter periodic cylinder to a reduced amplitude, large
diameter periodic cylinder with synthetic jets and to a circular cylinder with syn‐
thetic jets. The tests were conducted for a Reynolds number flow of 116,600.
The results showed that the large amplitude periodic cylinder had approximately
the same amount of amplification as the circular cylinder without utilizing syn‐
thetic jets. However, when the synthetic jets were activated, the cylinder was
shown to provide a flow amplification of approximately 1.55 times the
freestream speed. The reduced amplitude periodic cylinder was shown to have a
turbulent flow field around it, both before and after the activation of the jets



A final set of CFD simulations were conducted, which corroborated the findings
of the wind tunnel experiments for the geometries before the use of synthetic
jets. It was seen that the periodic cylinder options did not provide the anticipat‐
ed amplifications under low Reynolds number flows.
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In conclusion, the simulations and experiments described in this chapter started out
with proposing a hybrid approach combining the use of passive and active flow control
for achieving local air flow amplification. However, these results show that the use of
active flow control can surpass the use of passive techniques, potentially enhancing the
capabilities of circular cylindrical geometries for flow amplification. This potential, as
shown by the preliminary results, show many critical advantages for a building‐
integrated wind approach using small turbines that could be applied to many different
building geometries beyond the circular cylinder. Therefore, these results can lead to a
larger discussion that applies the parametric relationships that have been set out within
the scope of the simulations and the experiments towards an analysis of amplification
techniques for multiple building envelope types and geometries. For this reason, the
next chapter aims to engage in discussions of the larger implications of the results, and a
more detailed look at the impact of potential factors that were not included.
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5. DEVELOPMENT OF A PARAMETRIC TRADE-OFF ANALYSIS CONSTRUCT
5.1 Introduction
The previous chapter described the results from the simulations and the experiments.
The first simulation replicated the amplification performance of an optimal WARP
geometry, to further demonstrate its capabilities. The second set of simulations high‐
lighted the limitations of adopting a purely passive approach based on the WARP in a
building‐integrated scenario, while the third set explored variations in the amplitudes of
the periodic cylinder test geometries for amplifying air flows. The results from the third
set of simulations showed a decrease in flow amplification, with the reduction in ampli‐
tude size. A fourth set of simulations were carried out to guide the development of the
wind tunnel experiments. The wind tunnel experiments themselves tested the use of
active flow control strategies through the use of synthetic jets, and showed that their
use can potentially allowed cylindrical geometries to match or even surpass the periodic
cylinder geometries in terms of amplification.

The findings from the wind tunnel experiments were especially critical to the val‐
idation and adjustment of the parametric framework as they demonstrate a proof of
concept for expanding the role of active flow control for enhancing building‐integrated
wind strategies. In order to explore the viability of incorporating active flow control, the
impacts on critical building factors were evaluated. The set of variables described in
Table 1.2, Chapter 1, are used as a guide. The relative strengths of incorporating active
flow control relative to passive flow control are discussed, both through further numeri‐
cal simulations and diagrammatic studies.

As there are complex issues ranging from wind energy generated from the tur‐
bines to façade construction components involved in the design of building utilizing
active and passive flow control, a parametric decision‐making construct is developed
that can aid the technical design of efficient and reliable wind energy integration incor‐
porating flow control. This can also aid support the planning for, and encourage, future
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wind energy system integration incorporating this approach. This decision support
application was developed using existing knowledge from different simulations and
experiments, resulting in a performance‐based approach for the selection of these
components that can provide reliable performance data, allowing the quick iteration of
design options. Though still limited in scope, this prototype shows that it can provide
improved computational support for implementing the approach.

Using this decision‐making construct, a preliminary analysis of the use of the pro‐
posed passive and active flow control techniques is conducted in this chapter. The
conclusions from this analysis, along with a discussion of impacts on different building
factors, indicate that building‐integrated wind energy utilizing small turbines attached to
the facades could become a viable and ubiquitous strategy for application.

5.2 Discussions
This section provides an extended discussion of these findings resulting from the simula‐
tions and the experiments, as well as a discussion of factors from the scope which were
not included in the tests. Additional CFD simulations and diagrammatic explorations
based on conversations with experts in these areas were used to guide the discussions.

The specific factors discussed in this section are:
-

Active flow control

-

Passive flow control

-

Turbine location and type

-

Wind flows on site

-

Turbine location and type

-

Turbine attachment mechanism

-

Acoustics

-

Safety

-

Surface cooling
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-

Natural Ventilation

-

Daylighting

-

Exterior views

-

Space programming

-

Structural loads

-

Façade construction

-

Building aesthetics

-

Building economics

5.2.1

Passive Flow Control

If active flow control is to surpass passive flow control based on the WARP, and assume
greater importance – as is indicated by the preliminary results – then this points to be a
diminished role for passive flow control as a primary means for amplifying flow for wind
energy generation. This is seen not just through the performance results for energy
generation, but also from the costs associated with constructing the geometries re‐
quired for integrating passive flow control principles, as seen in section 5.2.15 in this
chapter. Passive flow control thus becomes relegated to specific roles where the use of
active flow control is not feasible or desirable. For example, if wind turbines are mount‐
ed on the roof as an appendage, then it might be more desirable to use a purely passive
approach, as the wind farm becomes an add‐on to the building, as opposed to truly
integrated with the rest of the structure.

5.2.2

Active Flow Control

Preliminary results from the wind tunnel experiments demonstrate the performative
strengths of utilizing active flow control and its capability to possibly surpass amplifica‐
tion by passive flow control based on the WARP design principles. However, it has to be
noted that many experimental constraints involved, and it is therefore necessary to
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examine in more detail what an actual application of active flow control on buildings
would entail.

The major question is that of scaling the active flow control mechanisms for build‐
ing applications. It has to be noted that current research is underway which propose
attaching synthetic jets on airplane wings, an endeavor that comparable to scaling them
for building use. Synthetic jets are one possible technique for achieving active flow
control; other techniques described in Chapter 2 may need to be considered as well, if
they are easier to integrate within a building setting. However, synthetic jets carry many
important advantages that have been previously described, which make them attractive
for use over other active flow control techniques.

It is possible to explore the characteristics of the jets that would be required for use
on a building scale, through the use of the Reynolds number Re, blowing ratio Cb,
momentum coefficient Cμ, Frequency St, and aspect ratio AR, which are:

If we scale aspect ratio AR to match a building size, while retaining the Re numbers,
we get the following corresponding values for Cb and St. Cμ can be used to obtain the
corresponding orifice dimensions for the jets. The experiments showed that a single jet
on the geometry was capable of achieving a reduction in Cp similar to that of three jets;
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hence it can be summarized that a single jet would be sufficient for the scaled up
geometry. Some of the other important considerations for scaling are:

Size of the actuator required for the synthetic jets
It is conceivable that discs, sized 30 cms (12”) in diameter or less would be likely the
option to pursue for building application. In this case, arrays of such discs would be
required. They would likely be made of ceramic or other robust materials. The space
requirements for the disc and the housing chamber would be fairly minimal. The loca‐
tion of the entire apparatus would need to be carefully planned, zoning them with
mechanical spaces, stairways, etc. They would likely be housed internal to the building
for easy access for maintenance purposes.

Power input required
Active flow control, as opposed to passive flow control requires an input of energy to
achieve the goals. For the scaled up discs, it is estimated that they would not consume
more than 2‐3 watts of energy each [61]. The important consideration here is the
operational energy that is spent on running the synthetic jets would be much lesser
than the amount of wind energy that can be generated from the turbines, i.e., the
amplification by the synthetic jets should be realized at low energy costs, and they
should be able to provide benefits that far outweigh the expenditures.

Control system required
Along with the electrical wiring for power supply, sensors and controls will need to be
provided to create a completely close loop system that can operate with minimal
human oversight.

Jet acoustics
As seen in the scaling diagram (Figure 5.1) above, the resonant frequency of the jet
remains to be considerably low (220 hz). As the jet disc increases in size, the resonant
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frequency is seen to decrease. However, with higher flow speeds, the frequency needs
to increase as the jet needs to work harder to maintain the blowing ratio.

Overall, it is estimated that the range of wind speeds that are dealt with for en‐
ergy generation (6‐30 m/s); the frequency should remain relatively low in the audible
threshold. While not completely silent, this sound should be easily manageable with
isolating the jet mechanisms from the quiet zones in the building.

Cost of jets
As the piezoelectric discs that were used to create the jets are not manufactured for the
large sizes required for building application, it is difficult to estimate the actual costs of
each disc for building application. The cost range for smaller sized discs give an indicator
of how much a larger sized option would cost. It is seen that when manufactured in
bulk, the cost of the discs drops considerably. It is conceivable that large sized discs that
are needed for building application can cost as low as $400 per unit or lesser when
manufactured in bulk [61]. More research is required on their operations and mainte‐
nance costs over time, and the robustness in their operations over a long period of time,
and in different weather conditions.

In summary, there are many questions regarding the application of active flow
control, which are being addressed by ongoing research at the Center for Architecture,
Science and Ecology and the Flow Control Laboratory at Rensselaer. This research will be
critical in establishing the use of active flow control via synthetic jets as a robust mecha‐
nism for integrating within building envelopes.

5.2.3

Wind Flows on Site

While the simulations and experiments were carried out on isolated geometries, in an
actual design context, it may be necessary to accurately model specific geometries of
any surrounding structures. This research found that both CFD and wind tunnel tests
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face limitations in providing quick, reliable data on air flows at a particular site. While
wind maps are readily available for large areas, they typically do not take into account
the specific site conditions to give an accurate picture of flow speeds. On the other
hand, measuring flows on site, while accurate, is also time consuming and expensive.

However, emerging software tools provide more reliable techniques of linking
macro scale flows to the micro scale flows on site. One such software is the Wind
Analytics tool, developed by Wind Products LLC. Wind Analytics is a web based tool for
accurately assessing a property's wind resources, taking all local effects into account, to
determine the wind energy potential. The use of tools such as Wind Analytics could fill
in the current gap that exists for accurate wind flow assessment between macro level
and micro level flow assessment.

Changing wind directions are also an important consideration for building‐
integrated wind. The form of the building has strong implications for building‐integrated
wind, especially since the turbines need to operate under frequent change of directions.
Therefore, any wind turbine will need to be able to rapidly adapt to the changing
conditions to provide reliable energy generation. In general, a fully circular geometry
can accept and amplify wind from any direction (Figure 5.2). This would allow for a more
consistent energy production than is made possible by the other strategies. In compari‐
son, a bluff building type faces serious limitations when faced with changing wind
directions, due to the separation in air flows that are created. A cylindrical geometry
does not face that limitation, making it an attractive option for façade mounted tur‐
bines. With urban wind flows constantly changing direction over time, having a building
geometry that can accept and amplify flows from most directions significantly shortens
the payback period from the turbines, by allowing them access to a more constant
stream of wind flows over time.
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Figure 5.1: A wind rose for Houston, TX, illustrating the annual variations in wind direction

From the wind rose in Figure 5.1 above, there is a frequent variation in flow di‐
rections for between 90‐180 degrees. Precedent passive amplification techniques are
not able to capture directional variations beyond 60‐70 degrees, which makes them
restrictive in a wind flow distribution pattern such as this one. A cylindrical geometry,
with façade mounted turbines can accept and amplify flows from any direction, albeit at
different points on the envelope. When synthetic jets are integrated into the envelope,
they can potentially reattach flows to continuously direct them onto the attached
turbines. For a wind flow pattern such as this one, it could imply up to a threefold
increase in energy generation over the course of a year, which can be a critical ad‐
vantage.

5.2.4

Turbine Location and Type

This research proposes utilizing multiple small turbines dispersed on the building
envelope. The exact number of turbines is determined primarily by the cost aspects as
well as wind energy generation goals, among other factors. The direction of wind flow is
the determining factor for locating the wind turbines at specific points on the envelope,
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and is utilized in these simulations by analyzing data from wind roses for the site. There
are a number of factors that can shape the direction and strength of wind flows in an
urban context. For example, certain areas may be shaded from wind flow by surround‐
ing structures. All these need to be taken into consideration in the design process.

A completely cylindrical building design can accept and amplify wind flow from
any direction. The maximum passive amplification approximately occurs at an angle
between 45 and 90 degrees away from the point at which the wind flow strikes the
building geometry, as shown below, in Figure 5.2. Therefore, the turbine would obtain
the maximum benefit if placed within this zone. However, with the integration of active
flow control and the potential for reattaching flows along the surface opens the possibil‐
ity for locating turbines are other positions along the façade. Further experiments are
being planned to study the reattachment effects in more detail, which would inform
turbine positioning.

Figure 5.2: Zones of maximum wind amplification in a cylindrical geometry

The simulations in this research did not make a distinction between the types of
turbine that can be used in the integration. The literature study has shown that in
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theoretical conditions, both the HAWT and VAWT types provide similar amounts of
energy yields. In practice, HAWT technology is more mature than VAWT technologies,
especially in the US. However, recently, a number of small scale VAWT turbines have
been introduced in the marketplace, which could be a sign of technology development
in this area. VAWTs can offer some important advantages in a building‐integrated
context, especially with regards to changing wind direction. While the performance of
the VAWT has not been tested in this system, its ability to operate in wind flows from
any direction still provides it with a major advantage. A wind turbine with the blades
closer to the surface will operate more efficiently because of higher speeds closer to the
surface. In a fully passive approach, a Savonius type VAWT may not operate as efficient‐
ly as a HAWT within a passive amplification channel, because its design does not extend
the blades in a horizontal direction. In the prototype for the decision making tool that
was developed in this research, a specific turbine type is not considered, to allow for
future flexibility to explore different types.

5.2.5

Turbine Attachment Mechanism

An appropriate mechanical system is required for attaching the turbine onto the geome‐
try. The easiest option would be to attach it to the slab using a vertical support.
However, this depends on the location of the slab relative to the channel, and it may be
necessary to cantilever it or even drop it from the upper slab, based on the situation.
The large amplitude periodic cylinder offers the most options for attaching the turbines
due to the creation of a deep channel (Figure 5.3). In contrast, the reduced amplitude
periodic cylinder and the circular cylinder geometries offer only two options each for
attaching the turbines (Figures 5.4 and 5.5). These are cantilevering the turbine from the
slab and using supports from the top and the bottom for a turbine. The latter option has
been implemented in the Ramsgate street design, described in Appendix N.
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Figure 5.3: Turbine attachment in a large amplitude periodic cylinder

Figure 5.4: Turbine attachment in a reduced amplitude periodic cylinder
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Figure 5.5: Turbine attachment in a circular cylinder geometry

The turbine attachment mechanisms for the different geometric types are ex‐
plored in more detail in Section 5.2.15 in this chapter.

5.2.6

Turbine Acoustics

The use of small, shielded turbines in a large amplitude periodic cylinder makes it
unlikely for any noise generated to be noticeable in the building surroundings, as it gets
localized within the channel. However, care must be taken to prevent the transmission
of any noise into the interior spaces of the building. As explained in previous section,
sound from wind turbines is generated either through aerodynamic or mechanical
effects. Therefore, the type of turbine utilized and the attachment mechanisms must be
carefully evaluated before use. Additionally, if a double skin façade is utilized in the
building, it can serve to prevent the transmission of potential noise into the interior
spaces, by providing an additional air space buffer (Figure 5.6). While acoustic concerns
are not incorporated in this study, it is possible to accurately model the spread of noise
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from turbines to address this aspect, and is a potential avenue for future work. An
important related aspect is the space programming, which could require certain areas to
be zoned away from the turbines.

Figure 5.6: Double skin facade as a buffer between turbines and interior spaces

The attachment mechanism used should ensure that no vibration is transmitted
from the turbine to the building. Many solutions are already available in building tech‐
nology that is used to isolate sources of vibration. Among these, a commonly used
option is the isolation hanger which is used for suspending false ceilings, ductwork, etc.
A simple hanger consists of a steel spring welded onto a hanger bracket. More complex
mechanisms involve the use of an isolation medium such as high tensile gum rubber.
Locating the turbines adjacent to the mechanical spaces, as discussed earlier can also
help control potential noise generation from the turbines.
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5.2.7

Turbine Safety

The use of small sized turbines significantly reduces the risks associated with their
integration. Modern small turbines are constructed from lightweight carbon fibers that
can easily shatter upon impact [42], preventing damage to the structure or to human
life. However, emerging research also indicates that the low frequencies from wind
turbines may have negative effect on human health [62], which requires further investi‐
gation. It has to be noted that many small wind turbines already operate in proximity to
human habitats, and it is anticipated that data will emerge on whether the current small
wind turbine technology poses a risk to human health. In addition, different turbine
types operate at different frequencies, hence for any building‐integrated wind project,
there are different options available in the choice of wind turbine.

Contrary to popular opinion, avian fatalities from turbine strikes are very low
compared to those that result from the use of glass windows, for example. Various
measures could be adopted for preventing the turbines from harming birds [41], if it is
identified as an issue of concern.

5.2.8

Surface Cooling

The amplification of wind flows over the surface of the building by passive and active
means could potentially enhance the cooling of the building surface by removing heat
before it can be conducted into the interior spaces. This could potentially reduce cooling
loads during the summer seasons. Surface cooling can further be enhanced through the
choice of specific materials for façade cladding. While surface cooling is not included in
the simulations, the predicted amplification of wind flow can be used to estimate its
effects, and is therefore a useful avenue for further research.
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5.2.9

Natural Ventilation

While wind energy generation is the primary motive for utilizing the passive/active
approach in this research, the wind flow amplification that is generated can also be
utilized for enhancing natural ventilation. If the amplified wind flow is channeled into
the interior space, then it could potentially be used to supply fresh air while minimizing
the use of fans or other mechanical systems, thus reducing operational energy use.
Natural ventilation is not included as a factor in the simulations; however CFD tech‐
niques can be used to model its potential. Enhancing natural ventilation through air flow
amplification and redirection could be an important synergistic benefit for integrating
active flow control into building envelopes.

5.2.10 Self-Shading
One of the early characteristics of the passive approach that was explored was its ability
to create shading on its surfaces through its channels. This shading could potentially
reduce the heat loads on the envelope, thus reducing the need for cooling the interior
spaces. The amount of incident solar radiation that is decreased by using a large ampli‐
tude periodic cylinder, as compared to a reduced amplitude periodic cylinder and a
circular cylinder were compared through a simulation test using Ecotect, and is de‐
scribed in Appendix Q. The results show that the large amplitude periodic cylinder offers
an average of 33% reduction in insolation as compared to a circular cylinder, across
different climatic zones in the United States. The actual impact on energy use needs to
be evaluated on a case‐by‐case basis, as this shading could potentially be undesirable,
especially in winter months when heat gain on the envelope is advantageous.

5.2.11 Daylighting
Daylighting involves the allowance of natural light into the interior spaces of the build‐
ing, and can reduce electricity usage by cutting back on the artificial lighting needs.
Provision of external views and daylighting can qualify the design for LEED credits, which
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can add to the building value. While daylighting is not considered in the simulations, the
guidelines developed for turbine location can assist in factoring this aspect during
design.

Maximizing the use of natural light also has significant psychological advantages.
Real estate value can increases dramatically in proportion to the number of windows
and exposure to the sun. Studies have suggested that increased exposure to natural
light elevates mood and increases productivity in offices. For a large amplitude periodic
cylinder geometry, the curvatures can create shading on the surface, and thus either
enhance or worsen the passage of natural light into the interior. The use of transparent
or opaque cladding material is also an important aspect in daylighting.

5.2.12 Exterior Views
Exterior views can be an important factor because it is often a selling point for tall
buildings. The mounting of multiple wind turbines on the façade, as opposed to locating
them on the roof is more likely to obstruct the provision of exterior views. Hence, the
location of the turbines needs to be decided in coordination with the building program.
While the positioning of the turbines themselves can potentially obstruct views, the
large and reduced amplitude periodic cylinder geometries can open the façade into
creating new vistas than would be possible by a typical vertical surface. Depending on
how the channels are positioned on the façade, this could help bring in bring more
daylight into the interior.

An important factor that needs to be considered is that of shadow flicker. Wind
turbines can produce shadow flicker by interruption of sunlight because of the rotation
of the turbine blades. The actual amount of flicker produced will depend upon the
rotational frequency of the turbines. Flicker can be controlled by factoring in the sun
path in locating the turbines. Opaque panels can be used in certain portions, if the
locations are unavoidable.
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5.2.13 Space Programming
Space programming is a complex task where the designer attempts to organize the
functional aspects of the building in an efficient manner. The specifics of the building
program can restrict or allow the positioning of the channels at particular levels on the
building. For the purposes of this research, the buildings are assumed to serve as office
spaces, but the specifics of the spatial program are not explored. In many building
designs, especially in compact sites, maximizing interior floor space area is an important
goal. The creation of amplification channels on the sides of buildings in a large or
reduced amplitude periodic cylinder geometries will cause some loss in interior floor
space (assuming that the outer edge of the building stretches until the site boundary),
as seen in Simulations Set 2. Additionally, the vertical positioning of the channels along
the façade can also create potentially unusable spaces in the floors, as seen in Figure
5.7. This is largely dependant upon the size of the channels and their vertical positioning
in relation to the floor levels. This loss of floor area and creation of unusable spaces
make the completely passive approach problematic to implement in terms of space
programming, and further provides an impetus for moving towards using an active‐only
approach.

Figure 5.7: Unusable volumes created by the passive amplification channels
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Mounting multiple wind turbines along the façade could require a strategy to locate
the turbines adjacent to the service cores in the building (as seen in the BWTC, PRT and
RT examples) (Figure 5.8). This can isolate any vibration generated from the turbines to
the core areas, preventing their spread to the other spaces. While vibration is not a
major concern for small turbines, there may be cumulative effects created if multiple
turbines are used. It has to be noted that distributing the turbines across different
locations on the façade, in response to specific wind flows on site would mean that it
can be challenging to base their locations in coordination with the building program.

Figure 5.8: Locating the turbines adjacent to service cores

5.2.14 Structural Live and Dead Loads
Structural loads in a tall building consist of dead and live loads. Wind loads on a building
fall in to the live load category. They are an important factor for consideration because
when the building does not need to be heavily braced against the wind, significant
savings can be generated in the amount of material used. The superstructure amounts
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to almost 15‐25% of the overall construction cost in a commercial use tall tower building
[63], and can present a significant opportunity for cost savings. This has been demon‐
strated by the Pearl River Tower design, where the use of the aerodynamic curves and
apertures on the building reduce wind pressures and save on the structural material
required. The use of cylindrical geometries can deal with wind loads much better than
their rectangular counterparts, as the drag on the structure is significantly reduced.

The use of the passive and active techniques for wind amplification, along with
the turbines, can potentially reduce vortex shedding passively by essentially disrupting
their formation. Preliminary results, not shown in this research, demonstrated that the
use of active flow control reduced the size of the wake, indicating lower drag on the
structure. However, further research is required to investigate this aspect.

5.2.15 Façade Construction
This section engages in an in‐depth analysis of the construction approach that needs to
be taken to create building envelopes that integrate passive and active flow control
techniques. The critical construction related components for creating these envelopes
can be summarized through the diagrams below. These include the scale of the turbine,
façade typology, panel complexity and panel material. These components are classified
for the three approaches: a passive‐only design, a combined passive‐active design and
an active‐only design (Figure 5.9).

Figure 5.9: Diagram key to illustrate three types of designs analyzed in this research
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The type of approach adopted determines the amount of surface area of envelope
that is required for the cladding. The curvature of the passive amplification geometries
increases the surface area of the envelope (Figure 5.10), and consequently the amount
of material required for the cladding. While this can potentially increase the initial costs
of creating the envelope, some of the costs can be balanced by savings in material
because of reduction in wind loads, among other factors.

Figure 5.10: Passive amplification channels and envelope surface area. A WARP-based
geometry will have a much larger surface area than rectangular or cylindrical geometries
of comparable dimensions

The first factor is the scale of the façade type to be considered (Figure 5.11). This is
dependent upon the size of the turbine that will be used. This research considers
turbines that are ‘small’, i.e. 5 m or less in diameter/height. A typical floor‐to‐floor
height in a commercial building is 4 m (~13’). So a turbine that is 2 in diameter/height
can easily be ‘fit’ within a typical single floor, even if a large amplitude channel needs to
be created. When the turbine size starts to increase, the channel sizes need to be
proportionally increased, for the large and reduced amplitude periodic cylinder designs,
and subsequently extend to multiple floors. The scale problem is not an issue for a
cylindrical design, as it doesn’t utilize a channel for passive amplification.
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Figure 5.11: Diagram key to illustrate the scale component

The second factor is the typology of the façade (Figure 5.12). There are two ways
the facades can be created for the three design types: either as an envelope or as a rain
screen that can be attached to a simpler envelope. The latter can allow for the creation
of more complex shapes that are required for the large and reduced amplitude periodic
cylinders through the use of simpler materials rather than creating a complicated
envelope structure.

Figure 5.12: Diagram key to illustrate the façade typology component

The third factor is the material used for the façade, which can be transparent or
opaque (Figure 5.13). In some case, such as when a rain screen is used, the material will
be opaque by default. The material adjacent to the turbine may need to be kept opaque
to prevent shadow flicker. However, a transparent façade is seen as more desirable, as it
enhances the façade and helps bring daylight inside. Cost‐wise, a transparent façade
would be more expensive to construct as compared to an opaque one, due to its mate‐
rial requirements.
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Figure 5.13: Diagram key to illustrate the façade material component

The material used for cladding also has an influence on the smoothness of surface
required. For small turbines, the use of smooth surfaces is important because it can
reduce the friction on the wind flow and hence reduce turbulence. Glass panels can
serve this purpose, and also provide additional benefits such as allowing light into the
interior. While it is possible to easily create the bent glass panels required, they can
carry a larger first cost. Metal panels can be easier to bend, and cheaper in cost, but
they may not be as desirable as their glass counterparts. Rougher materials such as
concrete can also be easily formed into complex shapes, but may not be desirable in
most cases for wind energy generation.

The fourth factor is complexity of the panels used (Figure 5.14). This ranges from a
simple flat panel to a doubly‐curved panel. Doubly‐curved glass panels are only emerg‐
ing in construction, and can represent a much higher initial cost as compared to a flat or
single‐curved panel.

Figure 5.14: Diagram key to illustrate the façade panel complexity
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The complexity of the panels is also related to the panel size. This is determined by
the curvature of the surface that needs to be created by the panels. In designs that
incorporate passive flow control, as the turbine size gets smaller, the curvatures created
by the building envelope needs to be more accurate because the turbine blades will be
positioned only inches away from the surface. Therefore, precise tolerances are neces‐
sary in fabricating the façade panels. The emergence of digital modeling and fabrication
techniques has greatly eased the challenges faced in this aspect. Many existing building
examples demonstrate the use of different techniques to create complex curvatures.

It has to be noted that the stand‐alone WARP turbines require doubly curved sur‐
faces because of their small size. However, in a building integration scenario, it might
possible to use it is possible to use planar geometry to mimic the doubly curved surface,
providing a minimum panel size is met. The use of singly curved triangular or rectangular
elements can achieve this purpose. Additionally, in certain areas where the “smooth‐
ness” of the horizontal curve is required, smaller panel lengths can be used, while larger
lengths can be used in other areas. In some cases, especially for smaller sized turbines, it
might be cheaper to use larger sized doubly‐curved panels, as opposed to smaller flat
ones, as the use of more panels would require more materials for connections through
extra mullions, etc. This is illustrated through Figure 5.15.
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Turbine
Diameter:
5m

Turbine
Diameter:
2m

Figure 5.15: Vertical sectional profiles required for 2 m. and 5 m. turbines. The large curves
in the 5 m channel profile could allow for planar elements to be used, but for smaller
channel sizes curved panels would be more viable due to lesser number of interconnections required

The smoothness of the geometry that would be required was explored through an
experiment, described in Appendix N. The goal behind the experiment was to examine
the impact of faceting on the air flows near the surface of the geometry, in both the x &
Z directions (Figure 5.16). If a specific facet size would not show any noticeable impacts
on the local air flow, as compared to a completely smooth option, then that facet size
could be used to create single or flat panels of that particular size instead of the need
for doubly‐curved, with no major impacts on the air flow for energy generation.

Figure 5.16: Analyzing smoothness of geometry required for facade
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The experiment was carried out as a series of CFD tests on faceting of various sizes.
The results provided a particular facet size in plan and in height that could be used for
flat panels to approximate complex surfaces (Figure 5.17).

Figure 5.17: Results from the faceting analysis simulations

Along with the amount of material required to construct the building, the number
of members, simplicity of connections, ease of fabrication, etc. also have a major
influence on the cost. Cost efficiency for façade construction can be achieved by maxim‐
izing off‐site fabrication, simplicity in detailing and repetition. A detailed study was
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carried out on the construction techniques that would be required for the various
possible approaches using passive and active flow control systems within building
envelopes. Cost factors per square foot of the envelope were arrived at after extensive
consultations with the building façade specialists at SOM [64]. It has to be noted that
these cost factors were developed to provide a gauge of the relative costs of creating
these envelope shapes; in reality the actual costs would vary widely depending on a
number of factors such as geography, availability of materials used, etc.

The complexity and cost factors were determined by the following factors:
• Frame (Steel or Aluminum)
• Infill (glass or panels)
• Anchorage (Anchors, Inserts, Support brackets, Stiffeners, etc.)
• Accessory (Sealants, Caulking, Joint Filler, Gaskets, Fasteners, Flashing, etc.)
• Insulation

The following drawings detail the typical construction details for a purely pas‐
sive, combined passive‐active and purely active controls integrated into the building
envelope, with small scale wind turbines attached. The drawings were done in collabo‐
ration with David Menicovich, a graduate student at the Center for Architecture, Science
and Ecology at the Rensselaer Polytechnic Institute & Skidmore, Owings and Merrill.

Option 1: The first option (Figures 5.18 and 5.19) examines a typical façade structure for
a plain rectangular or cylindrical building form (similar to the forms used in Experiment
1). This form uses a purely passive approach for flow amplification at the surface. As this
option shows a vertical‐axis turbine, the generator is housed at the base, near the
supports, as shown in Figure 5.19. The estimated costs for this façade type (minus the
turbines and associated peripherals) is approximately $100 per square foot, and repre‐
sents a cost factor of 1 relative to the subsequent analyzed geometries.
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Figure 5.18: Facade details for a plain cylindrical façade design
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Figure 5.19: Detail A from Figure 5.21

Option 2: The second option examines a passive‐only approach implemented as a
retrofit for existing cylindrical structures, as shown in Figures 5.20 and 5.21. In this case,
a façade structure modeled on the large amplitude periodic cylinder is attached to an
existing façade. This structure can be constructed out of a simple steel frame. As this
option uses a horizontal‐axis turbine, the generator would be housed in the nacelle, at
the hub of the turbine. The turbines are aligned with the floor slab, rather than within
the floor height, as in the previous option. The estimated cost for an add‐on façade such
as this one is $300 per square foot, and represents a cost factor a 3 times the amount of
the circular cylinder facade.
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Figure 5.20: Construction details for a large amplitude periodic cylinder
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Figure 5.21: Detail A from Figure 5.20

Option 5:
This option examines a large amplitude periodic cylinder where the façade is conceived
as a complete curtain wall structure, rather than an add‐on (Figures 5.22 & 5.23). The
turbines are aligned with the floor heights, rather than with the floor slabs as in the
previous option. The amplification channels are created by cantilevering the floor slab
from the primary structure and using a cladding for the curvatures. The estimated cost
for a complete curtain wall facade such as this one is a factor of 5, as compared to the
bluff cylinder.
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Figure 5.22: Construction details for a curtain wall design
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Figure 5.23: Detail A from Figure 5.22

Option 6:
The fifth option examines a hybrid passive‐active approach, combining the use of a
reduced amplitude periodic cylinder structure with synthetic jets (Figures 5.24 & 5.25).
The synthetic jets are attached at the slab level, and the turbines are positioned in
between the slabs. The reduced amplitude design allows for a simpler façade construc‐
tion than is required for a large amplitude design, and hence has lower construction
costs. The estimated cost for a façade such as this one is a factor of 3 (minus the cost of
the synthetic jets and other associated components).

185

Figure 5.24: Construction details for a reduced amplitude periodic cylinder with jets
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Figure 5.25: Detail A from Figure 5.24

Option 7:
The final option examines a façade structure for a circular cylindrical building form
(Figures 5.26 & 5.27). This form uses a purely active approach for flow amplification at
the surface. The structure adopted is similar to that from Option 1; however, the main
difference is the addition of the synthetic jets or other active flow control mechanisms
at the slab levels. The estimated cost for an add‐on façade such as this one is a factor of
3 (minus the cost of the synthetic jets and other associated components).
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Figure 5.26: Construction details for a cylindrical design with jets
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Figure 5.27: Detail A from Figure 5.26

5.2.16 Building Aesthetics
Building aesthetics is a largely subjective area, but requires consideration because the
proposed passive flow control techniques involves shaping the building envelope, and
hence has a large influence on the appearance of the building. It is a difficult task is to
define the degree to which wind integration factors are satisfied and how these func‐
tions relate to a particular aesthetic element or approach.

Creating passive amplification channels on the facade require careful considera‐
tion if visual integration into the surroundings is a concern. However, the use of small
wind turbines located in channels renders them relatively inconspicuous. On the other
hand, while an active‐only approach can simplify the façades by eliminating the use of
channels, the turbines themselves become more visible.
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The use of building‐integrated wind turbines in general carries advantages as
well as problems. On one hand, there is a growing acceptance of visible “green” features
in buildings, even to the extent that they are able to command a premium in terms of
rental prices. On the other hand, the use of the wind turbines also generates mixed
reactions about their usage. Because they have visibly moving parts, they can be re‐
garded as being dangerous. There is also a false perception that wind turbines
contribute to bird kills, although this has been proven to be largely false in prior studies.
The move towards a purely active approach can simplify the building form by reducing
the complex curvatures required, but also make the turbines more visible.

5.2.17 Building Economics
For a developer and other investors in a building project, the initial financial costs
generally provide a compelling motivation to sell or lease as soon as possible after
completion [63]. Investment in integrated wind turbines can offset building operational
energy use, reduce the amount of structure required, and also potentially increase value
because of the ‘green’ image that it projects. Thus building‐integrated wind designs
stand to benefit from a growing awareness of the need for high‐performance sustaina‐
ble buildings.

The feasibility of the proposed designs can be evaluated by carrying out a cost ben‐
efit analysis (CBA) on the new features that they provide. To accomplish this, different
economic ranking methods can be used for prioritizing strategies in decision‐making
during building design. The traditional economic methods for evaluating criteria are first
cost, simple payback, life‐cycle cost, or one of the following cash flow analysis methods:
discounted payback, discounted cash flow, net benefits or savings, savings‐to‐
investment ratio, or return‐on‐investment [65], [66]. When used correctly, CBA can
provide information, going beyond simple market‐based assessment, to provide a more
complete analysis of value and thus help improve decision‐making.
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Buildings that use amplified wind energy systems require design strategies that
extend beyond current practices in order to effectively harness their potential. The case
for building designs utilizing the proposed flow control techniques can additionally be
strengthened by offering a demonstration of their enhanced performance relative to
existing building‐integrated wind strategies both through good case‐studies and the use
of simulation techniques that can facilitate comparison among design options. The
benefits of performance prediction can be very significant, potentially showing new
avenues where cost savings are possible. Performance prediction by using simulations
has been widely adopted by most of the precedent examples explained in the previous
chapter.

When there is a creative integration of the various systems involved in building
design, the cost increments in one area can often be compensated in another. This has
been demonstrated by the PRT example, where the costs of providing additional energy
generating features were compensated by increasing the amount of floor space and
hence the rentable area available. The incorporation of synthetic jets can similarly
provide multiple synergistic benefits that can significantly contribute towards reducing
the costs of integrating the turbines.

While different CBA techniques can provide a good estimate about total costs and
benefits, they can be limited by a number of factors included in the analysis. For exam‐
ple, it’s not always possible to identify accurate information about the future
performance of systems, or maintenance and operating costs, as these can change over
time.
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5.3 A Decision Making Tool for Evaluating the Relationships between the
Multiple Variables Involved
In order to achieve a viable integration of proposed active flow control technique, it is
necessary to look at factors beyond wind energy generation. A holistic examination of
the different factors is therefore required which will allow for evaluating combinations
of different building factors. For this reason, the data obtained from the simulations and
the experiments is incorporated in a custom application designed for carrying out a
trade‐off analysis of multiple design factors.

The goal behind the development of this application was to enable designers to
parametrically analyze the comparative benefits and compromises of incorporating the
proposed active flow control technique through a flexible data‐driven design process.
This application was designed to carry out a trade‐off analysis of the performance of the
resultant designs through its interaction with multiple building design factors. These
factors include potential energy yields in different wind flow regimes, usable floor space
areas, building energy usage, surface area for cladding and greenhouse gas emissions
savings, among others. The application allows for exporting data into Excel spreadsheet
application, to calculate cost payback on the turbines and carbon use offset through
wind energy.

From Chapter 1, specific factors related to building programmatic design re‐
quirements, passive systems and wind energy contribution are analyzed for their
behavior in relationship to each other. The goal behind the development of this tool is
to examine the simultaneous effects of incorporating the active flow control into a
building design context on these factors, for a better understanding of the integration
process as a whole. The experimental model allows for the creation of flexible building
designs that incorporate these techniques, while providing critical feedback on the
factors highlighted below.
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An algorithmic model is created that allows for modeling of complex parametric
relationships. The flowchart describing the relationships between the variables is shown
in Figure 5.7. The data gathered from the simulations and the experiments for passive
and active flow control is incorporated within this model to predict the performance of
the generated designs. In cases where the data is incomplete or does not exist, interpo‐
lation and extrapolation techniques are used to fill in the gaps. This model is intended as
a preliminary framework for relating the cost benefit relationships between passive and
active air flow control techniques.

The model allows for a specific set of inputs to be fed into it, which is described
below in Figure 5.28. The value of the inputs can be varied to adapt to different design
contexts, as desired. The model is linked to an Excel spreadsheet to which it can output
the results for calculations related to carbon offsets and cost payback. Customized
information related to cost can be fed into the spreadsheet, for accurate cost payback
analysis. The outputs from the model include building volume, interior floor area,
envelope surface area, wind energy generated, turbine cost estimate, number of panels
for envelope, dimensions for the envelope panels, carbon offset from the wind energy
and the estimated payback period on the wind turbines.

Figure 5.28: Diagram showing inputs and outputs from the model

There are three different modules in the Grasshopper model, which are as follows:
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-

The first module takes the inputs for building footprint radius, floor to floor
height, number of floors and core radius and generates data for building volume
and total interior floor space area available. The floor space area is later fed into
the Excel calculator for determining rentable floor space in the design option

-

The second module uses the wind flow inputs and based on the user inputs of
turbine size and number of turbines, as well as the amplification factor obtained
from the simulations and the experiments, calculates the amount of wind energy
that can be generated from the integrated turbines.

-

The third module uses the same inputs for module one, and based on the data
from sub‐experiment 1 which established a minimum panel size, determines the
number of panels and the exact dimensions required. The total envelope surface
area is also determined

-

The inputs for each of these modules can be varied by slider bars in the Grass‐
hopper interface, allowing for flexibility based on specific design situations
(Figure 5.29)

Figure 5.29: Figure showing the application interface
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Excel Worksheets
Three different Excel spreadsheets have been developed for this analysis. The first one
allows for the calculations of input wind speeds at a particular height, given the rough‐
ness of the surface (Figure 5.30). From the literature study, it was shown that the wind
flow profile typically assumes a logarithmic shape, and is highly dependent on the
roughness of the surface. Using these factors, it is possible to use the wind speed
information data from sources like Ecotect, etc. and estimate a reliable flow profile that
shows the variations in speed by height.

Figure 5.30: The wind flow profile calculator

The carbon emissions calculator (Figure 5.31) takes the total amount of electric
energy generated by the wind turbines and estimates the amount of CO2 emissions that
are offset as a result. This calculator uses conversion factors that are US‐averaged for
different building heating and cooling fuels. As explained in Chapter 1, buildings are a
significant source of CO2, a greenhouse gas, and offset savings can be a vital component
in adding to the development of building‐integrated wind energy in the future.
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Figure 5.31: The carbon emissions offset calculator

The final Excel spreadsheet aims at establishing cost ranges for the designs gen‐
erated, which can be a critical factor in design decision‐making. Estimating the costs can
be a dependent on a wide range of factors, many of which are context‐specific and out
of the scope of this research work. Rather, this exercise aims to establish a baseline for
costs largely based on the performance data from the simulations and the experiments.
Cost factors related to facade construction and structural types were obtained through
interview with leading experts in the field. The goal in the final experiment was to
evaluate the comparative investments on an active‐only, hybrid passive‐active and a
passive‐only approach for designs with similar configurations. The trade‐off analysis
model itself allows for much greater flexibility beyond what is explored in this final
study, and can be customized to satisfy different design contexts.

Limitations:
The parametric model does not link to actual simulation programs to predict perfor‐
mance related to wind energy generation, but uses data from the simulations and the
experiments. This technique allows for a rapid method for broadly anticipating the
relative performance of different design proposals, and actual performance data can
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only be validated through the use of simulations or experiments. The use of Target
Finder data within the tool is only intended to serve as a placeholder for incorporating
more rigorous techniques for energy simulations when they can be seamlessly integrat‐
ed into the tool.

Results:
The parametric model was used to generate three designs: a periodic cylinder design
with large amplitude, a periodic cylinder with reduced amplitude, and a circular cylinder
design, without periodic modulation. All the three designs were of the similar diameter
and height. The turbine diameter was kept constant at 2 m for all the designs, so was
the number of turbines in each design, which was maintained at 10. The designs also
utilized the same floor‐to‐floor height (4 m.) and all of them had the same number of
floors (9 each).

Figure 5.32: Wind flow profile used in the test

The wind flow profile used followed the 1/7th shear law as used in Experiment 1
(Figure 5.32). The spreadsheet provided the allowance for using the roughness factor to
mimic different conditions; the roughness factor Z0 representing a “rough” area or a
semi‐urban area was used in this exercise. The spreadsheet calculated the flow speeds
at different heights, which were used as the input into the Grasshopper model for the
wind energy calculations.
197

As mentioned previously, three designs representing a large amplitude periodic
cylinder, a reduced amplitude periodic cylinder and a circular cylinder with no modula‐
tion were examined in this exercise. These are shown in Figures 5.33 – 5.35. Both the
results from the CFD and wind tunnel tests were used to determine the amplification
factors for the different designs. The large amplitude periodic cylinder was provided an
amplification factor of 1.6 from the CFD simulations. An amplification factor of 1.4 was
assumed for the reduced amplitude periodic cylinder also from the CFD simulations. It
has to be noted that the wind tunnel tests did not provide clear results for both these
geometries; hence the results from CFD were used as the basis. No active flow control
was assumed for the reduced amplitude periodic cylinder because of the uncertainty in
the preliminary results. An amplification factor of 1.55 was assumed for the circular
cylinder with synthetic jets, from the wind tunnel experiments.

The building energy use was estimated using the Target Finder software. New
York City was chosen as the geographic location for the building energy calculations. An
office building was assumed for the calculations, with 75 full time occupants and 100
computers in use. The building was assumed to be 100% powered by electricity from the
grid. The Target Finder was used to estimate the total source energy, which included the
energy used during generation and transmission. The energy use was estimated in kbtu,
which was converted to kwh by using a conversion factor of 3.412, sourced from DOE
data.

The cost factors for the envelope were calculated based on the discussions from
section 5.2.15 in this chapter. A large amplitude periodic cylinder envelope was estimat‐
ed to have a cost factor of 5, a reduced amplitude periodic cylinder envelope with a cost
factor of 3 and a cylinder envelope with a cost factor of 1. As the large and reduced
amplitude geometries had cylindrical portions at their bases (designed because the
lower levels could not integrate turbines due to the turbulence), the cost factor for
these portions was calculated using the cylindrical envelope costs.
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The details of the different geometries analyzed were as follows:

Figure 5.33: The large amplitude periodic cylinder analyzed in the test

LARGE AMPLITUDE PERIODIC CYLINDER
DIAMETER

20 m

TOTAL HEIGHT

36 m

NUMBER OF FLOORS

9

FLOOR TO FLOOR HEIGHT

4m

TOTAL SURFACE AREA

3,236.2 sq m

TOTAL USABLE FLOOR AREA

2,140.5 sq m (23,040 sq ft)

ESTIMATED ENERGY CONSUMPTION

1,497,890 kwh/yr

WIND ENERGY GENERATED

101,000 kwh/yr

TOTAL EMISSIONS OFFSET

11.2 metric tons/yr

ESTIMATED COST OF ENVELOPE

$13,088,416

SIMPLE TURBINE COST PAYBACK

14 years

Table 5.1: Data for the large amplitude periodic cylinder
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Figure 5.34: The reduced amplitude periodic cylinder analyzed in the test

REDUCED AMPLITUDE PERIODIC CYLINDER
DIAMETER

20 m

TOTAL HEIGHT

36 m

NUMBER OF FLOORS

9

FLOOR TO FLOOR HEIGHT

4m

TOTAL SURFACE AREA

2,796.3 sq m

TOTAL USABLE FLOOR AREA

2,459.5 sq m (26,474 sq ft)

ESTIMATED ENERGY CONSUMPTION

1,647,574 kwh/yr

WIND ENERGY GENERATED

91,000 kwh/yr

TOTAL EMISSIONS OFFSET

10.10 metric tons/yr

ESTIMATED COST OF ENVELOPE

$6,865,499

SIMPLE TURBINE COST PAYBACK

11 years

Table 5.2: Data for the reduced amplitude periodic cylinder
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Figure 5.35: The cylinder design analyzed in the test

CIRCULAR CYLINDER WITH NO MODULATION
DIAMETER

20 m

TOTAL HEIGHT

36 m

NUMBER OF FLOORS

9

FLOOR TO FLOOR HEIGHT

4m

TOTAL SURFACE AREA

2,262.2 sq m

TOTAL USABLE FLOOR AREA

2,827.8 sq m (30,438 sq ft)

ESTIMATED ENERGY CONSUMPTION

1,882,132 kwh/yr

WIND ENERGY GENERATED

100,000 kwh/yr

TOTAL EMISSIONS OFFSET

11.1 metric tons/yr

ESTIMATED COST OF ENVELOPE

$2,435,054

TURBINE COST PAYBACK

7 years

Table 5.3: Data for the cylinder design option

The results show some interesting insights into the designs. The first is that the
large amplitude periodic cylinder, because of its high surface area and complex geome‐
try, results in a very high cost for the envelope, which is more than 6 times that of a
circular cylindrical envelope with no modulation. Even if the cost of incorporating
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synthetic jets and its associated components was assumed to be $1‐2,000,000, the cost
of the large amplitude cylinder envelope is seen to be far greater. Even with using the
“add‐on” type envelope, the cost factor remains considerably higher than the circular
cylinder with synthetic jets. The second insight is the reduction in usable floor area,
something that was also seen through the results from Experiment 1. The large ampli‐
tude periodic cylinder has approximately 25% lesser floor area than the cylinder. The
only way to avoid floor area losses would be to build higher if possible, which would
result in greater construction costs. As previously mentioned, the additional synergistic
benefits would aid in further reducing the cost payback periods from the turbines, which
are not captured in the model at this stage; however, the framework offers possibilities
for expanding its capabilities in various directions.

5.4 Chapter Summary
This chapter described the development of an application for trade‐off analysis that can
be utilized to carry out a feasibility analysis of building designs adopting the parametric
approach. The application is used to compare three different designs using the active‐
only, hybrid passive‐active and passive‐only strategies. The results show that the active‐
only approach can offer significant benefits by generating amplifications without the
need to create complex façade curvatures. A detailed discussion was carried out into
the various design factors impacted by the using of passive and active flow control. It is
hoped that the findings provide a baseline for laying the foundation to a practical
implementation of active air flow control techniques to building envelopes in order to
amplify the wind energy extraction potential for small scale turbine types. The next
chapter aims at providing a discussion about the future directions pointed through this
research.
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6. CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Introduction
The specific conclusions from the various CFD simulations, wind tunnel experiments and
the trade‐off analysis investigations are as follows:



The passive techniques for flow amplification provide the anticipated perfor‐
mance only under high Reynolds number flows, and are additionally seen to
negatively impact critical building factors;



Both the reduced and the large amplitude periodic cylinder in particular carries a
high price premium as compared to the other geometric types analyzed in this
research;



The circular cylinder offers the benefit of relatively low cost façade construction
and provides more interior floor space as compared to the periodic cylinder
types; however, the passive flow amplification from a cylinder remains relatively
low and incapable of significantly increasing energy generation from small tur‐
bines;



When synthetic jets are incorporated on the surface of a circular cylinder, they
can increase flow amplification by approximately 55% over freestream flow, al‐
lowing for a potential increase in wind energy generation by over three times.
This enables the circular cylinder to generate flow amplification that previously
was only achievable through the periodic cylinders;



Numerous synergistic benefits from the use of synthetic jets result in reduced
payback periods, thus making them attractive for building‐integrated wind using
small façade mounted turbines.

This research has generated substantial new knowledge in the area of active air flow
control applications for buildings, and in particular, its influence on the future viability of
building‐integrated wind energy. This knowledge can be summarized as follows:
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A broad set of comparative case studies enabling a systematic investigation into
existing or proposed building‐integrated wind energy strategies, which critically
identifies the inherent challenges and limitations faced in the application of ex‐
isting technologies;



A critical assessment of the potential applications of both passive and active air
flow control within the building envelope for generating surface flow amplifica‐
tion and directional adjustments;



A critical assessment of the potential for active air flow control using synthetic
jets to replace passive techniques of airflow manipulation around buildings, al‐
lowing for the benefits of inexpensive construction while also achieving the
increased wind generation efficiencies of expensive aerodynamic building enve‐
lopes;



An evaluation of the above potential through both simulated analysis as well as
instrumented validation through wind tunnel testing of physical models that
were prescribed according to simulated models;



A critical assessment of the potential of small turbine types to be coupled with
active air flow control techniques in order to render building‐integrated wind
energy viable in terms of performance when compared to the large turbine
types;

These findings were then transferred into a physical validation that demonstrates
the amplification of wind energy resources through synthetic jets located within build‐
ing envelopes, alongside the ancillary benefits of active air flow control such as
structural, vibrational and safety improvements. This could render viability to the
application of small scale wind turbines in large and small arrays to the sides and tops of
bluff building types for the first time, by increasing the energy yield per turbine, while
relieving the safety and aesthetic issues that have previously challenged the integration
of turbines to building envelopes.
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Finally, a parametric decision‐making framework was developed that facilitates the
application of these techniques within the schematic design phases of decision‐making,
by linking performance data from the various simulations and experiments to critical
building design factors. This decision‐making framework is intended to assist designers
with managing the trade‐offs between different factors in the design process.

The research in this dissertation began with assessing a combination of passive and
active flow control techniques, incorporated within building envelopes as a means of
increasing energy yields from small integrated turbines. However, the results imply an
extremely significant potential role for active air flow control techniques to supplement
and perhaps replace passive amplification altogether in the aerodynamic shaping of air
flow for the extraction of wind energy within building envelope assemblies, and poten‐
tially for other structural, acoustical or heat transfer requirements of multiple building
typologies. As a result, the significant potential benefits associated with building con‐
struction and operational energy use point towards the necessity for further research to
investigate the myriad benefits that could result from the transfer of this emerging
technology from the field of aeronautics to building applications.

6.2 Relevance of the Research
As buildings are a significant consumer of natural and non‐renewable resources, and a
major contributor towards climate change, it has become imperative for the industry to
make a move towards more environmentally responsible practices. However, there is a
huge technical and logistical gap between emerging clean energy technologies and their
use in the built environment. In order to bridge this gap, architects and engineers need
to work towards adopting more innovative techniques that can contribute towards a
reliable and clean building energy supply.

Chapter 2 in this study showed that while the potential for wind as a renewable en‐
ergy source exists, it is generally being underutilized. In the context of the building
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industry in particular, its usage is even more limited due to challenges associated with
generating meaningful energy yields and integration into the building fabric. While
developing large wind farms in rural or undeveloped areas is one option, it has to be
recognized that urban areas are the highest consumers of energy and could benefit
from distributed wind energy techniques, which brings the energy generation closer to
the load centers. Building‐integrated systems are the best approach to maximize the use
of renewable technologies because power can be directly transferred on site. Hence, it
is imperative to be able to seamlessly integrate these systems into buildings. There is
also the need to demonstrate that a move towards incorporating wind energy sources
can be made without compromising on building functional and aesthetic requirements.
This dissertation is intended to be a step in that direction, by inquiring and testing the
potential myriad ancillary benefits to a building through more active management of air
flow around building envelopes.

Building energy use is determined by various factors such as building function,
number of occupants, climatic conditions, etc. Among these, heating, cooling and
lighting take up the largest portion of the operational energy usage. For wind turbines to
make a useful contribution to this energy use, the energy generation profile needs to be
matched as closely as possible with the energy consumption profile. This is challenging
because wind is an intermittent resource. While energy storage techniques can be used
to fill gaps between energy usage and consumption, their use should be minimized
because they are still expensive and existing technologies do not satisfy other environ‐
mental design criteria for minimizing the use of toxic and non‐renewable resources.
Therefore, ensuring adequate access to wind resources for different buildings, augmen‐
tation of wind energy resources on the building envelope, and an effective turbine type
and site strategy will all be critical in making the utilization of wind resources viable, in
supporting the building energy supply. Additionally, wind can frequently be utilized
synergistically with other resources, as demonstrated by the Pearl River Tower and
other examples.
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However, the complexity of buildings means that the challenges are not trivial. In
order to accommodate this complexity, and provide effective design decision support, it
is necessary to develop computational techniques that can visualize and manage this
complexity. Recent improvements in building simulation tools have given rise to more
detailed data sets on various building performance aspects. These data sets are usually
available from different sources, have multiple dimensions, and are represented in a
way that fits the needs of narrow design tasks. However, the holistic integration of
these data sets within the decision support system is vital for a comprehensive ap‐
proach towards building‐integrated wind energy, that can manage to comply with
stringent cost payback periods, because the benefits to building energy consumption
are multiple and synergistic.

The findings of this research indicate that the application of active flow control
strategies into buildings has potential for various synergistic benefits beyond wind flow
amplification at the surface for energy generation. Their usage holds the potential to
eliminate some of the deleterious effects of flows around building structures such as
shear, separation and turbulence while controlling it to benefit energy generation or
objectives. In an actual building integration scenario, the synthetic jet actuators would
need to cope with large uncertainties connected with the flow around the structure.
Therefore, a closed loop system of feedback and response will need to be developed, to
allow the jets to effectively manage the air flows at the building surface. Robustness and
efficiency of the system is also necessary to ensure acceptable performance. Ultimately,
this research envisions buildings that incorporate sophisticated reactive control systems
consisting of large numbers of low cost sensors and actuators communicating with each
other, and being able to control many aspects of bioclimatic flows in and around build‐
ings.
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6.3 Proposed Future Directions
This research constitutes the first experimental data demonstrating the potential for the
incorporation of active flow control into building envelopes for air flow management.
The following research questions have been identified as being relevant for further
research towards implementing this vision:

Figure 6.1: Research diagram showing opportunities for future work



Future research towards the practical implementation of synthetic jet actuators
into buildings for active air flow management

This research gathered wind tunnel data on the performance of synthetic jets within
specific building geometries tailored for wind energy augmentation. The results serve to
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demonstrate a proof of concept of application of these technologies and establish their
performance within a narrow range of wind speeds. The next step would be to test
these mechanisms within a broader range of fluctuating speeds and on a larger range of
geometric types, leading to testing in the scaling up towards building integrated testing
The goal would be to design the integration of synthetic jets into the bldg envelope such
that they are responsive towards changing external conditions that more closely resem‐
ble air flow patterns within urban canopies rather than operate continuously at a fixed
frequency. There is also considerable work to be done in developing control systems for
these mechanisms. Once the systems are scaled up towards application on a building
level, a more accurate cost analysis procedure needs to be established.



Exploring more synergistic possibilities for active air flow management

The following areas are identified for potential future applications of active air flow
control, warranting further investigation:

Wind Loading: Reducing live wind loads on the structure, as well as controlling vor‐
tex shedding are two factors that are critical for buildings, especially for large tower
types. The use of synthetic jets has already been shown in tests to reduce drag on a
body, which can have important ramifications for reducing wind loads, and consequent‐
ly the amount of structural materials required, leading to significant cost savings and
reduction in embodied energy of the building structural systems. Additionally, within
the current research being undertaken at the Center for Architecture, Science and
Ecology and the Air Flow Control Laboratory lab at the Rensselaer Polytechnic Institute,
it is hypothesized and investigated by an interdisciplinary research team of architects
and engineers that the use of synthetic jets near the top portion of the building can
disrupt vortex shedding, which could eliminate the need for costly systems typically
used to mitigate this phenomenon.
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Natural Ventilation: Landmark examples of buildings that utilize natural ventilation
strategies, such as the RWE Tower in Essen, Germany, incorporate inventive techniques
within double skin facades to force the external air into the inside to create convection
based flows. These examples use passive techniques of specialized façade designs that
attempt to channel air flows. The use of synthetic jets creates significant opportunities
in design approaches for the natural ventilation of buildings, by their ability to easily
redirect air flow patterns. For example, synthetic jets embedded within facades could
generate the movement of air without the need for relying on convective mechanisms.
This could allow buildings to experience the operational benefits of natural ventilation
even in sub‐optimal conditions, without the need to rely on additional expensive, high
energy consuming mechanical equipment.

Reducing Wind Turbine Yaw: The ability of synthetic jets to reattach flows on a sur‐
face can potentially be harnessed to deal with the frequent changing directions that are
typically prevalent within urban wind flows. Wind flows that frequently vary in direction
place additional stresses on the turbines, reducing their yields over time. For a horizon‐
tal axis turbine, variations in a few degrees in flow direction can significantly reduce
energy yields. Redirection of air flows at the surface through the use of synthetic jets
can potentially mitigate this problem, thereby increasing the amount of energy generat‐
ed from the turbines and allowing for more reliability in the wind energy supply.

Building Thermodynamics: The control of heat flows into and within the building
envelope is also an important area where synthetic jets can play a crucial role. In the
experiments, synthetic jets can be used to facilitate the mixing for heat transfer at micro
scales. Currently, there is a huge interest in emerging products such as switchable
insulation, which allow for changing the properties of façade panels to either conduct
heat (for enhancing solar gain) or for insulation (against unfavorable external condi‐
tions). Synthetic jets can be used for changing heat transfer properties of the building
envelope through their capabilities. For example, arrays of micro synthetic jets embed‐
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ded within façade panels could be activated when required to enhance heat transfer
into the interior.



Development of the specialized facades required for incorporating the synthetic
jets

This research has laid the foundation for critical façade related factors from an aerody‐
namic point of view, as well as explored the design factors that guide their
development. Ultimately, the synthetic jets would be distributed over the entire façade,
tailored to respond to the specific wind flows on site. This would require more research
into how the mechanisms and their control system can be housed. Some preliminary
design options have been proposed in this research for façade designs accommodating
synthetic jet actuators.



Development of the decision‐support tools play as a data‐driven design tool, to
assist design teams in generating performance‐based building design variants

A significant component of the research presented in this dissertation was the devel‐
opment of a strategy to provide computational support during the building design
process for design decisions that aim to integrate active flow control towards building‐
integrated wind energy. Incorporating air flow analysis into design computation is only
emerging within the current crop of tools being developed. Many challenges remain in
developing these tools, including being able to capture some of the complexity inherent
in air flows and seamlessly using this data in an iterative design process. The prototypi‐
cal decision‐support tool shows how the approach can be guided using a new
generation of interface between building design process and building analysis. However,
it must be noted that introduction of fully functional tools within building design prac‐
tice still requires considerable research and development effort. For example, the
current use of Excel spreadsheets for some of the modeling presents an obstacle to‐
wards advancing as there are many complex variables involved that change over space
and time. Grasshopper, while simple and powerful, also presents limitations in exchang‐
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ing of data, and in the development of an easy to use interface. For this reason, it will be
necessary to eventually move to a more appropriate software platform, which provides
more flexibility in dealing with these complex variables, while allowing the migration of
disparate external data sets.

To conclude, deploying wind energy systems in urban settings, while becoming
increasingly common, has not gained sufficient acceptance, due to a number of complex
factors. The most challenging impediments facing the integration of these systems
extend beyond maximizing power generation capabilities, into the negotiation between
diverse constraints within the architectural design process, in order to demonstrate
synergistic benefits across multiple criteria. Thus the problem extends into the social,
economic and political dimensions of new, existing and future construction. The de‐
ployment of air flow control techniques on building envelopes has been shown to
address many of these challenges, while offering many synergistic benefits that could
significantly drive down costs to make building‐integrated wind viable in multiple design
contexts. Accommodating these various challenges must require a shift to embrace new
ways of thinking about the processes of production and use of a building. A crucial part
of this shift involves increased collaboration with aeronautical and mechanical engineer‐
ing disciplines, to identify common ground that enables the development of viable
solutions. Therefore, from a larger perspective, this research is intended to contribute
to enhancing mutual understanding between architects and engineers.
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Appendix A: Assessment of Wind Energy Resources

Accurate prediction of the detailed behavior of wind flows is a difficult task, but each
site has wind flow regularities than can be predicted with a large degree of confidence.
Mapping of wind flow patterns has advanced technologically over the years; today
accurate wind data is available at most geographic locations. Although not a focus in this
dissertation, accurate wind resource mapping is an important factor in building‐
integrated wind energy. Wind mapping utilizes a variety of techniques for gathering and
processing the data. Different types of wind sensors are available to measure the
direction and speed of wind flows. Most of the commercially available wind sensors are
mainly based on a mechanical concept, and use the drag force of the wind as the
sensing principle. Other techniques involve Pitot probes (a pressure measurement
instrument), hot‐films, and hot‐wires (which sense temperature differences), as well as
optical methods, such as laser Doppler anemometry and particle image velocimetry
[67].

Once the wind data is gathered, it is compiled in the form of tables or graphical
means. Wind roses are a widely used graphical technique for mapping the variation of
wind speed and direction. Wind roses can be used in combination with the Weibull
distribution data, described in Appendix C, to accurately estimate potential wind energy
generation.
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Appendix B: Beaufort Scale

SPEED (mph)

CONDITION

0

<1

Calm

1

1‐3

Light air, direction of wind shown by smoke drift only

2

4‐7

Light breeze, wind felt on face, leaves rustle, vanes moved by wind

3

8‐12

Gentle breeze, leaves and small twigs in constant motion, wind extends light
flag

4

13‐18

Moderate breeze, raises dust, loose paper, small branches move

5

19‐24

Fresh breeze, small trees in leaf begin to sway

6

25‐31

Strong breeze, large branches in motion, umbrellas used with difficulty

7

32‐38

Near gale, whole trees in motion, inconvenience felt walking against the wind

8

39‐46

Gale, breaks twigs off trees, impedes progress

9

47‐54

Strong gale, slight structural damage occurs

10

55‐63

Storm, trees uprooted, considerable damage occurs

11

64‐73

Violent storm, widespread damage

12

74+

Hurricane

Table B1: The land Beaufort wind scale [13]. The dotted line indicates the speed range at
which the winds are typically harnessed for energy production

221

Appendix C: Wind Speed Distribution

The occurrence of winds at various speeds differs from site to site, but in general
follows a bell‐shaped curve. This curve is represented by using a Weibull Distribution
(Figure C1), which is a mathematical idealization of the distribution of wind speeds over
time [68]. This distribution essentially shows the frequencies at which different wind
speeds occur. The Weibull distribution shows that summing the power contributed by a
range of wind speeds is more accurate than calculating the power by using the average
wind speed at a particular site. Using the average wind speed can frequently underesti‐
mate the power available in the wind, and hence it is important to calculate energy
yields from the Weibull Distribution.

Figure C1: The Weibull wind power distribution illustrates a more accurate technique for
calculating energy yields than by relying on average wind speeds at sites

One of the governing parameters for the Weibull distribution is the shape parame‐
ter for the curve, represented by k. When the value of k is equal to two, the Weibull
curve is called as a Rayleigh distribution [68]. For most areas, the Rayleigh distribution
offers a good approximation of the wind regime. For this reason, it is frequently used by
wind turbine manufacturers to estimate the amount of energy that can be generated.
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Appendix D: Effects of Urban Layouts on Wind Flow Patterns

Ahmad & Chaudhry [69] have noted that the geometry of the buildings and ratio of the
building height to the width between the buildings is an important factor in determining
the wind flows in a street canyon. (A street canyon refers to a street with buildings lined
up continuously along both sides). Based on the ratio of the height of the building (H) to
the width of the adjacent street (W), the street canyons can be classified into regular
(ratio = 1), shallow (ratio < 0.5) and deep (ratio > 2). Canyons with taller buildings in the
downwind direction are termed as step up canyons, while those with taller buildings in
the upwind direction are called as step down canyons.

Figure D1: Variations of urban canyons based on the surrounding structures. (Adapted
from [69])

Kim & Baik [70] and Chang & Meroney [71] found three different types of flow
regimes across street canyons: isolated roughness flows, wake interference flows and
the skimming flows, based on the spacing of the individual buildings. For a greater
height to width ratio, a circulatory vortex gets formed within the canyon. This shows
that when buildings are spaced too close, and do not vary much in height, the possibility
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for mounting wind turbines on the façade decreases. In a skimming flow, it would be
possible for roof mounting of the turbines, if they are raised well above the roof level.

Wake flows

Interference flows

Skimming flows

Figure D2: Variations of urban wind flows. (Adapted from [70])

Hussain & Lee [72], as well as Brown et al [73] have carried out wind tunnel tests
of a group of equal height blocks arranged in a grid pattern. Their simulations show the
different types of wind flow behavior taking place in the transversal and longitudinal
canyons. The latter shows a channeling flow, with mean speeds decreasing with height
and almost constant velocity fluctuations. This phenomenon, also called as the canyon
effect, could potentially be harnessed for wind energy generation in urban areas. It
offers the possibility of mounting wind turbines on the facades, especially if the building
is not tall enough to access smoother winds at higher elevations.
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Appendix E: Passive Methods for Controlling Vortex Shedding in Tall
Buildings

a

b

c

d

e

Figure E1: Passive methods for controlling vortex shedding in buildings (a) chamfering
corners (b) apertures (c) aerodynamic geometries (d) tapering and (e) rounding corners.
(Adapted from [28])
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Appendix F: Precedent Work Utilizing CFD for Analyzing Urban Wind Flows

The choice of specific turbulence model for CFD simulations of urban flows has been the
focus of extensive experimentation. Chen & Srebric [30] examined the application of
CFD simulations to both indoor and outdoor flows. They mention that the standard k‐ε
model is the most widely used one in the RANS family. Although different k‐ε models
are available within the RANS family, they do not offer much improvement over the
standard k‐ε in dealing with urban wind flow problems. Rodi [74] reviews the use of
different turbulence models for measuring bluff building aerodynamics, and finds that
the LES model was the best at predicting the flow field around a bluff body. However,
the author mentions that the LES model is mathematically complex and can be numeri‐
cally unstable. Additionally, only a limited amount of work using LES to building
applications has been carried out so far because of the computing time that it requires.

CFD studies of urban wind flows have been attempted at various scales. Studies
at the city scale have generally been focused on the dispersion of pollutants [75].
Blocken & Carmeliet [37] describes the use of CFD for studying the effects of winds on
pedestrian comfort around buildings by using modified versions of the k– ε model. Their
work has shown to be in agreement with wind tunnel tests. Mavripilis [76] examined
some of the major issues deemed to be important for the successful application of CFD
to environmental flows in a building context – specifically in developing the grid for the
computational domain. This study underscores the advantage of using unstructured
grids over structured ones, because of their flexibility. The author also notes that local
refinement of the grid will assist in economically resolving the wide range of length
turbulent flows.

Previous studies of wind flows around buildings have not been restricted to bluff
building types. Tamura & Miyagi [77] investigate the effect of corner modification on
aerodynamic forces using different 3D geometries. They concluded that corner cutting
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and corner rounding can promote the reattachment and reduction of drag forces, which
can be helpful in reducing turbulence. This work further supports the use of streamlined
geometries for building integrated wind energy generation.

In summary, the studies point to an increasing body of knowledge that can be
useful for developing effective building‐integrated wind strategies. LES turbulence
models are seen to be steadily gaining importance for use in the building context.
However, the standard k‐ε model is still useful in a variety of situations, and is utilized in
this research. The use of improved k‐ε models have led to mixed results in building
related wind flows.
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Appendix G: Comparison of CFD and Wind Tunnel Testing

APPROACH

ADVANTAGES

DISADVANTAGES

CFD modeling

Predict flow field in detail

Subject to numerical errors

Resolve flow feature development

Boundary condition problems

with time

Assumptions about turbulence

Greater flexibility

Computational costs
Requires experienced users

Wind tunnel testing

Capable of being the most realistic

Requires expensive equipment
Scaling problems
Measuring difficulties
Operating costs

Table G1: Comparison of CFD and wind tunnel testing showing the relative advantages
and disadvantages of each approach
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Appendix H: Horizontal Axis Wind Turbines

Modern HAWT’s have an airfoil shaped blade section with a longer upper side surface
which creates a lift on the blade. The design objective is to get the highest lift to drag
ratio that can be varied along the length of the blade to optimize the turbine’s power
output at various speeds [42]. The blades are generally constructed using carbon or
fiberglass composites. The blade profile is important to the performance of the turbine.
The blade is shaped aerodynamically, and may have movable tips for braking. The
aerodynamic profile enables the turbine to use the wind resistance to provide a rotary
(lift) motion [42].

The HAWT blades are generally designed to maximize the life type forces. The
three‐blade design of the HAWT is the most commonly used type, although a variety of
designs are available from one blade to multiple blades.

A typical HAWT has the following basic components [41]:
‐ Tower structure
‐ Rotor blades
‐ Shaft with mechanical gear
‐ Electrical generator

The wind tower supports all of the other components of the turbine. The height
of this tower varies depending upon the diameter of the rotor and the access to steady
winds. The tower is attached to a nacelle, which houses the electrical generator and the
gearbox. The rotor blades are attached to a horizontal shaft, used for the rotating
motion. The shaft in turn is attached to a gearbox which converts the low speed rota‐
tions to higher speed ones required by electrical generators. Sensors and control
mechanisms are incorporated into the turbine mechanisms for safety and to regulate
the output. HAWT’s also use a yaw mechanism to allow the rotor blades to face chang‐
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ing wind direction. HAWT’s also require mechanisms to protect them from extremely
high wind speeds.Based on the location of the blades relative to the nacelle, HAWT’s
can be classified as Upwind and Downwind type HAWTs. In an upwind type HAWT, the
rotor is placed in front of the nacelle and the tower. Upwind machines are more com‐
monly used than the Downwind types, as they are more efficient. They are also typically
less noisy than the downwind types [41]. In a downwind type HAWT, the rotor is placed
behind the nacelle and the tower. This design is prevents the blades from accidentally
striking the tower, but sacrifices efficiency for safety. Downwind turbines do not require
a separate yaw mechanism, and can have lighter blades than the upwind type.

Based on the number of blades, HAWT’s can be classified as follows (Figure H1):
(a) Single‐bladed (b) Two‐bladed (c) Three‐bladed and (d) Multi‐bladed

Figure H1: HAWT variations based on number of blades. Adapted from [11]

An example of a wind turbine designed for building integration is the Architectural
Wind, which is a compact, modular HAWT designed specifically for building integration
(Figure H2). Each turbine is 4’ in diameter and the rotor is slightly inclined downward.
The turbines are designed to be mounted on the parapets of buildings and the inclina‐
tion allows them to face the skewed wind flows at those locations. Each module has a 6
KW generator. The modules cost upwards of $6,000 each, and comes with an optional
canopy for protection and a screen to prevent bird strikes.
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Appendix I: Vertical Axis Wind Turbines

A VAWT design lacks a nacelle, seen in the HAWT design. For this reason, the gearbox
and generator is typically located at the base of the turbine. The VAWT operates under
completely different aerodynamic conditions than the HAWT; a typical VAWT is not self‐
starting and requires an input of electricity to get it rotating. The design of the VAWT
allows it to accept wind from any direction; for this reason it does not require a yaw
mechanism. VAWT’s also frequently need to be supported by guy wires. The HAWT and
VAWT types are compared in detail in section Chapter 2, Section 2.5.2.7. Figure I1
below shows some of the blade arrangements in a Darrieus‐type VAWT. Configurations
(a) and (e) are the most commonly utilized types.

Figure I1: VAWT configurations: (a) “H” type (b) “Delta” type (c) “Diamond” type (d) “Y”
type and (e) “Eggbeater” type. (Adapted from [11])

An example of a vertical‐axis turbine designed for building integration is the Quiet
Revolution QR5, which is a Darrieus type VAWT, and has a diameter and height of 2.5 m
& 5 m respectively (Figure I2). It also has an expected annual yield of around 10,000
KWh. Each turbine had an approximate cost of $49,000 in 2009. The estimated payback
period for the turbine is around 18 years.
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Appendix J: Other Important Wind Turbine Characteristics for Building
Integration

Wind Turbine Yaw
Wind flows are generally variable both in speed and direction. While a VAWT can accept
winds from any direction, a HAWT will perform the best if the direction of wind flow is
perpendicular to the rotor face. For this reason, HAWT’s are equipped with a yaw
mechanism that enables them to swivel on their tower mount to keep facing the wind
direction if it changes. Yaw mechanisms can be passive or active. Passive techniques
typically make use of a tail vane attached to the rotor that can point the blades in the
direction of the wind. Active mechanisms utilize a wind direction sensor and yaw motors
to move the rotor.

Control of the yaw angle is characterized by conflicting aims. On one hand, the
deviation of the rotor from the wind direction is supposed to be as small as possible in
order to avoid power loss. On the other hand, the yaw control system must not respond
too sensitively, to avoid continuous small yaw movements which would reduce the life
of the mechanical components. Thus the amount of yaw allowed is determined by
turbine specific properties and by the local wind conditions. Because additional yaw
mechanisms are not required, building‐integrated VAWT’s have an important advantage
over building‐integrated HAWT’s in this aspect.

Wind Turbine Acoustics
Wind turbines generate sound as a result of the aerodynamic forces acting on the
blades, as well as from the mechanical operations of their components. While these
sound levels can be accurately measured, there is also a large subjective component
regarding the perception of the acoustic impact of using wind turbines.
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Figure J2: Wind turbine noise sources, receivers and propagation paths. For buildingintegrated wind turbines, greater consideration will need to be provided to acoustic issues
as they will need to operate in close proximity to human activities. (Adapted from [78])

Noise is defined as any unwanted sound. In almost all cases, the sound levels as‐
sociated with wind turbines large and small produce effects only subjective or minor
interference noises, with modern turbines typically producing only the first [79].

Figure J3: Sound scale and sources. The amount of noise generated by a wind turbine is
typically very low. (Adapted from [79])
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The sound produced by wind turbines ranges are typically in the range of 30 – 40
decibels, but it varies significantly with the type of turbine, distance from receiver, etc
[77]. With the improvements in technology, wind turbines have gotten much quieter.
Efficient airfoils have resulted in lesser aerodynamic sounds, while vibration damping
and improved component designs have reduced the mechanical sounds. Some im‐
portant aspects about wind turbine noise can be summarized as follows:



A downwind type HAWT produces lesser noise than those with upwind type one.
This is due to the additional noise produced when the rotating blades interact
with the wake of the supporting tower



VAWT’s have been shown to produce more noise than an upwind type HAWT,
but lesser than a downwind type one. However, newer VAWT’s claim extremely
silent operations through the use of more efficient blades



For smaller turbines, gear noise can be an important component



Although increased distance is beneficial in reducing noise levels, wind can en‐
hance noise propagation in certain directions and impede it in others



The surrounding environment can either mitigate or propagate the sound via
absorption, reflection and diffraction

In building‐integration of wind turbines, acoustics is a factor of concern, as the
turbines would be operating in close proximity to different human activities. Although
not a direct focus of this dissertation, it is important to ensure that the turbines selected
are studied for any potential noise that they may cause.
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Appendix K: Analysis of the Bahrain World Trade Center design

Location
The BWTC is located in Manama, which is the capital of Bahrain, an island state in the
Persian Gulf. Bahrain experiences a predominantly hot‐humid climate. The building site
itself is located in an area with Class 3 winds, which generates moderate to good wind
velocities. The site is in an urban area with surrounding buildings that rise up to 100 m.
(328 ft.) in height.

Wind Turbines Used
The BWTC design uses three 29 m. (95 ft.) diameter HAWTs, manufactured by a Danish
company called Norwin. The turbines are located at heights of 60 m., 96 m. and 132 m.
(196 ft., 314 ft. and 433 ft.) respectively. Each turbine has a 225 kW generator. A passive
stall control has been provided, which stops the blades when the wind speeds become
too high through blade tip braking [43]. A control system was designed specifically to
monitor the turbine performance. The startup wind speed for the turbine is 4 m/s. The
turbine reaches its rated capacity at wind speeds of 15‐20 m/s. The turbines had to be
modified for building integration, but largely relied on existing off‐the‐shelf compo‐
nents.

The turbines were expected to supply 11‐15% of the building’s energy needs
(approximately 11‐13,000 MWh of electricity), from initial estimates. There has been
some speculation that due to excellent wind flows on the site, the turbines could
generate even more – possibly up to 30% ‐ of the building’s energy needs [43]. The
turbines are estimated to operate for only 50% of the time, based on a number of
factors including wind availability, ongoing maintenance to the building façade adjacent
to the turbines and the building’s need for the power. Currently, any excess energy
generated by the BWTC turbines is wasted as the local laws do not allow it to be fed
back into the grid.
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Figure K1: Safety measures incorporated in the BWTC design

The placement of the turbines outside the main building structure meant that it
did not have significant impact on the design programming. The bridges are directly
supported off the main core of the building. The presence of the bridges also eases
access for maintenance of the turbines. The towers are oriented outward; hence most
of the views from the tenant spaces are focused away from the turbines.

Integration Strategy
The BWTC design utilizes two aerodynamically shaped towers that can funnel and
amplify winds onto the turbines which are mounted on bridges linking the towers. Each
bridge spans 31.7 m. (104 ft.). The towers are have a curved V‐shaped plans, which
decrease in size with the elevation. This creates a higher amount of wind amplification
towards the base, as compared to the top portion. The amount of amplification is

236

estimated to be up to 30% the ambient flow speed. The design was validated through
the use of CFD modeling as well as wind tunnel tests.

The BWTC site faces the oceanfront, allowing it to directly access the sea winds.
The towers were oriented to face the prevailing wind direction. The turbines can oper‐
ate for a limited range of 60° between 285° and 345°). For wind directions outside this
range, the turbines cease to operate.

Figure K2: The annual wind rose for Bahrain superimposed with the building orientation
shows that the turbines are able to access a steady wind flow which does not vary much
by direction

237

Appendix L: Analysis of the Pearl River Tower Design

Location
PRT is located in Guangzhou, China. Guangzhou has a sub‐tropical climate marked by
high temperatures and heavy rainfall. The building is located in an area with Class 3
winds, which generates moderate to good wind velocities. The wind blows from a
southern direction for almost 10 months of the year, and from the northern direction
for the rest of the months. Unlike the BWTC, the PRT is located inland, in an urban area.
While the PRT rises above most of its neighbors, there are many high‐rise buildings
planned in the vicinity. The site itself faces a planned park space.

Wind Turbines Used
Initial reports suggested that the PRT design would utilize Darrieus type VAWTs manu‐
factured by a UK based company called Quiet Revolution and are of the QR5 model.
However, this turbine was later dropped for Savonius type VAWTs by a company called
as Windside. Although the reasons for changing the turbine type are not known, the
Windside turbines are able to operate in extreme conditions and have a much higher
cut‐out wind speed (40 m/s for the Windside turbine as opposed to 16 m/s for the Quiet
Revolution turbine). It is likely that for this reason the Quiet Revolution turbines could
not be adapted to the aperture integration. However, the switch from a Darrieus type
VAWT to a Savonius type VAWT will mean that the energy yields are much lower.
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Figure L1: The Windside wind turbine that will be utilized in the PRT [Image courtesy of
SOM]

Integration Strategy
PRT uses markedly smaller turbines than BWTC, almost negating vibration and noise
issues that were significant considerations in the BWTC design. These turbines are
located within apertures in the façade, which essentially create a Venturi tube effect.
The slightly outward curve of the building in plan also contributes to creating this effect.
This results in an amplification of ambient wind speeds to up to 1.5 to 2.5 times. Each
aperture is approximately 6 m. x 6 m. (almost 20 ft. x 20 ft.) in dimension. This strategy
was validated through the use of wind tunnel and CFD tests.
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Figure L2: Elevation of the PRT showing the relative height and size of the turbines, as
well as the turbine details
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Apertures for
Wind
Turbines

Figure L3: Image showing a close-up of the apertures on the PRT facade [Image courtesy
of SOM]

Amplified
Air flow

Figure L4: CFD simulation showing amplification of wind flows at the PRT apertures
[Image courtesy of SOM]

The use of VAWTs also provides the turbines access to a greater range of winds, as
it can tap into flows from both sides of the apertures. However, the type of amplifica‐
tion that would result from these flows would be markedly different, as the building has
dissimilar front and rear facades.
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Appendix M: Selected Design Projects Incorporating Building-Amplified Wind
Energy Strategies.

Castle House/Razor
Architect: Hamilton Associates
Location: London, UK
Status: Completed
Turbine type, size & number: HAWT, 9 m. (29.5 ft.) diameter, three total
Expected energy output: N.A.
Building height and area: 150 m. (492 ft.), 25,000 sq.m. (269,098 sq.ft.)

Figure M1: Elevation of the CH showing the relative height and size of the turbines, as well
as the turbine details

Location
Castle House (CH) (later called as the Razor) is a residential tower proposal to be located
in London, UK. The tower was designed by the architectural firm Hamilton Associates.
London experiences a temperate climate with very good wind flows. The building itself
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is located in an area with Class 3 winds, which generates moderate to good wind veloci‐
ties. The CH site is located inland, and surrounded by heavy development. While the CH
rises above most of its neighbors, there are many high‐rise buildings planned in the
vicinity. The building is 43 stories high and has 399 apartments.

Wind Turbines Used
The CH design utilizes three HAWTs manufactured by Norwin. The turbines will have a
diameter of 9 m. (29.5 ft.) each and have a generator of 20 KW. Norwin is developing
these turbines specifically for the project.

Integration Strategy
The CH design will utilize three HAWTs manufactured by Norwin, located in apertures
on the apex of the building. The turbines will have a diameter of 9 m. (29.5 ft.) each and
have a generator of 20 KW. Norwin is developing these turbines specifically for the
project.

Analysis
The CH design clusters the wind turbines at the apex of the tower. Each turbine is
located within a cylindrical aperture, which serves to create a Venturi tube effect with
enhancing the wind flow speeds. The façade is curved slightly to act like a scoop and
further concentrate the wind flow. However, unlike the PRT design, the apertures in this
case have sharp edges that could results in additional turbulence onto the turbines.

Locating the turbines at the apex allows them to access smoother wind flows
typically present at higher elevations. It is unclear how much amplification is exactly
created by this strategy. Information on the amount of energy that would be generated
was not available at this time.
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SkyZED “Flower Tower”
Architect: Bill Dunster Architects
Location: London, UK
Status: Concept
Turbine type, size & number: VAWT, N.A.
Expected energy output: N.A.
Building height and area: N.A.

Figure M2: Elevation of the SFT showing the relative height and size of the turbines, as
well as the turbine details

Location
The SkyZED “Flower Tower” (SFT) is a residential tower proposal to be located in Lon‐
don, UK. The tower was designed by the architectural firm Hamilton Associates. This
building is also located in an area with Class 3 winds, which generates moderate to good
wind velocities. As with the Castle House, the Flower Tower is also located inland, and is
located in a densely built up area.

Wind Turbines
The SFT design plans to utilize Savonius type VAWT’s, stacked above one another along
the central axis of the building plan. The size of the turbines and their energy yields is
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not knows; but the architects estimate that along with integrated PV, the wind turbines
can meet the entire building’s energy needs. The design of SFT aims to be carbon
neutral.

Integration Strategy
The petal shaped floor plates in the SFT serve to channel and amplify wind flows, and
the use of four towers allows the design to accept flows from four different directions.
Although the architect claims that the design amplifies ambient speeds by up to four
times, actual amplification would probably not exceed twice the wind speeds, as shown
by Project WEB.

Analysis
While the previous designs offered wind flow amplification from a specific range facing
the building, the use of four towers can significantly expand this range. The tower
placement will still need to be oriented to make the best use of the prevailing wind.
While this arrangement is effective in locations which experience widely changing
directions in flow, it may not benefit from providing amplification in directions which
lack a significant wind flow. Additionally, the thickness of the blocks would inevitably
shield the turbines from useful wind in some cases.

Clean Technology Tower
Architect: Smith + Gill Architects
Location: Chicago, USA
Status: Concept
Turbine type, size & number: VAWT, ~ 5 m. height, 60 + total
Expected energy output: N.A.
Building height and area: N.A.
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Figure M3: Elevation of the CTT showing the relative height and size of the turbines, as
well as the turbine details

Location
The Clean Technology Tower (CTT) is to be located in Chicago. It was designed by the
architectural firm Smith +Gill. Chicago experiences a cold climate, with Class 3 winds at
the border of Lake Michigan. This area experiences good, sometimes even excellent
wind flows because of the lake effect. It is not clear where exactly the tower is planned
to be located in Chicago. The architects mention that although the design is specific to
Chicago, the applied technologies are meant to be universal.

Wind Turbines
CTT uses lift‐type VAWT’s for wind energy generation. The images of CTT indicate that
the Quiet Revolution wind turbines are used in this design. The sizes of the turbines are
not known, but images indicate that they are of the QR5 type, having a height of 5 m.
each.
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Integration Strategy
Unlike other design proposals, the CTT distributes the turbines across the perimeters of
the buildings and inside a double domed roof. Another crucial difference is that these
turbines are “shrouded”, i.e. covered by fins on the perimeter and by a roof cover on
the top. The goal of this shrouding is to increase the velocity of wind flow as it passes
through the spaces. The following images indicate the locations of the turbines on the
building.

Analysis
The shrouding of the turbines has been attempted before by Dr.Derek Taylor in the
development of the “Aeolian Roof” and the “Aeolian Tower” concepts where the wind is
forced through a fin [11] which conceals the turbines. CFD simulations have shown the
amplification capabilities of this approach. The problem with shrouding the turbines is
that it decreases the range of winds that the turbines can tap into. This problem is more
acute for vertically stacked turbines, as in the CTT proposal. In addition, the turbines are
placed in a grid pattern on the roof, behind one another. This can severely restrict
energy generation, because the wake from the turbine in the front will interfere with
the ones in the back. Additionally, airflow separation can restrict the amount of wind
being forced through the roof turbine areas.

Ramsgate Street
Architect: Waugh Thistleton Architects
Location: London, UK
Status: Completed
Turbine type, size & number: VAWT, 5 m. height, four total
Expected energy output: N.A.
Building height and area: N.A.
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Figure M4: Elevation of the RS showing the relative height and size of the turbines, as well
as the turbine details

Location
Ramsgate Street (RS) is a residential tower proposal to be located in 15 Ramsgate Street,
London, UK. The tower was designed by the architectural firm Waugh Thistleton Archi‐
tects. London experiences a temperate climate with very good wind flows. The building
itself is located in an area with Class 3 winds, which generates moderate to good wind
velocities. The building is 14 stories high, and provides affordable housing as well as
commercial space. One of the goals of the design was to offset at least 10% of the
building’s carbon emissions through the use of renewable energy.

Wind Turbines
The RS design proposal uses VAWTs from the company Quiet Revolution. Each turbine is
5 m. in height. Four of these turbines are stacked vertically on one side of the building,
as shown in Figure I16.

Integration Strategy
RS is the only other design proposal (along with the Clean Technology Tower) that uses
turbines mounted on the side of a single tower block. The building form is itself de‐
signed to have an airfoil shaped form, which the architects claim that offers some
amplification in the rounded corners.
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Analysis
The turbines are attached to the building at location of the lift and stair core through
the use of brackets on the top and bottom of each turbine. This strategy aims to mini‐
mize the transmission of vibration to the residential spaces. In addition, glazed
terracotta tiles are used on the surface of the building to minimize roughness from the
surface.

Each QR5 turbine is estimated to generate 6,000 – 10,000 KWh of electricity an‐
nually. The use of four turbines would generate a maximum of 40,000 KWh annually. It
is unclear how much amplification is actually generated to increase yields, although the
architects claim that the amplification increases yields to up to 1.5 times the yield of the
turbines in free air. The architects claim that this would save 7 tons of CO2 emissions
per year. Because the turbines are located along a vertical façade, they will be highly
direction dependent on the wind. As the wind direction changes to become perpendicu‐
lar to the façade, the turbines would stop rotating – hence they face considerable
limitations for energy generation.

The projects described above are summarized in Table M1 below:
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Bahrain

Pearl River

Castle

SkyZED

Clean

Ramsgate

World

Tower

House

“Flower

Technology

Street

Tower”

Tower

Trade
Center
Project

Completed

Under

Completed

Concept

Concept

Completed

London, UK

London,

Chicago, USA

London, UK

N.A.

Approx. 60

construction

Status
Location

Building

Manama,

Guangzhou,

Bahrain

China

240 m.

310 m.

UK
150 m.

N.A.

Height

m.

Turbine

HAWT

VAWT

HAWT

VAWT

VAWT

VAWT

Turbine

29 m.

5 m. height, 2

9 m.

N.A.

5 m. height, 2

5 m.

Size

diameter

m. diameter

diameter

m. diameter

diameter, 2

Type

m. height
Number of

3

4

3

N.A.

60+

4

Turbine

1,300 –

N.A. (Possibly

N.A.

N.A.

N.A.

40,000 KWh

Energy

2,600 MWh

up to 300

Yields

annually

MWh)

Turbines

annually

Table M1: Summary of selected building-amplified wind energy projects
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Appendix N: Selected Design Projects Incorporating Building-Mounted Wind
Energy Strategies.

Lighthouse Tower
Architect: W.S. Atkins
Location: Dubai
Status: Approved
Turbine type, size & number: HAWT, 29 m. diameter, 3 total
Expected energy output: N.A.
Building height and area: Height 400 m., area 84,000 sq.m.

Figure N1: Elevation of the LHT showing the relative height and size of the turbines, as
well as the turbine details

The Lighthouse Tower (LHT) is another tower proposal by WS Atkins that incorporates
integrated wind turbines. The tower incorporates 53 floors of commercial spaces. As
with the BWTC, the use of wind turbines was conceptualized at the onset of the design
process, and it remains the predominant feature of the design. Along with the wind
turbines, other energy saving strategies are also utilized in the building.
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Location
The LHT is located in Dubai. Dubai experiences a predominantly hot‐humid climate. The
building site itself is located in an area with Class 3 winds, which generates moderate to
good wind velocities. The site is in a moderately developed area, and the building is
taller than most of the surrounding structures (Figure J2).

Wind Turbines Used
The LHT design uses three 29 m. (95 ft.) diameter HAWTs, manufactured by a Danish
company called Norwin. These are the same turbines that are used in the BWTC design.
The turbines are located at heights of approximately 290 m., 330 m. and 370 m. respec‐
tively. Each turbine has a 225 kW generator. The total projected energy generation is
not known.

Integration Strategy
The LHT design mounts the three wind turbines at the apex of the buildings. The build‐
ing structure is extended to form a armatures that hold the turbines. The armature
design is adopted throughout the façade of the building, which allows for visual integra‐
tion. The turbines are concealed behind a façade pattern that extends the height of the
building. The LHT site faces the oceanfront, and its height allows it access the sea winds.
The tower is oriented to face the prevailing wind direction. The turbines can only face
one fixed wind direction, with variations of only a few degrees.
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Figure N2: The annual wind rose for Dubai superimposed with the building orientation
shows that the turbines are able to access a steady wind flow which does not vary much
by direction

Analysis
As with the BWTC, the LHT proposal utilizes large scale wind turbines. The turbines are
mounted on the apex of a slender tower, hence the top section would need to be
isolated to ensure that vibration is not transmitted to the lower levels. The turbine is not
located near any of the occupied areas because of its zoning. While the height at which
the turbines allows it to access steady wind flows, the turbines are fixed and are not
allowed to yaw. Additionally, the presence of the client logo, which is aesthetically
integrated as a framework on the façade, continues to conceal the turbines. This
framework can create interference with the direct flow onto the turbines.

According to the architects, the total extra cost for all sustainability initiatives,
including integrated photovoltaic panels and wind turbines, is $ 27,000,000. They
estimate that these measures would pay back in 7.4 years. They also suggest that if
there is a 10% increased rent possible due to the building’s ‘green’ image, then the
payback period can be as low as 2.4 years. It is difficult to estimate what the exact
contribution to these numbers is from the wind turbines.
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Miami COR
Architect: Oppenheim Architects
Location: Miami, USA
Status: Approved
Turbine type, size & number: HAWT, N.A., approx. 32 total
Expected energy output: N.A.
Building height and area: 116 m. (380 ft.) height, 480,000 sq.ft. area

Figure N3: Elevation of the MC showing the relative height and size of the turbines, as well
as the turbine details

Location
The Miami COR (MC) is a mixed use condominium designed by Oppenheim Architects,
and will be located in Miami, Florida. Miami experiences a hot humid climate. A wind
class of 3 is present along the Miami shore. The proposed building is itself located
slightly inland, and is surrounded by moderate development. The design extends in
height above the surrounding structures.
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Wind Turbines
The MC integrated HAWT’s on all four sides of the buildings. The exact details of the
turbines are not known, but the renderings show them as having diameters of approxi‐
mately 5 m.

Integration Strategy
The turbines themselves are located on armatures in an exoskeleton that wraps the
building. The use of this exoskeleton allows the isolation of vibration, and also provides
other benefits such as thermal mass. It also determines the aesthetics of the building.

Analysis
With the MC, the architects have managed to come up with an aesthetically pleasing
solution that manages to visually integrate the wind turbines, which is often a challeng‐
ing task. However, locating the turbines on all four sides of the rectangular building is a
questionable strategy, as this can interfere with the turbine operations.

Freedom Tower
Architect: SOM
Location: New York, USA
Status: Cancelled
Turbine type, size & number: HAWT
Expected energy output: N.A.
Building height and area: 1,776 ft. (541 m) height (including spire), 2,600,000 sq.ft. area
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Figure N4: Elevation of the FT showing the relative height and size of the turbines, as well
as the turbine details

Location
The Freedom Tower (FT) is located in New York City, and was designed by the architec‐
tural firm Skidmore, Owings & Merrill. The Manhattan area experiences good winds,
with a class of 2 or 3. The height of the Freedom Tower and its proximity to the ocean‐
front allows it to access reliable winds.

Wind Turbines
The FT design planned to integrate multiple HAWT’s above the roof level. The turbines
were mounted on towers, and surrounded by a lattice structure. The turbines were
estimated to supply up to 20% of building energy needs. It is unclear what the sizes of
the proposed turbines were, but in relation to the building size, the largest turbine
appears to at least 10 m. in diameter.
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Integration Strategy
The turbines are mounted on towers that rise from the roof of the buildings. These
towers are aerodynamically shaped so as to prevent them from significantly obstructing
wind flow. Battle McCarthy, a UK based engineering firm, carried out the wind analysis
for the project.

Analysis
The wind turbines in the FT proposal made them a highly visible design element, and
raised issues about their concerns. Due to its height, the turbines would have had access
to excellent wind resources, and would have contributed significantly to the building’s
energy needs. However, they would have also presented significant challenges in their
integration.

2020 Tower
Architect: Kiss+Cathcart Architects
Location: New York City
Status: Concept
Turbine type, size & number: HAWT, 20 m. diameter, 28 total
Expected energy output: N.A.
Building height and area: Approx. 540 m., N.A.
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Figure N5: Elevation of the 2020 tower showing the relative height and size of the turbines,
as well as the turbine details

The 2020 Tower is a design proposal for a carbon neutral skyscraper by the architectural
firm Kiss + Cathcart in collaboration with Arup Engineering. It is a 150 story building that
incorporates mixed spaces.

Location
The design proposal is for New York City, although the basic concepts are not intended
to be site specific.

Wind Turbines
The 2020 proposal uses 28 HAWT’s, each having a diameter of 20 meters. The turbines
are expected to generate 45% of the building’s energy needs.

Integration Strategy
The turbines are dispersed across the upper portion of the tower, lining the sides and
the roof portion. The turbines are mounted within cowlings that are shaped to increase
wind speeds at certain angles of incidence. Additionally, thin louvers are provided,
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which serve to prevent bird strikes, visually conceal the turbines, and also integrate
photovoltaic panels.

Analysis
The concealment of the turbines within the louvers can significantly reduce the velocity
of wind flow hitting the turbines, potentially reducing the energy yields. Additionally,
the presence of multiple large scale turbines would present challenges related to
structure, noise and vibrations.

Near North Apartments
Architect: Helmut Jahn
Location: Chicago, USA
Status: Completed
Turbine type, size & number: VAWT (Savonius type), 21 ft. long 9 ft. tall, 8 total
Expected energy output: 19,200 – 28,800 KWh annually
Building height and area: Approx. 25 m. height, 45,810 sq.ft. area

Figure N6: Elevation of the NNA showing the relative height and size of the turbines, as
well as the turbine details
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The Near North Apartments (NNA) (also called Mercy Lakefront Housing) is an apart‐
ment block incorporating low cost housing, and was designed by Helmut Jahn architects.
It has a total area of 45,810 sq.ft. and was completed in 2007.

Location
NNA is located in Chicago, less than a mile from Lake Michigan. The site obtains a wind
flow from the front of the building during summer and from the rear during the winter
months. Wind direction is generally at an oblique angle to the placement of the tur‐
bines. The apartment is itself low‐rise (approximately 25 m. in height), and is
surrounded by other buildings of similar height.

Wind Turbines
The design utilizes the eight 520H aeroturbines [81]. The turbine is a Savonius type
VAWT, placed horizontally. It is enclosed in a squirrel cage for safety purposes. The
turbine itself has a low RPM. The architects estimate the turbines meet 8% of the
building’s energy needs. The current energy generation per turbine per month was
estimated to be around 200 KWh. This translates to an annual energy yield of approxi‐
mately 192,000 KWh for all the eight turbines. It is estimated that the yield can be
increased to 300 KWh per month, which would mean an annual energy yield of 432,000
KWh for all the turbines. Each turbine has an estimated cost of $20,000. Therefore, the
eight turbines would have cost approximately $100,000. It has to be noted that while
they do not generate much energy, they are safer to operate than the other turbine
types.

Integration Strategy
The wind turbines in NNA are located across the middle of a flat roof. The turbine cages
allow them to be lifted off the surface of the roof, and reach a height of 9 feet along the
top edge. Additionally, the edges of the building form are curved to prevent significant
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separation of airflow. It is unclear how much the surrounding structures affect the wind
flow onto the turbines.

Analysis
As the cost of turbines and approximate energy yields is available for this project, it is
possible to do a simple cost payback analysis in this case. The total project cost was
estimated to be $11,200,000. Each turbine has an estimated total cost of $20,000. For a
total of eight turbines, this would mean a sum of $100,000. The cost of electricity in
Chicago in 2008 was approximately $0.14 per KWh.

The current performance of the turbines yields 200 KWh per module per month. This
translates into an annual yield of 200 x 8 x 12 = 19,200 KWh
Total project cost: $11,200,000
Total cost of turbines: $100,000
Estimated electric cost:$0.14/kWh

Annual Energy Supply (in KWh)

Cost of Turbines (in $)

Simple Payback Period (in years)

19,200

100,000

37.2

Table N1: Simple cost payback calculations

The engineers also mention that by optimizing turbine performance, it can yield up to
300 KWh per module per month. This translated into an annual yield of 28,800 KWh for
all the turbines.
Total project cost: $11,200,000
Total cost of turbines: $100,000
Estimated electric cost:$0.14/kWh
Annual Energy Supply (in KWh)

Cost of Turbines (in $)

Simple Payback Period (in years)

28,800

100,000

24.8

Table N2: Simple cost payback calculations
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In both cases, it is seen that the turbines have significantly long payback periods, and
this is mainly due to the relatively low energy yields of the Savonius type turbines. This
number is also much higher than the estimated payback period of 16 to 18 years for all
the integrated energy saving measures, as estimated by the architect.

Discovery Tower
Architect: Gensler
Location: Houston, USA
Status: Under Construction
Turbine type, size & number: N.A., 10 total
Expected energy output: N.A.
Building height and area: 482 ft. height, 872,000 sq.ft. area

The Discovery Tower (DT) is a 30 story building located in Houston, Texas, designed by
the architectural firm Gensler. The building will serve office spaces. The total cost of the
building project is estimated to be $300,000,000.

Figure N7: Elevation of the DT showing the relative height and size of the turbines, as well
as the turbine details
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Location
The building site is in a fairly well developed area, but the building is taller than most of
the surrounding structures. Houston experiences Class 4 winds which generate good
wind velocities. The building is oriented south, while the predominant wind direction is
South‐ South East.

Wind Turbines
It is unclear at the time of this research which turbines will be utilized for this project,
although the engineers seem to be leaning towards the use of VAWT’s.

Integration Strategy
The turbines will be located at the parapet of the building, within rectangular channels.
The channels have skewed walls that serve to focus the wind onto the turbines.

Analysis
While the turbines are located on the parapet of the building, the geometry is cham‐
fered to prevent significant separation of flow. Additionally, the channels serve to focus
the flows onto the turbines. However, the channels are not rounded, and may experi‐
ence some turbulent flow due to this fact. Additionally, the engineers admit that the
building is not oriented to face the predominant wind direction, and hence is not able to
harness the full wind energy potential.

While the turbines are located on the parapet of the building, the geometry is
chamfered to prevent significant separation of flow. Additionally, the channels serve to
focus the flows onto the turbines. However, the channels are not rounded, and may
experience some turbulent flow due to this fact. Additionally, the engineers admit that
the building is not oriented to face the predominant wind direction, and hence is not
able to harness the full wind energy potential. The engineers estimated energy yields
from different turbines as follows:
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TURBINE

SIZE

TOTAL NUMBER

5 m. height, 3.1 m.
diameter

10

PROJECTED ENERGY
YIELD (MWh)
77

PacWind Delta II

3.04 m. height, 2.4 m.
diameter

8

70

Turby

2.89 m. height, 2.6 m.
diameter

15

35

EuroWind H‐Darrieus

2.2 m. height, 2.5 m.
wide

12

52

Quiet Revolution QR5

Table N3: Turbine choices and estimated energy generation for the DT design

Table N4 below summarizes some of the key characteristics of the projects.
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Project

Lighthouse

Miami

Freedom

Tower

COR

Tower

Proposal

Proposal

Cancelled

2020 Tower

Concept

Near North

Discovery

Apartments

Tower

Completed

Under
Construction

Status
Location

Dubai, UAE

Building

400 m.

Miami,

New York

New York

USA

City, USA

City, USA

125 m.

550 m.

Approx. 540

Height

Chicago, USA

Houston, USA

Approx 25 m.

150 m.

VAWT

Possibly

(Savonius)

VAWT

20 m.

21 ft. length,

Maximum 5

diameter

9 ft. height

m. height, 3.1

m.

Turbine

HAWT

HAWT

HAWT

HAWT

Type
Turbine

29 m.

Size

diameter

N.A.

N.A.

m. diameter
Number of

3

Approx 32

N.A.

28

8

Maximum 10

N.A.

N.A.

N.A.

N.A.

Maximum of

N.A., up to 77

(Projected

(Projected

28,800 KWh

MWh

20% of

45% of

annually

building

building

energy use)

energy use)

Turbines
Turbine
Yields

Table N4: Summary of projects utilizing building-mounted wind turbines
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Appendix O: Performance of the Wind Amplified Rotor Platform system

The predicted amount of energy generation from a stand‐alone WARP system has been
calculated as shown in table O1 below [80].

PREDICTED ENERGY GENERATION FROM A STAND‐ALONE WARP SYSTEM
Wind speed: 8 m/s, Shear: 0.2, Air density: 1.156 kg/m3, Cutout wind speed: 50 mph
Hub Height (in ft.)

No. of modules

KW per turbine

KWh/turbine/year

37

1

30

34,000

97

5

30

62,500

127

7

50

82,000

172

10

50

100,000

322

20

50

128,000

472

30

70

175,000

622

40

70

195,000

772

50

70

210,000

Total energy generated from 50 modules

14,472,000

Table O1: Projected energy generation from a stand-alone WARP system
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Appendix P: Testing the Impact of Faceted Geometries on Local Air Flows

Research Question Examined:


What is the effect of faceting the building geometry on the air flows at the sur‐
face of the structure?

Aims:
As the envelope‐mounted turbines require the geometries offer the maximum useful
wind amplification close to the surface, it raises the question as to whether the surfaces
need to be completely smooth or whether they can be faceted to some degree. This
question has important ramifications for the construction techniques that need to be
adopted for these geometries on the building scale, and consequently the cost of
implementing the proposed flow control technique. CFD is employed in this experiment
to examine the flow characteristics at the surface of the geometries. Flow around a
smooth cylindrical profile is compared to that around profiles with increasingly large
facet sizes. The flow pressure profiles at the surface are used as a means of comparison
of the different geometric types.

Experimental setup:
Airflow around a completely smooth circular geometry is compared to similar sized
geometries faceted to various degrees. Dynamic pressure on the surface is used as a
means of comparison between the different geometries. If the amount of dynamic
pressure does not vary significantly for the faceted geometries when compared to the
smooth geometry, it means that the faceting has minimal or no impact on the airflow at
that point. This experiment involved a series of CFD simulations that examined the flow
around two dimensional circular shapes that were faceted to various degrees of rough‐
ness. Altogether, six different shapes were analyzed, as shown below. The radius of all
the shapes was maintained constant at 20 m.
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Figure P1: Facet sizes used for the simulations
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For the faceted options, the angles between the adjacent facets were as follows:

Figure P2: Angles between individual facets
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a. AutoCAD:
The shapes were created using a CAD software, AutoCAD, and exported to Gambit in the
ACIS format. The overall dimensions and boundary conditions of the analysis domain
used are shown below:

Figure P3: Domain size used for the experiment

b. Gambit:
A triangular mesh with the pave function was used, as shown below. A boundary layer
was provided on the edge of the shape, to closely monitor the flows in the area of
interest. The Gambit model was exported to Fluent as a .msh file to run the simulation.
The grid size near the surface was kept at 0.1 m.
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Figure P4: Mesh used for the experiment

For the CFD simulations, a double precision solver was used. The standard k‐ε turbu‐
lence model was adopted in all the cases. Enhanced wall treatment with pressure
gradient effects was provided, to increase the accuracy of flows close to the surface. The
second order upwind discretization scheme was used for momentum, k & ε. A constant
input wind speed of 4 m/s was used in all the cases. A convergence criterion of 0.001
was used for the residuals.

Limitations:
A standard k‐ε turbulence model is used for the simulations.

Results:
This experiment tested the flows around a set of circular geometries with different
consecutively increasing facet size. The results were analyzed for the air flow velocities
and pressure close to the surface (within a distance of 5 m.), where the turbines would
be located (at an angle of 90 degrees from the point of attack of the flow). If any of the
faceted surfaces do not show any difference from the smooth surface in terms of these
two variables, then it can be reasonably assumed that the faceting does not create a
significant impact.
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The airflow patterns from the simulation are shown below:

Option 1:

Figure P5: Results for Option 1

The circular shape shows the least amount of separation in the airflow near the surface.

Option 2:

Figure P6: Results for Option 2

The 16‐sided shape (Facet size= 7.8 m) shows large amounts of airflow separation in the
airflow streams near the surface.
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Option 3:

Figure P7: Results for Option 3

The 32‐sided shape (Facet size= 3.92 m) also shows large amounts of separation in the
airflow streams around it.

Option 4:

Figure P8: Results for Option 4
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The 64‐sided shape (Facet size= 1.96 m) shows small separations in the airflow, which
although are not significant, still affect the flows close to the surface.

Option 5:

Figure P9: Results for Option 5

The 128‐sided shape (Facet size= 0.98 m) is very similar to the circular shape in terms of
the airflow patterns around it.
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Option 6:

Figure P10: Results for Option 6

The 256‐sided shape (Facet size= 0.49 m) shows virtually no difference with the circular
shape in terms of airflow patterns and velocities around it.

In addition to examining the airflow, dynamic pressure across the shapes were plotted.
The plots for all the options are shown below.
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Figure P11: A comparison of dynamic pressure along the shapes shows that the 128- and
256-sided shapes (Options 5 & 6) are virtually similar to the circular shape (Option 1) in
this aspect

The simulations explored the effects of faceting for a horizontal section of a cylinder, for
a radius of 20 m. The results showed that at 128 divisions (i.e., a facet size of 0.98 m),
the effects of faceting are not consequential. This size can be rounded up to 1.0 m for
similar results (Refer to Appendix). At 256 divisions (i.e. a facet size of 0.49 m), the
surface behaves almost exactly like its circular counterpart. In conclusion, single‐curved
panels can be utilized without any detrimental effects to wind amplification.

Converting these lengths into a percentage value of the circumference, it shows
that if the facet size needs to be at least equal to or lesser than approximately 0.79% of
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the length of the circumference. It has to be noted that the length of the facet needs to
be considered in conjunction with the angle between two adjacent facets, especially
when the geometry is completely circular. Based on the results, an additional experi‐
ment was carried out, using a facet size of 1 m. The results, shown below, are similar to
the results from Option 5.

Figure P12: CFD simulation for a shape using 1 m size facets (126 sides) show no significant effects of the facet size on the airflow around it
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Figure P13: The plot of the dynamic pressure for the 1m facet size is similar to Option 5

Validation of Results:
A grid independence study is carried out to validate the results. The results are tested
for three different grid size variations with a resolution difference of 15% between
them, and compared.
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Appendix Q: Testing the Potential Self-shading Benefits of the WARP
Geometries

Research Question Examined:


How much reduction is incident solar radiation is caused by the proposed pas‐
sive techniques for air flow amplification?

Aims:
The creation of the horizontal air flow amplification channels on the building envelope
could conceivably offer opportunities for self‐shading of the building surface, as well as
for bringing in additional light into the inner spaces. The amount of self‐shading created
is dependent on the depth of the channels. It can have mixed benefits, depending on
the climate in which the building will be located in. In a warmer climate, self‐shading can
be a useful strategy for reducing energy use; while in colder climates where it is neces‐
sary to maximize solar heating during winter, self‐shading might prove to be detrimental
to the energy use of the building. A detailed study of the self‐shading benefits of differ‐
ent WARP‐based forms in different climatic conditions is carried out in the simulations.

Figure Q1: Self-shading created by the deep airflow amplification channels
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From the literature, it is seen that the load type most often associated with energy
consumption is the climate‐driven load imposed externally on a building which is the
result of the ambient temperature, solar radiations, humidity and wind. Among these,
solar radiation is an important factor, and is typically controlled by building form and
orientation, and/or through the use of shading devices. WARP geometries can offer self‐
shading abilities in a building‐integrated scenario by virtue of their shape. The self‐
shading created reduces the penetration of direct solar radiation into the building, in
turn potentially reducing its energy usage.

The goal of this experiment is quantify the amount of self‐shading provided by cal‐
culating the reduction in the total incident solar radiation on the surface. For carrying
out these calculations, three geometries– the large amplitude periodic cylinder, a
reduced amplitude periodic cylinder, and a circular cylinder were analyzed. The circular
cylinder served as a benchmark for the other two geometries. The goal behind the
simulations was to examine the self‐shading capabilities in conjunction with their wind
amplifying abilities as well, which was examined in detail in the previous simulations.

Simulation Setup:
Five different locations were chosen from large urban centers located in five broad
climatic zones in the continental United States. The DOE definition of climatic zones,
based on the number of heating and cooling degree days was used. A map showing the
location of the urban centers chosen is shown below. The rationale behind choosing this
is to enable designers to understand the behavior of the geometries within the individu‐
al climatic zones. By understanding the reductions in the incident solar radiation on the
surface, the influence of the shape on the energy use can then be estimated for specific
building designs.
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Figure Q2: Major climatic zones and the locations used for analysis

In each of these zones, one major urban center was chosen as the site for analysis.
The chosen urban centers were Denver, Boston, Washington DC, San Francisco and Las
Vegas.
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Zone 1: Denver

Zone 2: Boston

Zone 3: Washington DC

Zone 4: San Francisco

Zone 5: Las Vegas
Figure Q3: Sun paths for the chosen locations

The three geometries that were analyzed were as follows:

282

Cylinder geometry

Reduced amplitude cylinder

Large amplitude cylinder

Figure Q4: Geometries used for analysis

All the three geometries had a radius of 10 m and a height of 4 m. The simula‐
tions were carried out to obtain cumulative monthly values of the radiation on the
surface, for a period of time from 8:00 to 17:00 daily. This time range was chosen to
reflect the typical usage patterns of commercial buildings.
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Limitations:
A completely sealed building with no natural ventilation is assumed. Default options for
mechanical equipment are assumed for calculating energy use.

Results:

Figure Q5: Annual insolation results for Denver
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Figure Q6: Annual insolation results for Boston

Figure Q7: Annual insolation results for Washington DC
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Figure Q8: Annual insolation results for Las Vegas

Figure Q9: Annual insolation results for San Francisco
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The data from the simulations was then fed into Excel and graphed to obtain com‐
parisons between variations.

Figure Q10: Annual insolation results for all cities by month

The results show that for all the locations, the large amplitude periodic cylinder of‐
fers an average of 33.48% reduction in incident solar radiation annually across all
locations when compared to the cylinder, the reduced amplitude periodic cylinder an
average of 17.52% compared to the circular cylinder.
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Zone 1: Denver
Zone 2: Boston
Zone 3: Washington DC
Zone 4: San Francisco
Zone 5: Las Vegas

Reduced Amplitude
Cylinder
17.62%
17.8%
17.71%
17.24%
17.21%

Large Amplitude
Cylinder
33.72%
33.67%
33.65%
33.14%
33.19%

Table Q1: Comparison of average reductions in annual insolation for each type of periodic
geometry when compared to the circular cylinder

It is also important to break out the reductions separately for summers and winters,
as envelope heat gain is usually desirable during the winter months for many of the
zones.

Zone 1: Denver
Zone 2: Boston
Zone 3: Washington DC
Zone 4: San Francisco
Zone 5: Las Vegas

Reduced Amplitude
Cylinder
16.41%
16.24%
16.13%
15.71%
15.79%

Large Amplitude
Cylinder
33.00%
32.57%
32.56%
32.06%
32.27%

Table Q2: Comparison of average reductions in summer insolation for each type of
periodic geometry when compared to the circular cylinder

Zone 1: Denver
Zone 2: Boston
Zone 3: Washington DC
Zone 4: San Francisco
Zone 5: Las Vegas

Reduced Amplitude
Cylinder
18.91%
19.57%
19.09%
18.77%
18.66%

Large Amplitude
Cylinder
34.64%
35.00%
34.70%
34.33%
34.25%

Table Q3: Comparison of average reductions in winter insolation for each type of periodic
geometry when compared to the circular cylinder

The results showed that the large amplitude cylinder offers the highest amount of
reduction. However, it also increases the amount of surface area significantly (approxi‐
mately 28% more as compared to the cylinder).
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While self‐shading can offer important benefits in some contexts (e.g. by reducing
incident solar radiation in summers), it could also be undesirable in others (e.g. in
winters, when heat gain is advantageous). Therefore, it may be useful to sacrifice
channel depth (and hence wind flow amplification) in certain situations, if it has a
detrimental effect on the energy loads during the winter period. Hence, the actual
impact of the self‐shading on the energy use of the building needs to be evaluated
carefully based on the specific context.
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