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In increasing the energy available in urban areas, wind energy devices can be placed closer to 

where they are needed, thus decreasing external electricity demand and transmission costs. This 

dissertation examines the potential energy yield in the built environment. The primary objective is 

to show how the potential wind energy at the building rooftop can be increased by modifying and 

designing the building’s structure to accelerate the wind. A crucial element in integrating wind as 

a source of energy in urban settings is finding ways to maximize wind speed and minimize 

turbulence intensity. Numerical simulations show that if the building’s façade is changed, the flow 

dynamics at the rooftop can also change significantly leading to an increase in wind speed above 

the rooftop. To investigate this, a sloped façade building model, an elliptical façade building 

model, and a modified elliptical (rose façade building) model are compared to a rectangular 

building model. Both experiments and Computational Fluid Dynamics (CFD) are performed.  

The numerical simulation code, Fluent, was used to simulate a sloped façade building model at 

four angles, 20o, 30o, 45o, and 60o for comparison to a rectangular building model. The angle which 

performed the best, that angle being 30o, was used to experimentally investigate the flow around 

the sloped façade building and an elliptical façade building with the same angle. CFD is further 

used to modify the elliptical façade. Parameter correlations are performed to determine an 

improved building design that increases the available wind energy above the roof compared to the 



 
 

 
 

rectangular building model, while catering for the horizontal constraints present in the built 

environment. 

To investigate the flow over these modified structures, experiments are performed in an open 

circuit tunnel where a boundary layer is physically modeled using roughness elements. Results 

from experimental comparisons of the modified façade structures compared to the rectangular 

building model show that the rose façade building model, which is designed to minimize the 

building footprint compared to the sloped and elliptical façade building models, is able to increase 

the velocity at varying roof locations by as much as 55%. This change in velocity increases the 

wind power density by over 150%. Thus, changing the building’s geometry to influence both the 

wind and turbulence characteristics above the roof can result in more steady sites for wind 

harvesting devices leading to increased energy yield. 
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Chapter 1 − Introduction 

The Department of Energy (2015) recently reported that as of 2013, 4.5% of the country’s 

electricity demand was being supplied by wind power. The installed capacity across the nation has 

seen a steady growth from 2 gigawatts (GW) in 2006, to a peak installation of 13 GW in 2013 with 

a cumulative installation wind capacity of 60 GW. The growth in wind power supply is further 

seen in Figure 1, which highlights the annual installed capacity for different regions. While Europe 

has a steady increase in wind capacity since 2004, in recent years both North America and Asia 

have had rapid increases in installed capacity.  Worldwide, the wind energy capacity has increased 

by more than 100% over the past five years and with continued international initiatives such as the 

Clinton Climate Initiative, this surge in installed capacity has no indication of slowing (Clinton-

Foundation, 2015). 

 
Figure 1. Annual Installed Capacity by region for the years 2004−2012 (Image from: Global 

Wind Energy Council, (2013)) 

 

To achieve the Department of Energy’s forecast of wind energy supplying 35% of the nation’s 

electricity demand by 2050 (Department of Energy, 2015), steps must be taken to increase wind 

energy production in all aspects of wind energy. This includes not only land-based rural wind 
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farms and offshore wind farms, but also the untapped energy potential in the built environment. 

The built environment in this dissertation is defined as an urban area with a high density of tall 

buildings and structures.  

Current wind systems which are located at remote sites, limit the amount of energy that can be 

provided to the built environment because of the insufficient capacity of the electric distribution 

grid (Miles, 2006). The production of wind energy in more places where there is a high demand 

will not only provide buildings with easier access to electricity, but it will also decrease energy 

transmission costs (Mertens S. , 2002) and offset pollution in urban areas. A study at the University 

of Leeds concluded that urban areas rather than suburban areas were better for siting small and 

micro wind turbines, especially on tall buildings, where the flow is less disrupted (Jarlett, 2013). 

While the large roughness of the terrain in the urban area makes finding a viable location for energy 

harvesting very difficult in this type of environment, at higher elevations above the average 

building height, there is a decreased presence of obstacles, resulting in higher wind speeds 

(Mertens S. , 2006). 

Jamieson, Carpenter and Cenek (1992) showed that changes in the basic shape of a building 

produced extensive changes on the local wind conditions compared to a cubic reference building. 

While these changes worsened the wind conditions by increasing the wind speed at the pedestrian 

level, the results show that structural changes can be manipulated to improve the amount of 

extractable power available in the wind. Recently, innovative designs have been explored to 

facilitate the harnessing of wind energy in the built environment (Smith & Killa, 2007). In 

particular, Building Augmented Wind Turbines (BAWTs), which are turbines placed on or around 

buildings to take advantage of wind energy produced by the building, have become some of the 

first integrations of wind turbines in the built environment.  A wind analysis done by Smith and 
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Killa (2007) showed that the Bahrain World Trade Center’s wind turbines were expected to 

produce 11%-15% of the building’s electricity demand. Thus, the placement of wind turbines on 

rooftops of buildings has become a recent topic of investigation for energy harvesting (Mertens 

(2006), Heath et al. (2007), Balduzzi et al. (2012)). Abohela (2013) investigated a series of roof 

shapes and concluded that a roof-mounted turbine should be positioned at a minimum height of 

30% of the height of the building. Results from this study showed that the maximum turbulence 

intensity was present from directly above the roof to the aforementioned height. This height is also 

consistent with Bussel and Mertens (2005) calculated height of 25% for the lowest point of a 

turbine’s rotor. This height may conflict with building design standards on the height of small wind 

energy systems. While these requirements are dependent on the city, some design standards require 

that building mounted turbines not exceed 20% of the permitted building height (American 

Planning Association, 2016). In a case where the building height is at its maximum, it is not 

feasible with the turbine mounting height restrictions to mount a turbine with the lowest point of 

its rotor being 25%-30% of the building’s height. Therefore, it is important to find ways to decrease 

the minimum height requirement found in the previous studies by minimizing the turbulence above 

the rooftop, thereby decreasing the height of the separation region. 

In examining the potential yield of roof-mounted turbines in an array of houses, Heath et al. (2007) 

found that while the increase in wind speed over the ridge of an isolated house was significant, the 

increase was absent for a house placed within an array. Therefore, it is more reasonable to place 

the turbine on tall buildings that are at higher elevations in the boundary layer, where the 

surrounding obstacles within an array have little effect. Balduzzi et al. (2012) also concluded that 

an increase in energy potential in the urban environment could be achieved when siting of a vertical 

axis wind turbine occurred on a building significantly higher than the surrounding obstacles. The 
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results of the study showed that rooftops with skewed or sloping rooftops of 15o−35o also 

increased the energy harvested by up to 12%. In addition, Mertens (2006) suggested that if the way 

the buildings concentrate the flow is manipulated, the displaced flow above rooftops could have 

up to a 20% velocity increase compared to the local undisturbed flow at the same height. A small 

increase in velocity can result in large amounts of wind power being extracted from the air flow, 

as the available wind power is proportional to the cubed of the wind speed. 

Designing the building’s structure to improve the wind characteristics can change the flow 

approaching the rooftop by accelerating the wind speed. If the structure is modified in such way 

that the flow separation is minimized or eliminated, the turbulence intensity at the rooftop can also 

be decreased. These improvements in the velocity and turbulent flow characteristics allow for the 

previously calculated heights for roof-mounted wind turbines to be decreased. While the amount 

of turbulence intensity present is dependent on the atmospheric conditions (Carpman, 2011), high 

turbulence intensities tend to decrease the efficiency of wind turbine devices by impacting the 

performance and increasing the loading on a turbine. In changing a tall building’s façade and its 

overall structure to complement the wind’s magnitude, the positive changes in both velocity and 

turbulence intensity can lead to more stable conditions for siting and increased efficiency of wind 

turbine devices. Additionally, by designing a tall building for the built environment, the turbines 

are now located at a high enough elevation where the effects of lower surrounding obstacles are 

negligible, especially at the rooftop level. 

This dissertation investigates the potential energy yield in urban areas by designing new building 

structures to increase wind speed and decrease turbulence above the building rooftop for the 

purpose of energy harvesting. The increase in the potential energy yield above the rooftop expands 

the location opportunities as to where these turbines can be placed to maximize the energy 
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production. The geometries chosen for investigation are simple geometries that can be replicated 

in the wind tunnel for experimental purposes.  

In Chapter 1, the fundamentals of wind energy and the structure of the investigated boundary layer 

are discussed with a review of both current wind turbine technologies and those designed for the 

urban environment. Chapter 2 details the turbulence modeling including the numerical methods 

used in this dissertation. Chapter 3 discusses the experimental procedures, including the boundary 

layer simulation using roughness elements, and the measurement methods of the hot wire 

anemometry. Chapters 4 and 5 examine building geometry effects, both experimentally in the wind 

tunnel and numerically using parameter correlation methods in Computational Fluid Dynamics. In 

Chapter 6 the use of computational fluid dynamics for flow simulation over building geometries 

is validated and verified by comparing both the experimental and numerical results. In Chapter 7 

the effects of changing wind magnitude on flow behavior above the rooftop of the building are 

highlighted. Finally, in Chapter 8 the results of the dissertation work and recommendations for 

further research are summarized. 

1.1 Fundamentals of Wind Energy 

Wind turbine devices take mechanical energy harvested from the wind and convert it to usable 

electrical power which is distributed through the electrical grid on the small (residential wind 

turbines) and medium to large scales (rural wind turbine farms). The power production of wind 

turbines is dependent on the efficiency of the turbine and the structure of the wind. This production 

can be described by the capacity factor (CF), which is the ratio of the actual average power 

generated to the potential power that can be generated if the turbine were always running at its 

rated capacity. A capacity factor of 100% means that a wind turbine is always operating at its rated 

peak power. 
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1.1.1 Available Wind Power 

 

The power that is harvested from the wind is calculated in terms of the swept area of the rotor 

diameter and is proportional to the velocity. The mass flow rate of the air through a rotor is given 

by: 

 𝑑𝑚

𝑑𝑡
=  𝜌𝐴𝑈 (1) 

 

where ρ is the density of air, U is the wind speed, A is the swept area of a rotor as shown in Figure 

2. The available power, which is equivalent to the kinetic energy per unit time, is defined as: 

 
𝑃𝑤𝑖𝑛𝑑 =

1

2

𝑑𝑚

𝑑𝑡
𝑈2 =

1

2
𝜌𝑈3𝐴 (2) 

 

Because the power is proportional to the cube of the wind speed, a small difference in wind speed 

results in a large difference in power output of a wind turbine. This point is further seen in the 

numerical simulations performed in Chapter 4. The wind power density (WPD), which serves as 

the main calculated parameter for this dissertation, represents the wind power per unit area: 

 
𝑊𝑃𝐷 =  

𝑃𝑤𝑖𝑛𝑑

𝐴
=

1

2
𝜌𝑈3 

 

(3) 



 
 

7 
 

 

Figure 2. Example of a horizontal axis wind-turbine showing a sketch of the swept area when 

the blades are rotating (Image from: http://thebetterplanet.com/resources/wind-turbine-

components.php) 

 

1.1.2 Betz Limit 

The Betz Limit is the maximum theoretical generated power of a wind turbine rotor. It is based on 

an actuator disk model of a wind turbine using the mass and momentum conservation principles 

(Manwell, McGowan, & Rogers, 2002). Manwell et al. (2002) provide a detailed analysis of 

calculating Betz Limit and the coefficient of power for an ideal turbine. The power of a turbine 

rotor is defined by: 

 

𝑃 = 𝐶𝑝

1

2
𝜌𝑈3𝐴 

 
(4) 

where Cp is the power coefficient. For an ideal turbine, the Betz limit is 16/27 or 0.593 (Manwell, 

McGowan, & Rogers, 2002). This means that a turbine can extract a maximum of 59.3% of the 

kinetic energy available in the wind. Current large scale turbines come close to this limit, 

converting up to 45 %−50 % of the wind energy into electrical energy (Enercon, 2015). 
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1.2 Review of Wind Turbine Technologies and the Urban Environment 

Wind power extraction has been a common practice from early centuries for tasks that include 

grinding grains to pumping water and now, electricity generation (OEERE, 2015). With the 

increased need for electrical power plus the rise in greenhouse gases from the use of hydrocarbons, 

renewable forms of energy are needed to curtail the dependency on current non-renewable sources. 

With increased wind capacity worldwide, the wind energy market saw a growth of 10% in 2012 

making the use of wind energy harvesting devices more attractive to accommodate this increased 

capacity, for both meeting electricity demands and drastically cutting greenhouse gas emissions 

(GWEC, 2013). Wind turbines are classified as two types: Horizontal Axis Wind Turbines 

(HAWT) and Vertical Axis Wind Turbines (VAWT). HAWTs, which is the most common wind 

turbines design, have the main components, including the rotor and nacelle, at the top of the tower. 

The blades of this lift-type device rotate around an axis parallel to the ground. In contrast, the rotor 

blades of VAWTs rotate around an axis perpendicular to the ground and the main rotor shaft is 

designed to be vertical.  It is important for wind energy harvesting purposes to select the most 

appropriate wind turbine device as it relates to the topography of interest. 

Traditional wind farms use HAWTs in large arrays, and these HAWTs are on large operational 

scales (>100m in diameter) (Kalmikov, Dykes, & Araujo). These wind farms are designed in 

places where there is sufficient undisturbed with minimum speed on average of 5.0 ms-1 (AWEA, 

2016). Site specific meteorological data must be used to ensure that the wind magnitude is steady 

in order to reduce continued oscillation of the nacelle, which reduces the efficiency of the turbine. 

Recent trends toward increasing the energy yield and improvement in current systems have led to 

higher rated power and rotor sizes as shown in Figure 3. 
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Figure 3. Growth in rotor size and rated power of commercial horizontal axis wind turbines 

(Image from: IPCC) 

 

While these wind farms are expansive and efficient in terms of multiple devices working at once 

with the aim of maximizing energy production and decreasing operating and planning costs, they 

are away from urban areas. This increases both transmission costs and electrical cabling that is 

needed to ensure the grid is able to extend to locations of high demand. Additionally, land 

availability varies from site to site, but if there is already a site where wind turbines can be placed 

in the built environment, particularly on tall buildings, land costs can be reduced.   

In urban areas where the wind magnitude is constantly changing, it is difficult for HAWTs to align 

their blades in the direction of the wind. Because the flow constantly changes in both speed and 

direction, this unsteady flow causes stresses on machinery as well as decreased energy generation. 

Unless there is a building with constant enough incoming wind magnitude, HAWTs are not 

suitable for the built environment. 
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For VAWTs, the direction of the wind is irrelevant. They are able to operate efficiently as the 

rotor’s optimal position is independent of the wind direction and can therefore accommodate 

multiple wind directions. However, they are not as common as HAWTs because they currently do 

not take advantage of the increased wind speeds at higher elevations. In energy extraction, they 

are not as efficient as HAWTs because of the proximity of the turbines operations to the ground 

where the flow is more turbulent (El-Samanoudy, Ghorab, & Youssef, 2010). The efficiency of 

the VAWTs further change depending on the device type. Some of the most popular subtypes are 

highlighted in the following section. 

 
Figure 4. Picture of traditional Horizontal Axis Wind Turbine. Image from: 

www.poweredbymothernature.com 

 

1.2.1 Vertical Axis Wind Turbines (VAWTs) 

 

There have been a number of designs and modifications to increase the performance of VAWTs 

(www.turby.nl, 2015), (Castelli, Englaro, & Benini, 2011). Because a VAWT can benefit from 

being able to receive wind in any direction, it makes this type of turbine attractive for integration 
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in more urbanized areas where a HAWT is unsuitable. Traditional HAWT’s are on large scales > 

100 m tall, in order to take advantage of the wind speeds at higher elevations. These turbines have 

large blade radii which produce large amounts of power in the MW range. In the built environment, 

tall buildings are already at these higher elevations with no additional construction costs. 

Therefore, turbines can have access to these higher wind speeds and as a result higher extractable 

wind power. 

1.2.1.1  Darrieus Wind Turbine 

 

 
Figure 5. Picture of a type of Vertical Axis Wind Turbine: Darrieus. Image from: 

www.FloWind.com 

 

The Darrieus wind turbine is one of the most common types of vertical axis wind turbine and the 

starting point of many of the current VAWT designs. This lift-type device is not self-starting and 

requires initial high enough blade speed externally before the wind continues to turn it 

(www.turby.nl, 2015). The airfoils of the blade use lift effects, allowing for the blades to rotate in 

the wind. While the Darrieus wind turbine disregards wind direction, like the HAWTs, it does not 

perform well in unsteady flow, decreasing its efficiency. This is attributed to many design factors 

http://www.flowind.com/
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including the distance of the blade from the shaft. Once the flow over the blade is no longer laminar 

and is detached from the blade, the blade stalls, leading to a decrease in extractable wind power. 

Paraschivoiu (2002) provides an in depth literature review of the principle and concept around the 

Darrieus wind turbine. 

1.2.1.2  Giromill or H-rotor Wind Turbine 

 
Figure 6. Picture of a variation of the Darrieus Vertical Axis Wind Turbine. Image from: 

www.ecosources.info 

 

The Giromill wind turbine is a type of Darrieus wind turbine that is designed with straight vertical 

blades and a horizontal bar attaching the blade to the tower hub, usually in an H-bar design. These 

devices have the advantage over traditional Darrieus turbines by having lower manufacturing 

costs, high coefficients of performance and self-starting capabilities, which require strong winds 

(Eriksson, Bernhoff, & Leijon, 2008). Additionally, Giromill turbines are better suited for 

turbulent wind conditions because of the requirement of stronger turbine blades to cope with 

stresses of needing stronger winds for self-starting 

 

 

 

http://www.ecosources.info/
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1.2.1.3  Savonius Wind Turbine 

 
Figure 7. Picture of a Savonius Vertical Axis Wind Turbine. Image from: www.reuk.co.uk 

 

The Savonius wind turbine is a drag-type VAWT designed with two scoops giving it an S-shaped 

feature from the top view. Because of the simple design, Savonius turbines can be easily 

constructed on a small scale. Although they are self-starting, due to their low rotational speed (their 

drag-type nature prevents the scoops from ever rotating faster than the wind) these turbines have 

very low coefficients of power making them unsuitable for electricity generation. In a device where 

most of the swept area is near the ground or bottom of the rotor, the lower wind speeds at lower 

heights cause the system to be less effective for energy extraction.  

1.2.2 Existing Turbines for the Built Environment 

There has been increased interest for renewable energy generation in urban areas. Li, Wang and 

Yuan (2010) stress that site selection near populated areas must take important issues such as land 

availability, public safety, and visual impact into consideration. Because of the minimum land 

availability in urban areas, the location of tall buildings at high elevations in the boundary layer 

can be taken as an opportunity to place wind turbines on these structures, clear from lower 

surrounding obstacles. In placing wind turbines on tall buildings, one of the significant issues for 
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both HAWTs and VAWTs is noise. Eriksson, Bernhoff, and Leijon (2008) did a comparison of 

the H-rotor and Darrieus VAWTs and a traditional HAWT and noted that all three produced 

noticeable noise with the HAWT producing the highest noise level. To alleviate noise concerns, 

turbines have been specifically designed with wind energy and the built environment in mind. 

These turbines are known as building-integrated wind turbines (Stankovic, 2009). Li, Wang and 

Yuan (2010) further classify these building-integrated wind turbines into building-mounted wind 

turbines, devices that are installed on top of the building’s structure, and building augmented wind 

turbines, devices that are integrated into the building’s design. One example of a structure like this 

is the Bahrain World Trade Center as shown in Figure 8, which was designed with an airfoil 

shaped façade to funnel wind through a gap where three large HAWTs with 29 m diameters are 

mounted (Smith & Killa, 2007). Although this design allows for wind to be streamlined 

perpendicularly to the turbines, the turbines can only operate if the wind direction is within a 

certain azimuth range. Additionally, the lowest turbine is closest to the ground and therefore 

experiences considerable wind speed decrease due to the surface roughness of the terrain. 

 
Figure 8. Bahrain World Trade Center showing wind turbine integration. Image from: 

www.cnbc.com 
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Similarly, the wind turbines placed on the roof’s edge of the Logan International Airport (Figure 

9) take advantage of the wind directly approaching the rotors of the turbines. From Figure 9, it 

can be concluded that if the wind were approaching in the opposite direction (behind the turbines’ 

nacelles), the turbines would be submerged in the separation region (i.e. the point at the leading 

edge of the building where the approaching flow separates causing a region of recirculating flow 

above the roof), decreasing the performances of the wind turbines. 

 
Figure 9. Turbines placed on roof of the Massachusetts Port Authority’s main office at Logan 

International Airport. Images from: www.nytimes.com & www.gfcactivatingland.org 
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In the built environment, the local flow is disturbed by surrounding obstacles which cause the local 

flow to become turbulent and decrease its wind speed, reducing the ability of the wind turbine to 

produce energy. Sunderland et al (2013) estimate the electrical performance of a small-scale wind 

turbine rated at 2.5 kW for varying turbulence intensities. Their proposed mathematical models 

employ descriptions of the urban environment for power predictions of a small-scale turbine as 

shown in Figure 10. At the rated power, the higher turbulence intensities (35% and more) results 

in a noticeable decrease in productivity of the turbine. In an area with high roughness due the 

presence of obstacles or rough terrain, the turbulence intensities within the urban area lie in the 

range of 0.20–0.35 (Counihan, 1975). The turbulence intensity is defined as:  

 

𝑇𝐼 =  
√𝑢′2̅̅ ̅̅

�̅�
 

 

 

(5) 

where √𝑢′2̅̅ ̅̅  is the root mean square value of the fluctuating wind speed, 𝑢′ and �̅� is the mean wind 

speed.  

If a building can be designed to minimize the turbulence intensity around the structure and 

evidently above the roof, the estimated power can be increased. 
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Figure 10. Estimated power curve in terms of turbulence intensity and wind speed for 2.4kW 

rated small-scale wind turbine. Image from Sunderland et al. (2013) 

 

This dissertation applies both the Building Augmented Wind Turbines and Building Mounted 

Wind Turbine ideas by proposing new building designs and modifications for wind flow 

enhancement with the purpose of mounting small scale devices on these structures. There are 

already some devices that have been designed and made available with the sole purpose of 

extracting wind power in the urban environment. 

1.2.2.1   SWIFT Wind Turbine 

 
Figure 11. Picture of a SWIFT Horizontal Axis Wind Turbine. Image from: 

www.greenpowerinstallations.com 
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The SWIFT wind turbine is a small mountable HAWT designed for both urban and suburban use. 

The SWIFT turbine is equipped with a circular diffuser which surrounds the circumference of the 

turbine blade tips. Because of its manageable size, the SWIFT wind turbine can be easily installed 

on top of buildings. Specifications as highlighted by the Swift wind turbine company (Swift, 2015) 

include a 2.1 m diameter rotor and an annual energy production of 1200 kWh at 5m/s, with a cut-

in wind speed of 3.58 ms-1. This is a typical wind speed in urban settings as seen in Figure 12 

which highlights the windrose of Portland, Oregon (Breshears & Briscoe, 2009). Breshears and 

Briscoe (2009) found that the annual average wind velocities in Portland, Oregon was 3.6 ms-1, 

with dominant winds falling within a range of 3.0 ms-1 to 6.0 ms-1.  

 
Figure 12. Wind Rose of measured wind data for the city of Portland in Oregon showing an 

example of urban wind speed distributions. Image from Breshears and Brescoe (2009) 

A further investigation of the wind data available from the National Weather Service for the John 

F. Kennedy Airport in New York shows that the annual average wind speed for 2015 was        

4.92ms-1 (National Weather Service, 2016).  
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1.2.2.2   Turby Wind Turbine 

 

Figure 13. Picture of the Turby Aerodynamic Wind Turbine. Image from: 

www.lr.tudelft.nl 

 

The Turby, an aerodynamic wind turbine specifically suited for the built environment, continues 

to gain attention in the wind industry. Mertens designed the small scale electricity generating 

device as a compact and quiet device that is suited for the top of high-rise buildings, a location that 

has unsteady wind conditions (Mols, 2005). Unlike the common Darrieus turbine whose 

performance is affected by the blades interaction with incoming flow, the Turby is designed to 

allow for gradual flow changes past the blades, resulting in less vibrations and noise 

(www.turby.nl, 2015). If placed on a building, this device must be placed above the separation 

region or at the leading edge (Figure 14). 
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Figure 14. Placement of Turby wind turbine on top of the rooftop of a building above the 

separation region. Image from: www.wind-power-program.com 

 

In designing the building for flow enhancement (as this dissertation explores), the Turby wind 

turbine could be placed in alternate locations of higher speeds and decreased turbulence. This could 

lead to an increased energy yield closer to the expected rated power of 2.5 kW, provided the turbine 

performs at its reported efficiency of 40% (www.turby.nl, 2015). While the attractive vibration 

free and limited noise service that Turby offers may be beneficial to suburban family home areas, 

the turbine is not necessarily built for these structures. Because a mast of at least 5 m is required 

(www.turby.nl, 2015), it may create problems to the stability of a family home especially, if the 

roof’s construction is not reinforced. However, with a cut in speed of 4 ms-1 and a rated power of 

2.5 kW at 14 ms-1 (an average wind gust), Turby has the full potential of integrating the wind 

energy generation that is needed in urban areas. 

One of the unattractive factors of wind turbines is noise pollution. Larger turbines emit higher 

sound levels with increasing size (Moller & Pedersen, 2011). This increase in size results in the 

noise-occupied area being increased. Smaller turbines designed to be located in populated areas, 

tend to have a design factor that is specific to noise production. The SWIFT wind is equipped with 

Separation region above roof caused 
by flow separation at leading edge 
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a circular diffuser that minimizes the noise contributions from the tip vortices. This characteristic 

is attractive to populated environments where noise is of a major concern. Acoustics field tests of 

a Bergey XL.1 conducted by NREL, determined that it was difficult to separate the wind turbine 

noise from the background noise of the environment (Migliore, Dam, & Huskey, 2004). This 

means there were instances where the wind turbine and the background noise had the same noise 

level. Figure 15 shows the noise comparison graphically where at some wind speeds such as            

6 ms-1, the wind turbine has lower sound levels than the background noise. The noise level values 

for the wind turbine fall well with in the design standards given by the American Planning 

Association which states that operational noise shall not exceed a maximum range of 50dB(A) to 

60dB(A) depending on the sited city (American Planning Association, 2016). This eliminates the 

issue of wind turbine noise disturbance in populated areas where noise levels caused from normal 

conversations to construction can range from 50 dB(A) to 110 dB(A) respectively (NYC 

Environmental Protection, 2016). 

 
Figure 15. Graph showing comparison measurements of an operating Bergey XL.1 turbine 

to the background noise of the environment in Portland, Oregon. The turbine had a hub 

height of 9.1 m. Image from: Migliore, Dam, and Huskey (2004) 
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1.3 Wind Structure of ABL in the Urban Environment 

This section provides a brief review of the structure of the Atmospheric Boundary Layer (ABL); 

specifically the ABL characteristics in an urban setting. In this dissertation the lowest portion of 

the ABL, will be the focus as this is where the built environment is located. The surface layer will 

be assumed as neutrally stable or well mixed where there is an absence of heat exchange (Roy & 

Sharp, 2013). The assumption is used as the simplest case to first assess the dissertation problem 

but leaves the possibility for future studies to be done in non-neutral cases. 

 
Figure 16. Vertical structure of the atmosphere (Image from (Oke, 1987)). The Planetary 

Boundary Layer will be referred to as the Atmospheric Boundary Layer 

 

 
Figure 17. Sketch of the incoming velocity profile in the Surface Layer. The profile is affected 

by the local topography and therefore is more complex. Here U is the measured speed 
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1.3.1 Structure of Atmospheric Boundary Layer 

The atmospheric boundary layer can most easily be defined as the layer of the earth’s atmosphere 

that is influenced by the Earth’s surface as portrayed by Oke (1987) in Figure 16. The neutral 

Planetary or Atmospheric Boundary Layer (ABL) is predominantly characterized by the 

turbulence generated by shear stress caused from the flow moving over the Earth’s surface (Oke, 

1987). In the lowest 10% of the ABL, the turbulent surface layer, where most wind engineering 

applications are focused, the turbulence is caused by the wind shear, the rough surface, and the 

presence of obstacles (Figure 17). 

1.3.1.1 Velocity Representation 

The variation of the horizontal wind speed with elevation above the ground is an important 

characteristic of the atmospheric boundary layer. One of the first representations of the velocity 

distributions of the mean wind speed in the atmospheric boundary layer was proposed by Hellman 

(1916). Hellman described the profile using an empirical power law in the following form: 

 𝐔

𝐔𝐫𝐞𝐟
= (

𝐙

𝐙𝐫𝐞𝐟
)

∝

 

 

(6) 

 

where Uref is a known reference speed at a reference height Zref (weather stations use a standard 

reference height of z = 10m (Stull, 2000)) and α is the power law exponent whose value is 

dependent on the roughness terrain type. This form has been widely used in the wind industry 

because of its straight-forward description of the wind profile. Due to its mathematical simplicity, 

it is also used in more complex settings when limited information about the terrain is known 

(Counihan, 1975). 
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In the absence of thermal processes, the velocity in the surface layer is better described by a 

logarithmic profile (Oke, 1987) than by the power law shown in equation (6). The logarithmic 

profile is described as: 

 𝑢(𝑧) =  
𝑢∗

𝜅
𝑙𝑛

𝑧

𝑧0
 

 
(7) 

 

𝑢∗ =  √
𝜏

𝜌
 

 

(8) 

where u* is the friction velocity, which is related to the level of stress against the earth’s surface 

derived by equation (7) (Oke, 1987), 𝜅 is the Von Karman constant (0.4), z0 is the roughness length 

which describes the roughness of a surface, 𝜏 is the shear stress. This equation gives an 

approximation within the neutral surface layer as it accounts for surface roughness. 

Both (Oke, 1987) and Simiu and Scanlan (1986) provide a suggested modification of the 

logarithmic law in the presence of large roughness elements: 

 
𝑢(𝑧) =  

𝑢∗

𝜅
𝑙𝑛

𝑧 − 𝑑

𝑧0
 

 

(9) 

where d is the zero displacement height, which is best described as an “invisible” surface at some 

height. This height can be obtained from the extrapolation of the velocity profile curve (see 

Appendix C). The zero displacement height is only negligible when the separated flow over an 

obstacle is reattached to the surface, creating a full profile once again upstream of the next obstacle 

(Wieringa, 1993).  Figure 18 illustrates Oke’s representation of the zero displacement height 

above vegetation. Similarly, the displacement height in a built environment shows the average 

height that would be obtained if all elements of varying heights were leveled to one surface 

(Jackson, 1981). 
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Figure 18. Sketch of a wind profile measured over vegetation of height, h, showing the zero 

plane displacement height, d (Image from (Oke, 1987)) 

 

There have been several references in the literature recommending the values for 𝛼, 𝑧0 and 𝑑. Some 

of these suggested values for the built environment are presented in Table 1. Counihan (1975) 

presents a review and provides a listing of values for different cities. The range is shown in Table 

1. It should be noted that in recent years urban areas have become more densely populated with an 

increase in the number of tall buildings and obstacles and therefore values of 𝑧0 and 𝛼 may require 

inflation. Some of the references highlighted in Table 1 define the displacement height, 𝑑, as 

dependent on the average building height, which is denoted as �̅�. Oke’s approximations for the 

recommended values are also included despite the terrain type being vegetation and forestry. The 

approximations are used as a reference comparison to the other values because the forested areas 

referred to in the table are densely packed with high roughness, similar to city areas. 
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Table 1. Recommended values for power law exponent, roughness length and zero 

displacement height for urban representation 

Reference α z0 (m) d (m) 

 

Cermak, (1970) 

 

0.4 

  

 

Cook, (1973) 

 

0.33 

 

2.5 

 

�̅� = 22.5, 𝑓𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒 

 

Counihan, (1975) 

 

0.25–0.40 

 

1.0–7.5 

 

 

Oke (1987) 

  

1.0–6.0 
𝑑 =

2

3
ℎ∗ 

 

Simiu & Scanlan (1986) 

  �̅� −  
𝑧0

𝜅
 

 

 

Wieringa (1993) 

  

0.7–1.5 

 

 

Mertens (2006) 

   

0.7�̅� ~ 0.8�̅� 

ℎ∗ 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 

 

1.3.1.2  Turbulence Representation 

The surface layer is strongly influenced by the interaction of the flow field with the surface and is 

always turbulent. Turbulent flow can be described as irregular, diffusive, dissipative, and multi-

scaled. It occurs at large Reynolds numbers where the inertial forces are much greater than the 

viscous forces (Tennekes & Lumley, 1972). The rate of production of the turbulence and 

turbulence intensity (which is defined in equation 5) are also important factors of the flow 

representation in the built environment. Turbulence in the boundary layer is a function of both the 

wind shear, the surface roughness and the height above the ground. The larger the roughness of 

the terrain, the more turbulent the flow at a given height above the bed. Counihan (1975) 

summarized that the longitudinal turbulence intensities for urban areas fell in the range of 20%-

35%, with the highest percentage being closest to the surface. 
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1.3.2  Flow behavior around buildings 

Now that the structure of the atmospheric boundary layer has been presented, a brief introduction 

of how the local flow changes around structures is described. 

The flow in the surface layer is heavily influenced by the geometric changes in the environment. 

In the built environment, where the local topography of the buildings causes discontinuities in the 

flow, the most common buildings in cities are rectangular high-rises. As flow approaches these 

bluff buildings, the flow is separated from the windward or leading edge of the structure causing 

a low velocity zone to be formed directly above the roof (Figure 19). For these areas to yield wind 

energy, wind-turbines located on the center of the roof require minimum tower heights of 0.25H, 

where H is the height of the building as shown in Figure 19 (Bussel & Mertens, 2005). This height 

is above the low velocity zone and out of the high turbulence intensity area. 

 
Figure 19. Computational Fluid Dynamics Velocity Contour of flow past a 2D rectangular 

block showing low velocity separation region above rooftop 

 

Blackledge et al.’s (2012) illustrations of the effects of the local geometry on the wind flow in 

rural areas (Figure 20), show that simple geometric changes can heavily impact the local flow. 

Therefore, applying simple changes to current building structures or by designing a structure using 

H 
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innovative ideas inspired by nature, allow urban areas to be more sustainable for energy 

production. 

 
Figure 20. Sketch of flow behavior over two types of topography showing enhanced flow over 

hills. Image from: (Blackledge, et al., 2012) 
 

1.4  Summary 

 

Current large scale wind farms increase the cost of transmission, have high dependence on land 

availability, and are not always easily accessible due to terrain type and road access. In this chapter, 

siting in locations that are closer to the population where there is a high demand for electricity is 

discussed. By generating energy in the built environment, small scale wind turbines can take 

advantage of tall buildings that are further up in the atmosphere with an increased wind resource. 

This minimizes the land that must be used and the costs associated with large tower construction. 

Additionally, a tall building can be designed to decrease the region of flow separation at the 

rooftop, minimize the turbulence intensity and increasing the velocity closer to the roof. Existing 

technologies are also discussed with an introduction to the devices that are better suited for the 

built environment such as Vertical Axis Wind Turbines (VAWTs). 

To better understand how the flow behaves in the urban environment, a summary of the flow in 

the Atmospheric Boundary Layer (ABL) is also introduced. Techniques on how the flow are 

represented in the ABL are discussed. 
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Chapter 2 − Turbulence Modeling 

Computational Fluid Dynamics (CFD) was employed to assess the wind flow around the building 

structures. CFD serves as a cost effective and less time consuming method than experimental 

methods for evaluating the steady governing flow equations in both simple and complex flow 

problems. CFD has been a particularly useful tool in elucidating the fundamentals in the flow 

dynamics around structures. It has provided quantitative and qualitative data from as early as 

Castro and Robins (1977), and Patterson and Apelt (1990) who studied turbulent flow past a cube 

or bluff body. Comparisons among the turbulent models available in Fluent have also been made 

by Murakami (1993), and Tominaga and Stathopoulos (2009). To verify and validate that the 

numerical results are accurate, the simulations must be compared to wind tunnel tests of flow 

around the structure in an experimentally simulated boundary layer. The neutral atmospheric 

boundary layer can be characterized as turbulent. Turbulence is irregular, chaotic and generates 

small-scale pockets of flow in a coherent motion (swirls) known as eddies (Stull, 2000). At the 

small scales, the direction of these eddies change quickly with small time scales compared to the 

mean flow. In the atmospheric boundary layer, the largest scales are on the order of the depth of 

the flow, which in this case is the ABL depth (i.e ~1𝑘𝑚) and the smallest scales are typically on 

the order of 1mm. Kolmogorov’s hypothesis (see Pope (2000)) suggests that at a sufficiently high 

Reynolds numbers, the small scale turbulent motions are isotropic. The Reynolds number is 

defined as the ratio of the convective forces to the viscous forces: 

 
𝑅𝑒𝑙 =  

𝜌𝑈𝑙

𝜇
 

 

(10) 

where 𝜌 is the density of the fluid, 𝑈 is the velocity of the flow, 𝑙 is the characteristic length,  and 

𝜇  is the dynamic viscosity of the fluid. In order to simulate both the large and small scales, a large 

domain on the order of 𝑙 with resolution that allows the smallest structures to be represented 
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adequately is necessary. This is both computationally expensive and time consuming. To minimize 

costs, only the mean flow equations (Reynolds Averaged Navier Stokes) are solved. The mean 

flow can be described as the average of the instantaneous wind. Reynolds decomposition is applied 

to divide the instantaneous velocity component, 𝒖,  into the mean flow, 𝒖 ̅ and fluctuating 

component, 𝒖′ 

 𝒖 =  �̅� +  𝒖′ 

 
(11) 

When this decomposition is applied to the governing flow equations, the result is the Reynolds 

Averaged Navier Stokes (RANS) equations: 

 𝜕𝑈�̅�

𝜕𝑥𝑖
= 0, 

 

(12) 

 
𝜌

𝜕𝑈�̅�

𝜕𝑡
+ 𝜌

𝜕

𝜕𝑥𝑗
𝑈𝑖𝑈𝑗
̅̅ ̅̅ ̅̅ =  

𝜕

𝜕𝑥𝑗
[−�̅�𝛿𝑖𝑗 + 𝜇 (

𝜕𝑈�̅�

𝜕𝑥𝑖
+

𝜕𝑈�̅�

𝜕𝑥𝑗
) −  𝜌𝑢𝑖′𝑢𝑗′ ̅̅ ̅̅ ̅̅ ̅̅ ] + 𝜌𝑓,̅ 

 

(13) 

where 𝛿𝑖𝑗 is the Kronecker-delta, 𝛿𝑖𝑗 = 1 𝑖𝑓 𝑖 = 𝑗, 𝛿𝑖𝑗 = 0 𝑖𝑓 𝑖 ≠ 𝑗, 𝑓 ̅ is the body force due to 

gravity, and  −𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅ is the Reynolds stress tensor. The components of this term are known as the 

Reynolds stresses which have to be appropriately modeled in order to solve the RANS equations. 

In deriving the RANS equations, we have more unknowns than equations, resulting in a closure 

problem. 

2.1 Numerical Analysis Tools 

The commercially available CFD tool, Fluent 14.1, was used for all numerical simulations. Fluent 

offers a selection of turbulence models for modeling turbulent flow, ranging from the standard two 

equation 𝑘 − 휀 model to the more complicated seven equation Reynolds stress model (RSM). The 

choice of turbulence model is dependent on many factors including the flow problem and the 



 
 

31 
 

desired results as well as the level of accuracy needed. Only the most relevant turbulence models 

for this study’s flow problem are elaborated in more detail below. 

2.1.1 The standard 𝒌 − 𝜺 model 

One of the earliest and most common RANS, turbulence models is the standard 𝑘 − 휀 model where 

the two closure equations representing the turbulent properties are the turbulent kinetic energy, 𝑘 

equation and the turbulent dissipation rate, 휀 equation. The Reynolds stresses are modeled using 

the Boussinesq hypothesis which results in using the eddy viscosity concept, which assumes the 

turbulent mixing of momentum is analogous to the molecular transport of momentum, where the 

Reynolds stress tensor is proportional to the mean rate of strain tensor (Pope S. B., 2000) 

 
−𝑢𝑖′𝑢𝑗′̅̅ ̅̅ ̅̅ ̅ =  2𝜈𝑇𝑆𝑖𝑗

̅̅̅̅ −  
2

3
(𝑘 + 𝜈𝑇

𝜕𝑈�̅�

𝜕𝑥𝑖
) 𝛿𝑖𝑗, 

 

(14) 

where 𝑘 is the turbulent kinetic energy, 𝜈𝑇 is the eddy viscosity, and 𝑆𝑖𝑗
̅̅̅̅  is the mean strain rate 

tensor defined by the equations: 

 
𝑘 =

1

2
[𝑢′

𝑖𝑢′
𝑖

̅̅ ̅̅ ̅̅ ̅] 

 

(15) 

 
𝜈𝑇  =

𝐶𝜇𝑘2

휀
 

 

(16) 

 
𝑆𝑖𝑗
̅̅̅̅ =

1

2
(

𝜕𝑈�̅�

𝜕𝑥𝑖
+

𝜕𝑈�̅�

𝜕𝑥𝑗
) 

 

(17) 

 

 
휀 =  2𝜈𝑠𝑖𝑗𝑠𝑖𝑗̅̅ ̅̅ ̅̅ = 𝜈 (

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑖

𝜕𝑥𝑗

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ 𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑖

𝜕𝑥𝑗

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
) 

 

(18) 

where 𝐶𝜇 = 0.09 (Launder & Spalding, 1974) is the model constant. 

While the Boussinesq hypothesis used for modeling the Reynolds stresses using an eddy viscosity 

concept simplifies how the turbulence modeling of the mean flow should be approached, this 
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analogy also poses problems within the model itself (Karthik, 2011) (Ansys, ANSYS Fluent 

Theory, 2013), making the model less reliable where: 

- The assumption is only true in free shear flows and simple boundary layer flows 

- The assumption is not valid for complex flows or flows with strong curvature or strong 

separation 

- It requires implementation of wall functions which cause incorrect predictions for flow 

with strong separation 

- It results in overprediction of turbulent kinetic energy in regions with stagnation points, 

leading to underpredicted separation (Menter, Kuntz, & Langtry, 2003), (Blocken, 

Stathopoulos, & Carmeliet, 2007). 

2.1.2 The realizable 𝒌 − 𝜺 model  

The realizable 𝑘 − 휀 model that Fluent offers is a more advanced 𝑘 − 휀 model that provides 

significant improvement over the standard 𝑘 − 휀 model with alternative and additional formulation 

for the 휀 transport equation, making the model more adaptable to realistic turbulent flows (Shih, 

Liou, Shabbir, Yang, & Zhu, 1994). These flows include: 

- spreading rate of both round and axisymmetric jets 

- flows with streamline curvature and swirling 

- complex flows 

- Separated flows 

Although the realizable 𝑘 − 휀 model uses an advanced form of the dissipation transport equation, 

휀, the Reynolds stresses are still modeled using the Boussinesq hypothesis, making the model less 

sensitive to flow separation predictions, especially in strongly anisotropic flows.  
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2.1.3 The 𝑺𝑺𝑻 𝒌 − 𝝎 model 

Developed by Menter (1994), the Shear Stress Transport (SST) model is a two equation model that 

combines the advantages of both the 𝑘 −  휀 model and the 𝑘 − 𝜔 model. This hybrid model 

introduces a new equation for specific dissipation rate, 𝜔 that replaces the turbulent dissipation 

rate, 휀.  The SST model is more accurate near the wall than the 𝑘 −  휀 model especially for flows 

with adverse pressure gradients and separation (Menter, Kuntz, & Langtry, 2003). To accurately 

solve near the wall using 𝑘 − 𝜔, the grid resolution must be very fine. To resolve this viscous 

sublayer near the wall, a y+ of 5 or less has been suggested (Abanto, 2016). The SST model uses 

the 𝑘 − 𝜔 formulation near the wall and converts back to the 𝑘 −  휀 model in the freestream. While 

the standard 𝑘 − 𝜔 model is overly sensitive to the freestream value of 𝜔, this problem is not as 

pronounced in the SST model since it introduces 𝑘 −  휀 in the freestream. The SST model improves 

upon the standard 𝑘 − 𝜔 model by (Menter, Kuntz, & Langtry, 2003), (Ansys, ANSYS Fluent 

Theory, 2013):  

 Modification of the turbulent eddy viscosity to account for the transport of shear stress  

 Improved modeling constants computed using a blend of the corresponding constants from 

𝑘 −  휀 and 𝑘 − 𝜔 

2.1.4 The Reynolds Stress model (RSM) 

The Reynolds Stress Model (RSM) is the most elaborate turbulence model Fluent offers (Ansys, 

ANSYS Fluent Theory, 2013). Unlike the two equation turbulence models which use the eddy 

viscosity to model the Reynolds stresses, the RSM solves the exact transport equations for each of 

the Reynolds stress components (Launder, Reece, & Rodi, 1975). Thus this model gives better 

predictions of the turbulence in complex flows. This results in seven additional equations in 3D 

compared to the two additional equations used in the eddy viscosity model. The performance and 
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predictions of the RSM are limited to the closure assumptions based on empirical models which 

sometimes compromise the results. Because of its complexity, the grid must be extremely fine near 

the wall and around the structure for converged results, which requires a larger number of cells. 

For the flow problem in this dissertation, the numerical domain contained 9 million cells. If the 

mesh is not of good quality, the solutions tend to diverge resulting in failed simulations. These 

problems lead to increased computational time and convergence issues for the RSM. 

Unfortunately, the use of the RSM does not always yield improved results in all types of flow and 

should only be used with flows featuring high anisotropy such as: high swirling flows and rotating 

flows (Chuah, Gimbun, & Choong, 2006), (Ansys, ANSYS Fluent Theory, 2013).  

In summary, while the standard 𝑘 − 휀 turbulence model is cheapest, it is not accurate for complex 

flow problems and is only used as a preliminary start. The SST 𝑘 − 𝜔 turbulence model although 

more accurate and a reasonable choice, requires more computational time and tends to sometimes 

overestimate results in the freestream (discussed in Chapter 6). As the most sophisticated RANS 

turbulence model, the RSM is expected to be the most accurate as it solves the Reynolds stresses 

directly. However, the model is too expensive and unstable to the point where in the case of this 

study, it does not run. The realizable 𝑘 − 휀 model is more accurate than the standard 𝑘 − 휀 model 

and is less expensive than both the SST 𝑘 − 𝜔 model and RSM. Therefore, the realizable 𝑘 − 휀 

model was a reasonable and practical choice for this dissertation in performing multiple numerical 

simulations. 

2.2 Computational Domain 

Once the turbulence model was chosen, a mesh dependency study was done to ensure that the best 

grid was used for the flow simulation for accurate convergence. The grid and domain design (a 

sketch is provided in Figure 21) followed the guidelines of Frank, et al. (2004): 
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Figure 21. Sketch of a) two dimensional computational domain where dashed lines represent 

the different façade angles numerically simulated. The domain height and length were 500 

m and 1350 m respectively (b) three dimensional computational domain with dimensions of 

the wind tunnel and experimental model. 

- The inlet, lateral, and top boundaries of the flow domain should be at least 5H away from 

the building where H is the height of the building. This inlet placement is only contingent 

on a fully developed flow being used as the boundary condition. If approach flow profiles 

are not available then a larger distance from the inlet at the front of the building is 

recommended. To investigate if a distance of 5H was sufficient, varying distances of 10H 

and 15H were also used as the inlet and the resulting leading edge roof profile of the 

numerical simulations compared. Figure 22 shows that the maximum difference in 

velocity profile results is less than 2%. 

5H 

H 

(a) 

(b) 
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- To ensure that the numerical results are not affected by the walls of the domain, as a general 

rule of thumb, the boundaries should be chosen to maintain a maximum blockage of 3%. 

In the case of the 3D numerical simulations in this study, the boundaries were chosen to 

represent the dimensions of the tunnel for validation purposes and therefore this 

requirement was ignored. 

- The outflow boundary should be at least 15H behind the building, allowing for flow 

recovery 

 

 
Figure 22. Velocity profile obtained from leading edge of sloped façade building model of 

numerical simulation. Plot shows the consistency of results with changing distance from the 

inlet, demonstrating that a distance from the inlet of 5H is sufficient for this study. 
 

Computational results also depend significantly on the grid used. The grid must be designed to 

prevent errors that can lead to inadequate convergence and inaccurate results. The grid resolution 

must be fine, especially around sharp edges and large flow gradients, to capture flow phenomena 

such as separation. The domain cells in this dissertation were designed using an unstructured grid. 

The mesh on the structure itself was finer than the mesh around it. The structure’s mesh was 
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specified to be 0.005 m with a further refinement of 0.003 m when using a more advanced 

turbulence model (Reynolds Stress Model). An inflation method was applied to the boundaries of 

the buildings and the domain floor to allow for local refinement around the edges. The growth rate 

for the layers was chosen to be 1.20. This means that the following cell was 20 percent larger than 

the previous cell below. The mesh resolution throughout the rest of the domain was set to allow 

for maximum face sizing of 0.05 m (for wind tunnel sized models) and 5 m (for initial CFD 

investigations) depending on what study was being investigated. The previous settings must be 

tweaked depending on the type of flow being considered. The skewness and orthogonality of the 

grid were also used as indicators to determine the quality and suitability of the grid. Skewness of 

cells, especially in areas with large flow gradients, lead to poor solutions because of the large 

changes in cell size. Skewness is scaled from 0 to 1 with 0 indicating low skewness. The orthogonal 

quality of the cells is computed using the face normal vector, the vector from the cell centroid to 

each cell face, and the vector from the cell’s centroid to the adjacent cell’s centroid (Ansys, Ansys 

Fluent User Guide, 2013). Orthogonality is scaled from 0 to 1, where a value of 0 is the worst 

orthogonal quality. Karez & Kacperski (2012) suggest an acceptable range of 0.33 to 1. 

For the near wall region, wall functions were not used because of the failure to perform accurately 

in the presence of flows with high separation; which describes the flow presented in this 

dissertation. Instead, an Enhanced Wall Treatment (EWT) was used (Ansys, Introduction to Ansys 

Fluent , 2013). With EWT, Fluent automatically determines how to resolve the mesh near the wall 

based on the value of y+, where y+ is the non-dimensionalized distance from the wall. For better 

accuracy in the prediction of flow separation, y+ was chosen to be small enough to resolve these 

areas. There are two ways to determine the first layer thickness, 𝑦: 
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(1) providing a mathematical prediction for near-wall cell size based on 𝐶𝑓, the skin friction 

coefficient for a turbulent boundary layer on flat plate 

(2) providing an approximation of an inflation layer, running the calculation, plotting the 

y+ values based on results and determine if y+ is small enough. If y+ needs to be 

decreased, return to pre-calculation to refine the mesh then repeat the process again 

For the y+ approximation, the first method was chosen and the first layer thickness was calculated 

from the following relations (Ansys, Introduction to Ansys Fluent , 2013): 

 
𝑦+ =  

𝑈𝜏𝜌𝑦

𝜇
 

 

(19) 

 

𝑈𝜏 =  √
𝜏𝑤

𝜌
 

 

(20) 

 
𝜏𝑤 =

1

2
𝐶𝑓𝜌𝑈∞

2 

 
(21) 

 𝐶𝑓 =  0.058𝑅𝑒𝑙
−0.2 (22) 

 

where 𝑈𝜏 is the friction velocity, 𝜏𝑤 is the wall shear stress, 𝐶𝑓is the skin friction coefficient for a 

flat plate, 𝑈∞is the freestream velocity, and 𝑅𝑒𝑙 is the Reynolds number based on the distance 𝑙 

downstream. In the case of this study, 𝑈𝜏 was made available from experimental data. 

A mesh independency study (Appendix A) was done using four different grid sizes: a finer, a fine, 

a medium, and a coarse grid using a convergence criterion of 10-6. The independency of the grid 

is necessary to ensure the simulation results are due to the flow conditions in the domain and not 

to the grid itself. The less fine of the grids producing the same results is used for further simulations 

in order to minimize computational costs. In this study, the fine grid was used for numerical 

simulations. 
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2.3 Boundary Conditions 

In modeling the atmospheric surface layer of the built environment appropriate boundary 

conditions to ensure horizontal homogeneity must be met. Richards and Hoxey (1993) proposed 

vertical profiles for the mean wind speed, turbulent kinetic energy, and turbulence dissipation rate: 

 
𝑢(𝑧) =  

𝑢∗

𝜅
𝑙𝑛

𝑧 + 𝑧0

𝑧0
 

 

(23) 

 
𝑘(𝑧) =  

𝑢∗2

√𝐶𝜇

 

 

(24) 

 
휀(𝑧) =  

𝑢∗3

𝜅(𝑧 + 𝑧0)
 

 

(25) 

In the case of the 𝑆𝑆𝑇 𝑘 − 𝜔 model, the profile for turbulent dissipation rate was replaced by a 

profile for specific dissipation rate calculated using the equation below (Saxena, 2016): 

 𝜔 =
휀

𝑘
 

 
(26) 

Blocken et al. (2007) further suggests that in addition to using the profiles in equations 23−25, 

inlet profiles can be obtained by performing a similar simulation in a long domain (x = 10000 m). 

The resulting outlet profiles when used in the initial domain will produce horizontal homogeneity. 

Therefore, the inlet boundary conditions for the two dimensional numerical simulations, were set 

using the resulting profiles from a long domain whose inlet profiles were calculated using 

equations 23−25. Conditions were set for the additional boundary conditions where the outlet 

boundary condition was specified as a pressure outlet and the sides and top boundary conditions 

were specified as symmetry. The symmetry boundary condition assumes zero-shear slip allowing 

the flow to remain parallel (zero normal velocity) (Ansys, ANSYS Fluent Theory, 2013). For the 

initial CFD simulations using the profiles above, values of 𝑧 0 = 2 𝑚 and 𝑢∗ = 0.7 found in the 
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literature were used to compute the inlet boundary condition profiles (Counihan, 1975), (Wieringa, 

1993). 

Note, in later numerical simulations of the wind tunnel models, mean velocity and turbulent kinetic 

energy profiles from the wind tunnel measurements are used in conjunction with the above 

turbulence profiles suggested by Richards and Hoxey (1993). Additionally, the computational 

domain and boundary conditions were specified to replicate the wind tunnel (Franke, Hellsten, 

Schlunzen, & Carissimo, 2007). 

2.4        Validation 

Computational Fluid Dynamics (CFD) continues to be a widely accepted wind assessment tool as 

advances in the software enable its use for solving complex fluid flow problems in the wind 

engineering industry. The importance of validating CFD has been continuously asserted. Sandia 

Laboratories (Oberkampf & Trucano, 2002) give a detailed report on approaching both verification 

and validation including the individual computational outcomes of a model. (Franke, et al., 2004) 

stress the necessity of validation, particularly with wind tunnel experiments because of the use of 

steady-state boundary conditions which are consistent with the common statistically-steady RANS 

models used. It is necessary to have accurate similarity between the measurement and simulation, 

as limitations such as the laboratory and required equipment can cause validation error (Jauregui 

& Silva, 2011). Validating the CFD model allows for simulations with similar and more 

complicated flow problems to be done with higher confidence. The validations of the turbulence 

models used are further discussed in Chapter 6. 

2.5        Summary 

In this chapter, aspects of turbulence modeling are presented, including an introduction to the 

available turbulence model, an approach for the computational domain and calculation methods 
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on choosing boundary conditions. The turbulence model is chosen based on the type of flow being 

investigated. Boundary conditions for the specified model are introduced and a discussion on 

obtaining an accurate domain for a converged solution is discussed. Grid sensitivity analyses must 

be carried out to ensure that the grid is fine enough to capture the flow details but not so fine that 

the number of cells result in a computationally expensive solution. A brief summary of grid and 

domain specifications as addressed in the literature is given. 
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Chapter 3 − Experimental Procedure and Measurements in the Wind Tunnel 

This chapter describes a boundary layer that was experimentally simulated in a wind tunnel. The 

measurements are of both the mean velocity and turbulence. The chapter also details how the wind 

tunnel was modified using flow tripping devices. These devices aid in a faster development and 

increased depth of the boundary layer.  

3.1 DeFrees Hydraulics Lab 

Experiments for atmospheric boundary layer simulation were conducted in the DeFrees Hydraulics 

Laboratory wind tunnel at Cornell University, which is pictured in Figure 23. The tunnel is 20.0 

m in length with a 1.00 m wide x 0.95 m tall test section classifying the wind tunnel as a long 

boundary layer wind tunnel (ASCE Aerospace Division Task Committee on Wind Tunnel Studies 

of Building and Structures, 1996). The tunnel is open circuit with both the inlet and exhaust open 

to the atmosphere. At the inlet, aluminum flow straighteners followed by a screen of aluminum 

honeycombs with diameter 1” were installed 1 m downstream of the straighteners, to minimize 

any swirling motion, which would cause lateral velocity components. Two screens of fine mesh, 

with grid sizes 3 mm and 1 mm respectively, were then installed behind the honeycombs, further 

decreasing the size of the turbulent eddies generated after the honeycombs and the magnitude of 

the freestream turbulence intensity. The addition of these devices at the inlet of the wind tunnel 

ensured that the lateral velocity distribution across the tunnel would be uniform (that is, the 

velocity profiles at the middle and two lateral locations were identical). The wind tunnel is powered 

by a 12 hp fan with a 60 Hz drive, allowing for the current study to have maximum wind speeds 

of 15.6 ms-1.  
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3.2 Wind Tunnel and Full Scale Similarity 

In order to accurately model a boundary layer in a wind tunnel with characteristics similar to the 

neutral Atmospheric Boundary Layer (ABL) in the environment, geometric and flow field 

similarities must be followed including geometric similarity and boundary-condition similarity 

(Cermak, 1970). For full similarity of the Reynolds number, the Reynolds number in the 

environment must match the Reynolds number in the wind tunnel facility. The Reynolds number 

in the full scale boundary layer, 𝑅𝑒𝛿 is scaled by the boundary layer thickness (equation 27), while 

the Reynolds number in the wind tunnel, 𝑅𝑒𝑙 is scaled by the distance downstream (equation 28) 

as illustrated in Figure 24. 

 𝑅𝑒𝛿 = 
𝜌𝑈𝛿

𝜇
 (27) 

 
𝑅𝑒𝑙 =  

𝜌𝑈𝑙

𝜇
 (28) 

This makes Reynolds number similarity difficult, as the boundary layer depth, 𝛿, is at least a factor 

of 100 more than the downstream distance 𝑙 in the wind tunnel. To achieve the same Reynolds 

number, the tunnel wind speed would have to be set at a factor of 100 times more to compensate 

for the downstream distance, which is unattainable in current wind tunnel facilities. It is impossible 

to have the same Reynolds number in the wind tunnel as that of the flow in the environment. 

However, the flow must be a fully developed turbulent flow and have similar statistical properties 

to that of the atmosphere. Therefore only partial similarity is necessary where the equality of the 

Reynolds number is replaced with a minimum critical number. Castro and Robins (1977) suggest 

a minimum critical Reynold’s number for an approaching turbulent boundary layer of 4000 based 

on the model’s height. In this dissertation, the corresponding Reynolds number, based on the 

experimental model’s height of 0.2 m, is 8.7 x 104. 
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Figure 23. Picture of DeFrees Hydraulics Laboratory wind tunnel at Cornell University 

 

 
Figure 24. Illustration of Reynolds number calculation for (a) Atmospheric Boundary Layer 

and (b) Wind Tunnel 

Researchers have practiced a number of methods in physically modeling the atmospheric boundary 

layer (ABL) for the purpose of accurately mimicking the flow dynamics of the environment. 

Scaling the entire depth of the ABL could result in model testing scales too small to represent the 

local flow accurately (Cermak & ASCE, 1984). It is common practice to only simulate the lower 

(a) 

(b) 

𝑼 
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10% of the atmospheric boundary layer. In the atmosphere, this layer is known as a neutral and 

constant flux layer and can be referred to as the surface layer or, in the case of the built 

environment, the urban boundary layer. Both ASCE and Cermak (1984) give detailed, acceptable 

similarity criteria. A part-depth simulation of the ABL gives better flow reproduction and 

resolution around small structures (Kozmar, 2010). ASCE (1996) states that the minimum 

requirements for representing a fully developed flow in full scale terrain are: velocity profiles of 

the mean wind speed and turbulence properties such as the longitudinal turbulence intensity 

profiles.  

The scaling criteria for ABL simulations in the wind tunnel is still a topic of continued research. 

A proper choice of scale factor must be chosen for adequate matching between the flow 

characteristics in the full scale and the wind tunnel scale. Geometric scales were chosen to preserve 

the local flow characteristics around the building with a minimum blockage ratio. ASCE 

recommends that geometric scales for modeling large structures be chosen between the range of 

1:300 and 1:600. For the ABL modeling and geometric scale, a unifying scale factor of 1:300 was 

chosen, which proved to be a reasonable compromise to achieve the growth of a wind tunnel 

boundary layer representing the lowest portion of the atmospheric boundary layer. This scale also 

ensured that the resulting experimental model would be fully submerged in the wind tunnel 

boundary layer while also minimizing the blockage by the experimental model. A comparison of 

the wind tunnel data measured using the chosen scale compared to full scale data available in the 

literature is presented later in this chapter.  
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3.3 Physical Modeling of a Wind Tunnel Boundary Layer 

Many devices that trip the flow and thicken the boundary layer as well as increase the turbulence 

levels, have been used to produce the urban boundary layer in simulation procedures. However the 

choice is dependent on the wind tunnel and the purpose of testing. A flow tripping apparatus is 

often used because most wind tunnels do not have a long enough fetch for a naturally developed 

boundary layer. To increase the depth of the boundary layer, spires, barriers, and vortex generators 

are used. Roughness elements are also used to generate turbulence close to the surface just as it is 

generated in the natural environment by the presence of obstacles and surface roughness. Irwin 

(1981) provides a guide on constructing spires based on the depth of boundary layer needed. In 

most cases a combination of mixing devices are used (De Bortoli, Natalini, Paluch, & Natalini, 

2002), (Counihan, 1973). For this study, a regular grid of wooden block roughness elements of 

height 50 mm followed by cylindrical elements of height 80 mm were used (Cook, 1973), (Cook, 

1978). Figure 25 shows the roughness elements placed on tunnel floor for boundary layer growth. 

Cube heights were chosen to ensure the approaching turbulence intensity profile was scaled to that 

of the intensity measured within an urban environment.  The cubes were placed 100 mm apart 

laterally and 90 mm apart longitudinally where these distances were measured between the inner 

faces of the cubes, allowing for wake interference to facilitate urban boundary layer growth 

(Gatshore & De Croos, 1977). The “avenues” of the grid array were aligned with the wind direction 

and the “streets” aligned orthogonally. The roughness elements were placed after the honeycomb 

and mesh screens and extended over a fetch of 11 m. Measurements and model placement were 

taken 15m downstream from the inlet. This distance gives a turbulent Reynolds number high 

enough (𝑅𝑒𝑙 = 6.36 x 106) to attain partial similarity between the real environment and the wind 
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tunnel simulation (Cermak & ASCE, 1984), (White, 2008). A schematic of the experimental setup 

is shown in Figure 26. 

 

Figure 25. Roughness elements placed on the surface of the tunnel floor in a regular grid. 

Pictures show 7 m fetch of cubes followed by 4 m fetch of cylindrical elements. 

 

 
Figure 26. Schematic of experimental setup used in the DeFrees Wind Tunnel. hm is the 

model height of 0.2m, and r1 and r2 are the roughness heights 0.05 and 0.08 respectively. 

 

3.4 Measurement Methods 

Velocity measurements were acquired using hot wire anemometry equipment from TSI, Precision 

Measurement Instruments located in Minnesota, U.S.A. Hot wire anemometers measure the 
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airflow velocity by sensing the changes in heat transfer from a very fine, electrically heated wire 

exposed to the air flow (Corrsin, 1947). The sensor is maintained at a constant temperature using 

a transducer (DISA 55M Bridge) (DISA). When there are changes in flow velocity, the bridge 

voltage adjusts to ensure that the temperature remains constant. Therefore, the bridge voltage can 

be related to the velocity of the flow using King’s Law (TSI P. M., 2015). A calibration of the hot-

wire anemometer with the transducer is necessary to minimize any measurement uncertainties and 

ensuring accuracy of the equipment. Full details of the anemometer calibrations can be found in 

the Appendix B. 

Longitudinal velocities were measured using a single cylindrical hot-film probe (TSI 1201-20) of 

diameter 50.8 μm and a length of 10.2 mm. This probe’s high spatial resolution and small response 

time make it suitable for turbulence measurements. The frequency response of the hot-wire probe 

used was measured as 92.3 kHz with a corresponding spatial resolution 3.5x10-5 m (Jorgensen, 

2002). The frequency response gives us the minimum time lag or interval for the probe to respond 

changes. A higher probe response time means that the probe is able to capture very fast 

fluctuations. Similarly, the small spatial resolution of the probe enables it to resolve the small 

scales (Jorgensen, 2002). The probe was positioned to ensure that the flow was parallel at all times 

as illustrated in Figure 27.  

To ensure 60 s was long enough to sample the data, the integral time scale was calculated. The 

integral correlation time (calculated from the auto-correlation function) was 0.06 s. Thus the 

sampling time of 60 s ensures we capture around 1,000 integral scales. 

Measurements were acquired using an automated positioner system. The mechanism was designed 

to allow for data collection along each axis of the positioner where the x-axis was aligned with the 

wind direction, the y-axis aligned across the wind, and the z-axis aligned upward towards the 
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ceiling of the wind tunnel (Figure 28). The automated system had an arm 1.2 m in length which 

allowed for minimal flow disturbance by the rest of the system, around the area with the hot film 

probe. The positioner was limited to the height of the tunnel and because of this, the orientation of 

the probe was switched between horizontal to vertical to allow for the full range of the tunnel 

height to be measured. The positioner was moved in 0.125 inch (0.32 cm) increments when in 

close range to the model but in 0.5 inch (1.25 cm) increments further away. For improved spatial 

resolution, the positioner’s controllers were programmed to move in units of inches. However, all 

results are presented using the metric system. Each time the positioner was set, the distance was 

physically measured to ensure that the probe was moved in the wanted position. The positioner 

was then adjusted and this process repeated for accuracy (this was also repeated before the start of 

each experimental run) before the probe was automatically moved. Based on the resolution 

(smallest division) of the measuring apparatus, the positional accuracy was accurate to 1/16”.  

 
Figure 27. Sketch of the TSI 1201 hot film probe series. Image from: (TSI P. M., 2015) 
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Figure 28. Automated positioner used for data collection. For centerline plane data, the 

positioner moved freely along the x and z axes. 

 

3.5 Wind Tunnel 

This section discusses the velocity and turbulence results obtained from the wind tunnel with and 

without roughness elements. A comparison is made between the empty tunnel in the absence of 

roughness elements and the modified tunnel. The differences between the changes in flow 

characteristics with the addition of roughness elements are highlighted. 

3.5.1 Wind tunnel experimental results − Velocity 

The flow characteristics of the wind tunnel with the absence of surface protuberances were first 

investigated. The automated positioner was placed downstream where measurements were taken 

at 15 m from the origin (Figure 26). The velocity profiles in the empty wind tunnel were taken in 

three lateral positions of the test section at the 15m location from the floor to the ceiling of the 

tunnel. Longitudinal velocities were averaged over 60-second intervals at a sampling rate of 1 kHz. 
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The sampling rate was chosen to ensure the turbulent characteristics were accurately resolved. The 

rate was chosen based on the calculation of the Kolmogorov microscales which describes the small 

scale motion of the flow (Tennekes & Lumley, 1972). Calculations for the small-scale time are 

given in Equations (29−30), where the results have been used to calculate the frequency (Equation 

31). 

 
Ƭ ≡ (

ν

𝜖
)

1
2
 

 

(29) 

 
𝜖~

𝑢′3

𝐿
 

 

(30) 

 
𝑓 =

1

Ƭ
 

 
(31) 

where Ƭ is the Kolmogorov microscale of time, ν  is the kinematic viscosity, 𝜖 is the turbulent 

dissipation rate per unit mass, 𝑢′ is the turbulent flow fluctuation,  𝐿 represents the width of the 

flow, 𝑓 is the estimated maximum frequency at which the data must be sampled. To calculate the 

maximum frequency response, a maximum 𝑢′ of 20 % of the observed freestream velocity was 

used. The width of the flow was estimated to be the largest physical scale of the problem, that 

being the largest dimension of the experimental, 𝐿 which measured 0.2 m. The frequency was 

determined to be ~ 800 Hz.  

The non-dimensionalized lateral velocity distributions are shown in Figure 29 where the mean 

flow is shown to be uniform across the tunnel. The empty tunnel produces a boundary layer 

thickness of 0.247 m, where the boundary layer thickness is defined as 𝑧 =   𝛿99, where 𝛿99 is the 

value of y at u = 0.99U∞ . U∞ was taken as the velocity of the air flow at the middle wind tunnel. 

This value correlates well with the analytical estimate from the boundary layer equations (Eqn 

32−33) (White, 2008). The displacement thickness, 𝛿∗, can be used as another measure of the 
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boundary layer. This quantity gives the upward displacement of the flow in the presence of a 

boundary in order to satisfy mass conservation between an inlet and outlet (White, 2008). It can 

be calculated using the exact solution (eqn 34). There is also a clear distinction between the 

boundary layer and the free-stream which has a near constant velocity through the middle of the 

tunnel. It is also noted that there is an additional boundary layer at the ceiling of the tunnel with a 

larger depth compared to the boundary layer formed on the floor of the tunnel and it is not certain 

why this is the case (Figure 29). There were no obstructions upstream of the wind tunnel when 

the velocity profiles were measured and the floor and ceiling of the tunnel were made of two 

different materials: painted steel and plywood respectively. 

𝑅𝑒𝑙 =
𝜌𝑈𝑙

𝜇
= 6.36 x 106 

 
(32) 

𝛿 =
0.16𝑙

𝑅𝑒𝑙

1
7

  = 0.256 𝑚 

 

(33) 

𝛿∗ = ∫ (1 −
𝑢(𝑧)

𝑈
) 𝑑𝑧 = 0.021 𝑚 

𝛿

0

 

 

(34) 
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Figure 29. Comparison of transverse velocity profiles at three locations across the empty 

wind tunnel to show spanwise homogeneity 

The effect of the addition of roughness elements is seen in Figure 30 which shows the contrast of 

the wind tunnel without roughness elements and the tunnel profile taken with added surface 

elements.  The addition of roughness elements contributed to a near enhanced wall momentum 

deficit that was absent in the empty tunnel. To account for this momentum deficit, the flow is 

displaced upward, increasing the boundary layer thickness to ~ 0.374 m. This value was measured 

with the same interpolation method used for the boundary layer thickness of the wind tunnel 

without roughness elements. The displacement thickness, 𝛿∗ is calculated using equation 34 

resulting in a value of 0.096 m. This shows how the streamlines of the flow are further displaced 

to satisfy mass conservation with the addition of roughness elements. With this thickness, the 
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atmospheric surface layer (lowest portion of the atmospheric boundary layer) was experimentally 

modeled, ensuring the experimental building models of height 0.2 m, were fully submerged in the 

wind tunnel boundary layer. 

 

 

Figure 30. Velocity Profile of the empty wind tunnel compared to the wind tunnel containing 

roughness elements, showing increased boundary layer depth 

 

3.5.2 Wind Tunnel without roughness elements – Turbulence 

The vertical profiles of the turbulence intensities for the wind tunnel without roughness elements 

and the tunnel containing roughness elements are shown in Figure 31. The freestream turbulence 

in both experimental setups was measured to be 1%. This resulted from decaying grid turbulence 

produced from the presence of the honeycombs and screens. The simulated wind tunnel boundary 
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layer produced near tunnel floor turbulence intensity magnitudes of 27%. These values fell in the 

range of the expected intensities of 20%-35% in the full scale urban boundary layer highlighted in 

Chapter 2. The near-bed turbulence intensities were found to be 27%.   

A comparison study of the literature done by Farell and Iyengar (1999) present further turbulence 

intensity profiles, shown in Figure 32a. The experimentally measured profile is compared to other 

full scale and experimental data in the literature (Figure 32b) using the full scale of the wind 

tunnel boundary layer (measured height is multiplied by the scale factor, 300). These profiles 

confirm that the physically modeled boundary layer in this study simulated the turbulence 

intensities as seen in urban conditions.   



 
 

56 
 

 

Figure 31. Comparison of Turbulence Intensity Profiles between the empty wind tunnel and 

the wind tunnel with the presence of roughness elements 
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Figure 32. (a) Simulated turbulence intensity obtained from the literature as presented by 

Farell and Iyengar (b) Comparison of simulated turbulence intensity profiles from the 

literature compared to experimental data with 1:300 model scale. Image from (Farell & 

Iyengar, 1999) 
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3.5.3 Power Spectra of wind tunnel without roughness elements 

Spectral analysis is used to understand the energy distribution and amount of energy contained in 

the turbulent flow. Spectral analysis was performed on the velocity fluctuations at three heights in 

the empty wind tunnel. The measurements were taken at a sampling frequency of 1 kHz for a 

duration of 60 seconds. The spectra are presented in Figure 33. A spectra of 60 record lengths 

were ensemble averaged to get the final spectra at each of the elevations. This was performed to 

smooth the spectra and eliminate the white noise that may have contributed during data collection 

at these points. 

 
Figure 33. Turbulence Spectra plots ensemble average of 60 – 1 s record lengths where Guu 

is the one-sided spectrum of all positive frequencies 

  

The spectra results show that as the height increases, the energy associated with the flow’s 

turbulent motion in the boundary layer decreases. There is an intermediate range, showing the 

inertial subrange of the spectrum that connects the region of turbulence production to the region 

of turbulence dissipation. Although the data shows that there is a large inertial subrange, the 
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turbulence dissipation range cannot be seen, an indication that the spectra was not resolved at high 

enough frequencies. The spectra representations above follow Kolmogorov’s -5/3 power law 

showing the presence of an overlap region, the region between the inner and outer parts of the 

boundary layer, where viscous effects of the wall are negligible (Osterlund, Johansson, Nagib, & 

Hites, 2000). 

3.5.4 Effects of roughness elements on velocity distribution 

For accurate representation of the urban terrain, roughness elements were placed along a 15 m 

fetch of the tunnel and three downstream profiles acquired. Figure 34 shows the velocity 

distributions measured at three downstream locations: 6 m, 11 m, and 15 m as the roughness 

elements were added to increase the boundary layer depth. The boundary layer thickness at the 

ceiling is not as large as the floor thickness; this is due to the absence on roughness at the ceiling. 
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Figure 34. Comparison of velocity profiles measured at three downstream locations from the 

inlet in the wind tunnel (roughness elements present) showing boundary layer growth with 

downstream distance 

3.5.5 Characteristics of Mean Velocity Profile 

 

As discussed in Chapter 1, the mean velocity profile can be represented by either the logarithmic 

profile or power law equation. To assess if the presence of roughness elements produced an 

accurate representation of the urban boundary layer characteristics, the velocity profiles were 

compared to the logarithmic profile equation for neutral conditions (equation 35) (Cook, 1973). 

Using Cook’s form of the equation, a log-fit of the measurements in the logarithmic region was 

used to tabulate the values of roughness length, 𝑧0, and friction velocity, 𝑢∗. 
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 𝑈

𝑈𝑟𝑒𝑓
= 2.5

𝑢∗

𝑈𝑟𝑒𝑓
ln

𝑧 − 𝑑

𝑧0
 

 

(35) 

where 𝑈𝑟𝑒𝑓 is the mean velocity at the boundary layer height. 

 

 

Figure 35. Graph showing the presence of a neutral boundary layer with a logarithmic and 

power law fit of (a) the wind tunnel without roughness elements and (b) the wind tunnel with 

roughness elements measured at 15m downstream from tunnel entrance 

Figure 35 shows the comparison between the logarithmic and power law fit to the measurements 

with the corresponding correlation coefficients for the wind tunnel without roughness elements 

(a) 

(b) 
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and the wind tunnel with roughness elements. Both graphs shows the presence of a wind tunnel 

boundary layer formed which can be described using logarithmic profile as shown by the 

logarithmic fits. The values of 𝑢∗, 𝑧0, 𝑑 and 𝛼 are presented in Table 2. All calculations and 

methods used to determine the value of these parameters are discussed in Appendix C.  

Table 2. Summary of velocity characteristics measured in the wind tunnel 

Parameter Without Roughness Elements With Roughness Elements 

u*, ms-1 0.40 1.01 

z0, cm 0.02 2.40 

α 0.16 0.51 

The value of the roughness length, 𝑧0 corresponds to 7.2m based on the 1:300 scale used, which 

is a bit larger than some of the values found in the literature (Counihan, 1975) (Table 1). However, 

the value of  𝑧0, is very sensitive to the value of 𝑑 as well as the presence of obstacles (Cook, 

1973). Variations in terrain type change the displacement height as the flow adjusts to the obstacles 

present. The changes in terrain also affects the aerodynamic roughness length caused by the surface 

roughness. In this study, the value of 𝑧0 is acceptable, as the flow of interest is in typical city areas 

which in recent years have become denser with the addition of structures. Similar to the roughness 

length, the power law exponent, 𝛼 is slightly higher than the suggested values found for the urban 

areas. When compared to power law exponent of the wind tunnel without roughness elements, 

where 𝛼 is 0.16, the addition of roughness elements produced a better representation of the built 

environment. The absence of the roughness elements gave a better representation of a smooth 

surface or rural area (Counihan, 1975), (Wieringa, 1993). 
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3.6 Summary 

In physically modeling the flow in the built environment, it is important that the flow 

characteristics are similar in both the environment and the wind tunnel. This chapter discusses the 

methods and procedures followed to model a boundary layer possessing urban boundary layer flow 

characteristics in a wind tunnel. Objects to allow for accelerated boundary layer growth in the wind 

tunnel may be chosen based on the type of flow being investigated. In the case of this study, urban 

characteristics such as high turbulence intensity are needed; the use of roughness elements along 

the tunnel floor help achieve this. Results on the mean velocity and turbulence intensity profiles 

presented in this chapter show that a boundary layer similar to what is present in urban areas is 

produced. 
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Chapter 4 − Effects of Modified Building Geometry 

Architectural effects of buildings have been studied for the purposes of pedestrian comfort, 

pollution dispersion, and wind loading effects. Results have shown that changes to the basic 

rectangular building shape have drastic impact on wind conditions around the structure (Jamieson, 

Carpenter, & Cenek, 1992). Additionally, high rise buildings tend to displace the flow approaching 

the building’s rooftop, leading to concentrating effects around the structure (Murakami, Uehara, 

& Komine, 1979). Most recently, studies on potential wind energy yield have focused on roof 

changes for wind turbine placement (Balduzzi, Bianchini, Carnevale, Ferrari, & Magnani, 2012), 

(Abohela, Hamza, & Dudek, 2013). As the flow approaches a building, it is separated from the 

sharp edge of the roof causing a sudden change in wind direction and causing the wind speed of 

the displaced flow to have a 20% increase over the local undisturbed flow above the separation 

region (Figure 36) (Mertens S. , 2003). Mertens (2006) studied concentrator effects, such as the 

previously highlighted effects, of existing buildings on the local flow for wind turbine siting. While 

above the separation zone leads to a viable location for energy harvesting, placement of a wind 

turbine hub above the separation region means placing a tower in an area with high turbulence 

intensity where the flow is unsteady and recirculating as shown in Figure 36. This can cause a 

decrease in power efficiency as well as shorten the lifetime of the device. This chapter explores 

ways in which the building’s structure can be changed, maximizing the available wind energy as 

well as minimizing the turbulence intensity directly above the roof. 
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Figure 36. Velocity vectors showing flow separation at leading edge of the roof. Vectors 

show low velocity and flow recirculation in separation region. (Image from: 

urbanwind.net) 
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4.1 Modified Façade 

 

 

 

 

 

Figure 37. Rectangular, sloped, and elliptical façade building models used (a, b, and c 

respectively). A,B,C are leading edge, roof middle and trailing end locations respectively and 

hp is the height range where measurements were taken. Here, hp is the height of a small wind 

turbine taken as H/12 

 

A rectangular structure’s façade was modified with a simple sloped façade (Figure 37b). Note that 

because this study focuses on wind energy potential yield in the urban environment, the models 

used for the initial CFD tests were high-rise buildings with a height H of 60 m. This height was 

chosen because of the typical high-rise building range of structures in city-areas, being taller than 

the average building height which is less than 35 m (Emporis, 2015). Four arbitrary angles were 

chosen for the slopes: 20o, 30o, 45o, 60o, and a preliminary numerical analysis performed to 

determine which angle would give the highest increase in velocity when compared with the 

rectangular model. The analysis was done using the numerical modeling techniques presented in 

Chapter 2 where the inlet profiles and boundary conditions of Richards and Hoxey (1993) were 

used to initialize the numerical simulation. 

To determine which sloped angle performed the best, the velocity profiles at the leading edge 

(where the sloped façade meets the roof) of each of the simulated models were evaluated (Figure 

38a). The leading edge was chosen because of the noticeable change in the velocity profile with 

changing façade angle. From the profiles, the 30o sloped façade gave the highest velocity among 

the four angles simulated and was used for further wind tunnel experiments and comparison to the 

rectangular building. It is important to note that a relatively small difference in average wind speed 
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produces a large difference in power density (Figure 38b)(eqn 2). This is further shown in Figure 

39, where the contours of the numerical simulations show an increased velocity spot at the leading 

edge of the sloped façade building structures. The increase in separation region above the roof 

with increasing angle can also be seen in the contours with the 20o and 30o sloped façade building 

models exhibiting minimum separation compared to the higher angles.  

The contours also show an increase in velocity downwind of the structure above the wake region. 

This increase in velocity has higher intensity with increasing angles (45o, 60o, 90o-rectangular), 

indicating that the separated flow is further accelerated above the separation region. The larger the 

separation angle, the higher the speed of the displaced flow. The location of interest in this 

dissertation (directly above the roof) is not affected by this accelerated flow region because of its 

downstream location. Closer to the domain floor, the contours show a portion of higher velocity 

(Figure 39(iv)) compared to the rest of the wake which was attributed to the need for a further for 

mesh refinement in that area. As previously mentioned, the downstream flow behavior are not of 

interest in this study (especially for the initial numerical simulations), only the areas closest to the 

roof (leading edge) are of priority.  

Variation of velocity magnitude and power density were evaluated for hp, the height of the turbine, 

where hp = 
1

12
𝐻 . Though the choice of hp was arbitrary, it was consistent with the tower height of 

mini/small scale vertical axis wind turbines (www.turby.nl, 2015).  

From the results, an increase in velocity at the leading edge is seen with decreasing angle. There 

is also a decrease in flow separation angle resulting in a decrease in the depth of the separation 

region. Using the experimental model of the 30o sloped façade, an elliptical façade model (Figure 
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37c) was designed for comparison to both the sloped façade model and rectangular building model. 

Details of the models’ construction is discussed in the next section. 

  

  

Figure 38. Numerical simulation results of flow field showing the (a) velocity profiles and (b) 

power density profiles at leading edge of sloped building model with varying angles 

compared to the rectangular model 

 

0 2 4 6 8 10 12
1

1.01

1.02

1.03

1.04

1.05

1.06

1.07

1.08

Velocity,ms-1

z
/H

 

 

20
o

30
o

45
o

60
o

rectangular

freestream

0 500 1000 1500
1

1.01

1.02

1.03

1.04

1.05

1.06

1.07

1.08

Wind Power Density,W/m2

z
/H

 

 
20

o

30
o

45
o

60
o

rectangular

freestream

(a) 

(b) 



 
 

69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39. Numerical simulations of velocity contours of four varying sloped building facades 

(ii) 20o, (iii) 30o, (iv) 45o, and (v) 60o compared to rectangular model (i). Contours show 

decease in separation region above the roof as angle decreases. 
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4.2 Experimental Setup of Models 

For this dissertation, a model scale of 1:300 was used. This resulted in a model height of 0.2m 

(well within the wind tunnel boundary layer). To ensure the sides and edges of the experimental 

model did not affect the 2D plane measurements at the centerline of the model, a span-wise width 

of 0.5 m was used, resulting in a blockage ratio of 10.5%. Pope and Harper (1966) suggest a tunnel 

cross-section to model swept-area of 1-10%, while ASCE (1996) recommends a similar blockage 

requirement of a maximum, 8%. The models were constructed with a larger width to allow for 

measuring 2D planes across the center planes for the models. The length of the model was 

calculated based on the height and 30o slope. Utilizing the height of the sloped façade model and 

the adjacent length, which resulted from the 30o angle, the elliptical model was designed with a 

curved façade. The models were placed 15 m downstream of the entrance on the centerline to allow 

for a fully developed boundary layer flow. The schematic of the experimental layout is shown in 

Figure 26. 

4.2.1 Data Acquisition 

The data was acquired using the automated positioner described in Chapter 3. Data acquisition 

techniques, similar to the methods used to capture the flow profiles in the empty tunnel were used 

to record data around the model. For two-dimensional comparisons, a plane with an array of points 

along the centerline of each model starting above the roof, was used for capturing data. The points 

were measured 0.5 inches (1.25 cm) apart as shown in Figure 40, with the first row of points taken 

0.125 inches (0.32 cm) above the model as a safety precaution to protect the probe from colliding 

with the building model. As stated in Chapter 3, for improved spatial resolution, the positioner’s 

controllers were programmed to move in units of inches. However, all results are presented using 

the metric system. For the measured data collected at the leading edge, middle location and trailing 
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edge of the models, an uncertainty analysis is performed and presented in Appendix D. An 

uncertainty analysis gives a value of the errors we may have in the observed measurements. 

 

 
Figure 40. Red sample points showing measurement array used in wind tunnel experiments 

around the models 

 

4.3 Experimental Results 

To calculate the velocity and turbulence intensity changes with the resulting power density, the 

average of the variable of interest was evaluated only for hp. For accurate average calculation, an 

integral is performed as shown below. In the case of this study, the data within the height of interest 

could be taken as linear but it is important to note that this is dependent on the data set and 

researchers must use the most appropriate method for non-linear data.  

 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒

𝑈

𝑈𝛿 
=

1

ℎ𝑝
∫

𝑈

𝑈𝛿 
𝑑ℎ

ℎ𝑝

0

 

 

(36) 

The value of hp was approximately taken as 2.5 cm for the experiments to allow for more sample 

points in the vertical that resulted in a more accurate average calculation. Using the experimental 

scale of 1:300, this value is 7.5 m. This value still falls well within the range of the tower height 

of a rooftop wind turbine (Swift, 2015), (www.turby.nl, 2015). The average velocity was 



 
 

72 
 

calculated using a quadratic curve fit of the data from the experimental model roof to height, hp. 

The details of the calculation are presented in Appendix E. The main velocity and turbulence 

comparison results are summarized in Table 3 (Chapter 8). 

4.3.1 Velocity 

The presence of the sloped façade and elliptical façade caused the flow to remain attached, 

compared to the rectangular model where the flow was separated, increasing both the acceleration 

and flow density across the entire roof. The façade allowed the flow to remain attached leading to 

an increased region of enhanced velocity, resulting in increased power density. Figure 41 shows 

the velocity profiles at each of the three locations (leading edge, roof middle, trailing end). The 

three locations allow for a range of siting locations. At the leading edge, the results show that 

below z/hm = 1.2, where hm is the height of the experimental model, the sloped façade model had 

the highest increase (Figure 41a) with the rectangular model performing better than the elliptical 

façade model at this roof location. This increase in velocity at the leading edge of the sloped façade 

building model resulted in a 20.1% increase in power density. At the middle and leading edge 

locations the substantial velocity increase resulted in a power density increase of 597% and 297% 

respectively for the sloped façade building model for the height, hp.  Close to the rooftop of the 

rectangular model, flow separation causes a low velocity region behind the leading edge. The flow 

separation is represented by the depth of separation region. This occurrence is qualitatively seen 

in the velocity contours shown in Figure 43. The contours show the clear enhancement of the flow 

velocity at the leading edge of the rectangular model and sloped façade model. A decrease in the 

low velocity region of the separation zone is also evident. The depth of the separation region 

decreases across the models, with the elliptical façade model having the smallest separation region. 

This is reflected in the power density increases at the middle and trailing edge locations which 
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were calculated as 584% and 323% respectively for the elliptical façade building model for the 

height, hp. The results of the rectangular building model are consistent to similar research findings 

for flow over a forward-facing step which show the presence on an upstream recirculation zone 

before the structure (closer to the ground) with flow reattachment occurring on the vertical face 

(Figure 42). This is seen in the experimental results presented for the rose façade building model 

(Chapter 5). There is also a recirculation zone present above the rooftop that forms when the flow 

separates from the leading edge corner. At the leading edge, the velocity profile has positive 

streamwise mean velocities (as shown in Figure 41 and Figure 42) compared to the velocity 

profiles beyond the leading corner which show the presence of flow recirculation (Figure 42). 

Like the experiments performed, the leading edge position of the rectangular structures are the 

only location with the highest velocities closest to the roof. It should be noted that in the 

experiments performed in this dissertation, only velocity magnitudes were measured.  
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Figure 41. (See caption on next page) 
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Figure 41 (Continued) 

 
Figure 41. Velocity profiles measured above the rooftop all models (a) measurements at 

leading edge showing that below z/hm = 1.2 the sloped model causes the highest velocity 

increase (b) measurements at the middle location showing that below z/hm = 1.2, the 

rectangular model has the highest decrease in freestream velocity (c) measurements at the 

trailing end showing that below z/hm = 1.3 the sloped and elliptical models cause more than 

a 100% increase in the velocity of the flow. 
 

 
Figure 42. Flow over a forward facing step showing the presence of a recirculation zone 

upstream of the structure and above the roof of the structure. At the separation point, the 

leading edge, the mean velocity is highest closest to the roof compared to other locations. 

Experimental results display similar behavior. Image from: Hattori and Nagano (2010) 
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Figure 43. Experimental results of the velocity contours along the center line of (a) 

rectangular model, (b) sloped model, and (c) elliptical model, where Uδ is the velocity at 99% 

of the freestream velocity. 
 

4.3.2 Turbulence 

Turbulence intensity in urban areas tends to be higher due to the presence of obstacles. High 

turbulence intensities impact wind energy by decreasing the efficiency and ultimately the lifespan 

of wind turbine devices as the devices now have to withstand additional fatigue loading (Carpman, 

2011), (Lundquist & Clifton, 2015). It was expected that around the model, the turbulence intensity 

would be higher than the freestream turbulence. Above the roofs of the sloped and elliptical façade 

models, the measured turbulence intensities (Figure 44) show there were significant decreases in 

the measured turbulence intensity compared to the rectangular model. This decrease is seen at 

every location. For the sloped façade building model, the turbulence intensity at the leading edge 

had similar measurements to the rectangular building model, compared to the middle and trailing 

end locations where the turbulence intensities were decreased by 59.7% and 57.3% respectively. 

The presence of the elliptical façade further decreased the turbulence intensity at the middle and 

trailing end locations by 69.8% and 64.9%. With structure modification, a building can positively 

affect the turbulence intensity by minimizing unsteady flow above the building resulting in 

decreased turbulence compared to common building structures. The resulting contours in Figure 
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45, show the dependence of the turbulence intensity on the building’s façade. The contours 

highlight a distinct decrease in not only the intensity magnitude but also because of the decrease 

in the separation region, the turbulence intensity region has a smaller depth compared to the 

rectangular building. The elliptical façade building model, while producing the lowest turbulence 

intensity at the middle and trailing edge locations, did not have an enhanced velocity compared to 

the sloped façade building model and rectangular building model at the leading edge. It is 

suggested that this is caused by the choice of façade curvature and that a steeper curvature would 

lead to more acceleration towards the roof’s leading edge of the model. The curvature of the 

elliptical façade is further investigated in Chapter 5 for optimization purposes. 

As mentioned in Chapter 1, a wind turbine should be mounted in the center of the roof, at least 

0.25H above the roof level where the bottom of the rotor is clear from the separation region (Bussel 

& Mertens, 2005). The measurements over the experimental rectangular model suggest that the 

highest turbulence intensities are present in a region of 0.22H. This means that a wind turbine 

should be mounted at a minimum height of 0.22H. This is consistent with the findings of Bussel 

& Mertens (2005).  Though the aforementioned is the common practice in small-scale sitings, 

varying the geometry of the building suggests that a turbine may now be mounted at lower heights 

in the region previously occupied by the separation region for the rectangular model. The results 

also show that the center of the roof at higher elevations is not the only location where energy can 

be extracted as both the middle location and trailing end have increased power densities with 

decreased turbulence intensities compared to the same locations on the rectangular model (Figures 

41−45). 
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Figure 44. (See caption on next page) 
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Figure 44. (Continued) 

 

Figure 44. Turbulence intensity profiles above the rooftops for all models (a) leading edge 

showing that all models have turbulence intensities on the same order of magnitude (b) 

middle location showing that below z/hm = 1.3 the rectangular model has the highest 

turbulence intensity, more than twice of the other two models (c) trailing end showing that 

below z/hm = 1.4 the rectangular model has the highest turbulence intensity indicating that 

there is presence of unsteady flow in the separation region. 

 

 
Figure 45. Experimental results of the turbulence intensity contours along the center line of 

(a) rectangular model, (b) sloped model, and (c) elliptical model.  
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4.4 Power Density Yield Comparison of Sloped Building Façade to Sloped Roof 

The structural changes in the facades presented show a pronounced impact on flow characteristics 

above the roof of the structure; but considerations for the practicality of these structures must be 

examined. In order to study this further, a sloped roof model was considered (Figure 46b) and 

compared to the sloped façade building model (Figure 46a). Larger aspect ratios, B/H, where B 

is the breadth of the building and H is the height, as with the sloped façade building model (Figure 

46a), may lead to increased design costs compared to a building retrofit where a sloped 

configuration is placed as the roof of the building (Figure 46b). While this study does not include 

a cost evaluation for design costs, an investigation is done to compare the potential energy yield 

between the sloped building façade model and a more compact model with a sloped roof. The 

changes in power density as the height of the sloped roof building is varied within the boundary 

layer is also explored. 

 

 

 

 

 

Figure 46. (a) Sloped façade building model and (b) a sloped roof model used for a 

preliminary aspect ratio comparison at roof edge. 

 

4.4.1  Comparison at leading edge 

A two dimensional CFD simulation was used to assess the velocity profile and resulting power 

density at the leading edge of each of the models. The boundary conditions used for this simulation 

were identical to the conditions used in the initial CFD simulation to allow for an accurate 

comparison. Velocity and turbulence intensity profiles calculated using the equations of Richards 
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and Hoxey (1993) (Chapter 2), were used to initialize the boundary conditions at the inlet. The 

results presented in Figure 47 show that there is a significant gain in power density with the sloped 

façade building model compared to the sloped roof building model. In the sloped roof model, a 

portion of some of the flow is separated and recirculated ahead of the building compared to the 

sloped façade building model where the flow stays attached and the flow is now directed from the 

lowest point at the ground to the roof. While the power density values become comparable with 

increasing height, at a midway height of 0.5hp, there is still a 50% increase in the power density. 

 
Figure 47. Numerical velocity profiles at leading edge of sloped building model (Fig.46a) and 

sloped roof model (Fig 46b) 

 

Turbulence Kinetic Energy (TKE) results at the leading edge, middle location and trailing edge 

are presented in Figure 48. The turbulent kinetic energy is the kinetic energy per unit mass of the 

turbulent fluctuations and is another method used for measuring the intensity of turbulence (Stull, 

2000). The results show that the main area above the roof of turbulence production in the sloped 

roof building is created closest to the rooftop within the separation region. The sloped façade 

building model shows decreased turbulence at each of the locations. Within hp, the maximum TKE 
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above the sloped façade building model is ~ 50% less than the maximum TKE above the sloped 

roof building model. This indicates that the sloped roof building not only decreases the amount of 

flow that remains attached towards the rooftop (as shown by the velocity results presented above), 

but there is higher turbulence indicating a region of unsteady flow above the roof.   
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Figure 48. (See caption on next page) 
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Figure 48. (Continued) 

 
Figure 48. Turbulence kinetic energy (TKE) profiles at (a) leading edge, (b) roof middle, (c) 

trailing end showing comparisons between the sloped façade building model and the sloped 

roof building model 
 

4.4.2 Sloped roof model: Height dependence study 

An aspect ratio analysis with the sloped roof model (Figure 46b), fixed at 30o, was also performed. 

The only variable changed was H, where H was taken as 6hp, 9hp, and the current height of 12hp, 

and hp is 
1

12
𝐻. The height, H is the arbitrary height of 60 m chosen to represent a high-rise building 

(Chapter 4.1). The power density at the leading edge of each model was evaluated and a 

comparison made to the sloped façade building model in Figure 46a. The results are presented in 

Figure 49. The results show the importance of elevation within the boundary layer. Similar to 

having tall wind turbine towers for the purpose of capturing the maximum speed, the height of the 

building, not just the design, is also important. This is especially useful in urban areas where there 

are many lower buildings obstructing the flow. As the height of the building increased, that is, as 

the ratio of 𝑧/𝑧0 gets larger, the flow amplification and power density also increased, showing the 

sensitivity of the flow behavior to the building height. Buildings at higher elevations are less 

hindered by the friction the flow experiences from the surrounding obstacles, concluding that the 
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energy yield around tall buildings is dependent on important factors including: the location within 

the boundary layer, the wind magnitude, and in the case of the modified structures in this 

dissertation, the angle façade chosen. 

 
Figure 49. Numerical velocity profiles at leading edge of the 30o sloped roof model (Fig. 25b) 

at heights 6hp ( ), 9hp ( ), and 12hp ( ), compared to velocity profile of the sloped 

façade building model (Fig. 25a) (blue dotted line, also at 12hp) 
 

4.5 Summary 

In this chapter modified façades for building structures are investigated experimentally and 

compared to a rectangular building model. The two modified structures, a sloped façade building 

model and an elliptical façade building model are designed to allow the flow to remain attached 

towards the rooftop. This allowed for the mean velocity to be increased closer to the rooftop. The 

separation region of the flow above the roof is also decreased, minimizing the turbulence 

intensity. An uncertainty analysis of this experimental data, taken at three locations across the 

rooftop, is presented in Appendix D.  

A review of the dependence of the flow on the façade of the building is also numerically done, as 

the façade is compared with a sloped roof. It is shown that the presence of the façade helps the 
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flow stay attached from the ground to the leading edge of the roof. A sloped roof, while allowing 

for some acceleration, is not as effective as the chosen façade. These results show that small 

wind turbines can be placed on the rooftop of tall modified structures, taking advantage of both 

their height (as proven later in the chapter) in the boundary layer and the attached flow which 

accelerates the wind closer to the roof.   
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Chapter 5 − Rose Façade Building Model 

If the potential energy yield is to be increased in the urban environment, buildings must be 

designed to take advantage of the changing wind speeds by increasing existing wind magnitude 

present around buildings. In urban areas where the population continues to rise and the need for 

accommodation strains the horizontal scale of the built environment, the only alternative is to build 

upwards (Ali & Al-Kodmany, 2012). While the sloped façade and the elliptical façade buildings 

were able to increase the wind velocity across the entire roof region as well as decrease the 

turbulence intensity by minimizing the separation at the roof leading edge, the horizontal aspect 

ratio of both these models were also very large (L/H = 2.5 ). As a full size high-rise building, this 

aspect ratio would cause the façade to be very long. This is not conducive to an urban area where 

minimizing land use and maximizing infrastructure are of importance. A cost analysis of the price 

to construct the investigated structures is done in a later section of this chapter. The payback of 

energy generation by the turbine compared to the infrastructure cost of a wide structure would 

have to be justified. This chapter discusses the parameter correlations performed using 

Computational Fluid Dynamics (CFD) in order to find improved building structures needed in the 

built environment for rooftop energy harvesting. From the parameter correlation, an improved 

design was chosen and experiments carried out. 

5.1 Elliptical Façade − 2D Parameter Correlation 

To determine a structural design that would both increase velocity and also minimize turbulence 

intensity, a 2D parameter correlation of the elliptical façade was performed. The 2D parameter 

correlation gives an estimate of how the velocity and turbulence above the roof would change 

depending on certain parameters of the structure. The elliptical façade was chosen because of the 

advantage of the curvature in further accelerating the velocity compared to a rectangular building 
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structure while reducing the separation as proven by the experimental results in Chapter 4 (Figures 

41-45).  

Using CFD, a parameter correlation, using angle ranges of 10o–85o, was performed with the 

varying parameter being the angle that connects the front bottom of the façade to the leading edge 

of the roof. This was used to change the adjacent length of the ellipse and as a result the façade’s 

curvature (Figure 50). 

 

 

 

 

 

 

Figure 50. Elliptical façade building used for parameter correlation. Results compared at 

point hp 

 

To evaluate which elliptical façade performed the best, the maximum velocity and maximum 

turbulence intensity were analyzed at the height, hp. The results are shown in Figure 51 for the 

leading edge, middle location and trailing end. There is a greater velocity increase at the leading 

edge as the angle increases, which suggests that the steepness of the façade concentrates the wind 

towards the roof. The turbulence intensity also increases with steepness or increasing angle 

(Figure 52). The velocity at both the middle location and trailing end show a constant velocity 

until 60o,where a decline begins. This indicates that a separation region is more pronounced at 

higher angles, creating low velocity regions above the roof. Between 50o-80o there is a larger 

gradient in the velocity results at the leading edge. These limits of the larger gradient portion in 

the velocity results are also present in the graph of turbulence intensity. A review of the flow 
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behavior in varying urban cities suggests that the urban turbulence intensities should be between 

the range of 20%-35% (Counihan, 1975). Therefore, as a compromise to maximize the velocity 

while minimizing turbulence, a value on the lower end of the angle limits, that angle being 60o, 

was chosen. This angle was used to design a three-dimensional “rose” façade building model, with 

a resulting aspect ratio L/H of 1.25, where the value of L in this case is approximately half the 

value of the elliptical façade building model.  

 
Figure 51. Parameter correlation results showing maximum velocity at height, hp at the 

leading edge, middle and trailing end locations of the rooftop. Leading edge shows 

continuous increase with angle. Middle and trailing end show decline in velocity beginning 

at 50o, as flow can no longer stay attached due to the steep angle 
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Figure 52. Parameter correlation results showing maximum turbulence intensity at height, 

hp at the leading edge, middle and trailing end locations of the rooftop. All locations show a 

continuous increase in turbulence intensity with angle. 

 

5.2 Rose Façade Building Model − 3D Parameter Correlation 

The rose façade building model was designed using the same height of 0.2 m as the elliptical façade 

building model with a spanwise width of 0.15 m. The dimensions of the length, L were determined 

from the 60o façade choice obtained from the two-dimensional elliptical façade parameter 

correlation. The model was also designed with a scooped funneling effect closer to the leading 

edge in order to direct the flow towards the roof (Figure 53).  
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Figure 53. Sketch of rose façade building structure derived from elliptical parameter 

correlation. This model was used for both experimental and numerical simulations.  

 

To investigate the effect of the scoop’s funneling effect, a three-dimensional parameter comparison 

was performed. The main parameter used was the radius, r of the scoop as shown in Figure 53. 

Figure 54 shows how the radius was modified to produce four different models with radii 

measuring between 0.075 m and 0.15 m. The minimum radius used was 0.075 m. The minimum 

radius was limited to this length as a consequence of the width of the model. Designing the scoop 

with a small radius resulted in sharp and pointed edges of the scoop (Figure 54a). This increases 

the difficulty in the numerical simulation due to meshing challenges in those areas. The radius was 

increased by 0.025 m increments resulting in model radii of 0.075 m, 0.10 m, 0.125 m, and           

0.15 m. 
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Figure 54. Illustration of the four different rose façade building models of changing radii (a) 

0.075 m, (b) 0.1 m , (c) 0.125 m, (d) 0.15 m used for parameter correlation 

 

5.2.1 3D Parameter Correlation − Velocity Results 

The CFD results highlight the effects of changing the façade’s radius in order to increase the flow 

velocity above the rooftop of the rose façade building model. The velocity streamlines of the four 

simulated models of the different radii are presented in Figure 55. As the radius of the scoop 

increases, there is a decrease in the velocity closer to the roof, particularly before the leading edge. 

The smaller radius allows for a siphoning effect near the leading edge, causing an increase in the 

flow’s velocity.  

As the flow approaches the building’s façade, the main flow features for the four models exhibit 

the same pattern of flow recirculation at the frint if the building, showing that there is no relation 

between the building scoop’s radius and flow behavior at the front of the building. However, the 

flow recirculation, which creates low velocity regions at the windward façade of the structure, 

changes significantly with façade angle. The steeper façade induces lower wind speeds before the 

structure. This is shown in Figure 56 where the contour results from a two-dimensional simulation 
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of three arbitrary angles (30o, 45o, 60o) are presented. The results suggest the amount of flow that 

stays attached to the façade, directed to the rooftop of the building, is affected by the angle of the 

façade. 

 

Figure 55. Velocity streamlines along the center plane, plane 1, for the changing radii (a) 

0.075 m, (b) 0.1 m, (c) 0.125 m, (d) 0.15 m 

 

Figure 56. Velocity contours of three different elliptical façade building models (a) 30o, (b) 

45o, (c) 60o showing the increase of flow recirculation in front of the model and above the 

roof, with higher façade angle 

To further assess the effectiveness of the scoop’s radius on the velocity above the rooftop of the 

rose façade building model, the velocity profiles at the leading edge, middle location and trailing 

end of the roof were obtained. Figure 57 shows that there was increase in velocity at the leading 

edge, with a radius of 0.075 m. This supports the velocity streamlines presented in Figure 55  
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where there was enhanced velocity at the leading edge region. The velocity at the leading edge for 

the other radii, 0.010 m, 0.125 m, and 0.15 m were consistent with each other. At the middle and 

trailing end locations, as the radius of the façade’s scoop increased, the velocity also followed this 

increasing trend (Figure 57b−c).  At the middle location, the increase in velocity is closest to the 

roof. Above the height 1.18hm the results are consistent across all radii. At the trailing edge, this 

trend in velocity continues to a higher elevation before it is constant across all four models. 
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Figure 57. (See caption on next page) 
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Figure 57. (Continued) 

 
Figure 57. Comparisons of normalized velocity profiles at the (a) leading edge, (b) middle 

location, and (c) trailing end 

The presence of the scoop on the rose façade building model resulted in the flow behavior not only 

above the roof, but also around the scoop to be affected. To investigate the effects of the scoop’s 

corners, a plane behind one of the two corners was examined (Figure 58). Figure 59 shows the 

velocity contours results across plane 2, which is located 0.05 m away from the center-plane or 

plane 1. It is noted that the windward façade is symmetric, therefore only plane 2 was necessary 

to interpret the flow behavior behind the scoop’s corners. The separation zone containing a low 

velocity region behind the scoop’s corner decreased as the radius of the scoop increased suggesting 

that the flow was better able to remain attached over the corners with wider radii. Away from the 

leading edge of the building, the flow reattached towards the trailing end of the roof and occurred 

more rapidly with larger radii. 
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Figure 58. Sketch showing location of plane 2 behind the scoop’s corners 

 

Figure 59. Comparison velocity contours taken at plane 2 for changing radii (a) 0.075 m, 

(b) 0.1 m, (c) 0.125 m, (d) 0.15 m 
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5.2.2 3D Parameter Correlation − Turbulent Kinetic Energy Results 

Above the roof it is necessary to minimize the turbulent characteristics of the flow to allow for a 

stable location with steady conditions, which is needed for rooftop wind turbine siting. From 

Figure 60 it can be observed that there is clear distinction between the vertical distribution of 

turbulent kinetic energy (TKE) for varying radii above the roof. At each of the three locations, the 

leading edge, middle location and trailing end, the model with a radius of 0.075 m had the smallest 

TKE compared to the other cases. This result was significant, especially at the middle and trailing 

end locations. At the leading edge the magnitude of TKE fell within the same range among all 

models despite the change in radius (Figure 60a). The turbulence at the middle and trailing end 

locations was affected by the geometry of the scoop as the TKE increased with the scoop’s radius 

(Figure 60b-c). As the scoop gets flatter, the flow is less concentrated close to the roof, resulting 

in lower velocity and unsteady zones which produce higher turbulence levels. High levels of 

turbulence make wind turbine siting difficult as the turbulence decreases the efficiency of the 

device. These results suggest that a scoop with a radius in the range of 0.075 m to 0.10 m can 

minimize the turbulence (Figure 60) while also enhancing the velocity (Figure 55). 
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Figure 60. (See caption on next page) 
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Figure 60. (Continued) 

 
Figure 60. Comparisons of normalized Turbulent Kinetic Energy profiles at the (a) leading 

edge, (b) middle location, and (c) trailing end 
 

5.3 Rose Façade Building Model − Experiments 

To determine the optimal building structure needed to increase the potential wind energy yield 

above rooftops, numerical simulations were used to perform parameter correlations. The 

parameters chosen were the façade’s angle (angle formed from the front of the façade at the ground 

to the leading edge of the roof) and the radius of the façade’s scoop. Based on these parameters, 

conclusions were drawn from the results and a geometry determined for experimental purposes. 

While the model with a scoop radius of 0.075 m at the highest velocity at the leading edge and the 

smallest TKE across the roof locations, the scoop of this model also resulted in the highest 

separation region behind the scoop’s, leading to unsteady flow, decreasing the feasibility of 

extracting useful energy at these locations. A scoop with a radius between the ranges 0.075 m to 

0.010 m can minimize turbulence (Figure 60) while also enhancing velocity (Figure 57) above 

the roof. To minimize the degree of turbulence behind the scoop’s corners, a radius of 0.10 m was 

used as the dimension to construct the experimental rose façade building model.  
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5.3.1 Rose Façade Building Model − Experimental Results 

 

Experiments were conducted using the same experimental arrangement as Chapter 3. 

Measurements were taken along the center plane of the model as in the previous data collection 

for the other experimental models. Unlike the sloped façade, elliptical façade, and rectangular 

building model, measurements were also taken at the front of the building. Figure 61 details the 

locations measured by the automated positioner.  

 

 
Figure 61. Plot of centerline plane showing locations of data points measured during 

experiments. Q1, Q2, and Q3 represent the orientations used by the automated positioner. 

Q1 and Q2 areas were measured in the horizontal orientation, and Q3 measured in the 

vertical orientation 

Additionally, four more planes (the locations are shown in Figure 62) were measured for 

qualitative purposes. Like the previous models, the velocity contours were analyzed for each plane. 

Planes 2 and 3 are expected to be identical to planes 5 and 4 respectively, as the rose façade 

building model has a symmetric shape. The symmetry is shown in later results of the measured 
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plane data. Please note that this flow symmetry is reliant on the approaching flow being 

perpendicular to the building and results will change depending on wind magnitude. 

 
Figure 62. Bird's Eye View of the experimental model showing the locations of the five 

planes measured 

 

Figure 63 illustrates the velocity and turbulence intensity contours plotted using the measured data 

in plane 1. The contours show a decrease in the depth of the separation region above the roof 

compared to those of the rectangular building model (Figure 45). This decrease in the size of the 

separation region allowed for higher wind speeds to be closer to the rooftop. The presence of the 

façade causes a smoother transition of the flow from the ground to the rooftop compared to the 

rectangular building model where the sudden change in geometry causes the flow to be separated 

at the leading edge, resulting in flow recirculation above the building’s structure. Similarly across 

1’’ 

2’’ 
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planes 2, 3, 4, and 5 (Figure 64), the contours of the velocities and turbulence intensities show a 

reduction in depth of the separation region above the roof. 

 

 
Figure 63. Contours of velocity (a) and turbulence intensities (b) measured at center-line of 

rose façade building. Contours show the effect of the scoop with an increase in velocity 

directly before the leading edge with flow reattachment occurring before the trailing end  
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The velocity and turbulence intensity profiles at the leading, middle location and trailing end 

examined at the center plane are presented in Figure 65 and 66, respectively. The leading edge of 

the rose façade building model experiences the highest velocity between the three locations; this 

is also highlighted in the Plane 1 contour. Though the flow velocity at the leading edge is higher 

than the other locations, the increased velocity can also be seen directly before the leading edge 

(as show in the contour in Figure 63). The concentrating effects of the scoop which give a 

funneling effect, cause the flow to accelerate at the “steepest” location before the leading edge. 

The turbulence intensity profiles show the middle location to have the highest intensity closest to 

the roof. At this location, the wind speeds closest to the roof were also less in magnitude than at 

the trailing end. It was observed from the contours in Figure 63−64 that the flow reattached before 

the trailing end, leading to the lesser values in measurements. At the middle location, the separation 

Figure 64. Contours of velocity and turbulence intensity of measured data at planes 2, 3, 4, and 5. Results 

show that planes 2 and 5 have larger separation regions than planes 3 and 4 because of the presence of the 

scooped edges on the façade  
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zone is most prominent, with the highest turbulence intensity levels and lowest wind speed values. 

At higher elevations, the turbulence intensity at the middle location decreases below the measured 

values at the same height for the trailing end. Although the middle location measurements closest 

to the roof of turbulence intensity are 15% higher than the trailing end, the average turbulence 

intensities from the rooftop to height hp, at the middle location and trailing end were 38.0% and 

31.5%. 

 
Figure 65. Velocity profiles measured above the rooftop of the rose façade building model 

showing higher velocity magnitude at the trailing end compared to middle location. 
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Figure 66. Turbulence Intensity profiles measured above the rooftop of the rose facade 

building model showing prominence of the separation region at the middle location 

containing highest turbulence levels. 

 

5.4 Rose façade building model comparison to previously tested models 

As different iterations of building structures were explored, comparisons were made to the basic 

rectangular building. The results of the rose façade building model with respect to the base case 

are discussed below. 

5.4.1    Comparison of rose façade building model to rectangular building model 

The velocity profiles measured at the three locations along the roof (from roof level to hp) were 

compared to the profiles obtained above the rectangular building model. Figure 67 represents the 

profiles at the leading edge, middle, and trailing end for the height, hp. At the leading edge, the 

sharp edge of the rectangular building model accelerates the flow more than the rose façade 

building model. However, at the middle and trailing end roof locations, the flow at the sharp edge 

of the rectangular model is separated creating low regions of velocity and flow recirculation. The 
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presence of the façade on the rose façade building model concentrates the flow to the rooftop and 

decreases the amount of flow separation above the roof. 
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Figure 67. (See caption on next page) 
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Figure 67. (Continued) 

 
Figure 67. Velocity profile plots at the (a) leading edge (b) middle location and (c) trailing 

end, from the roof of the building model to height hp, of rectangular building model and rose 

façade building model. Results show that rose façade building model increase the velocity 

directly above the roof at the middle location and trailing end. 

 

Although there is no velocity increase at the leading edge of the rose façade building model, the 

average velocity compared to the rectangular model at the middle and trailing end location 

increased by 55.5% and 23.0% respectively. This increase is even more substantial when the 

average power density differences are calculated. The average power density along the height, hp, 

increased to 276.1% at the middle position and 86.7% at the trailing end. 
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model was designed to accelerate the velocity while still keeping the model’s horizontal length at 

a minimum. In doing so, the velocities are not as enhanced as the models with sloped and elliptical 

façades. These façades are able to concentrate the flow from the ground to the roof as the flow 

remains attached to the buildings structure. Figure 68 continues to support these highlighted points 

with velocity profile comparisons at three locations for each model. The rose façade building 

model was not as effective as the sloped building façade model and the elliptical façade model, 

though it performed better than the rectangular building model (Figure 69).  
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Figure 68. (See caption on next page) 
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Figure 68. (Continued) 

 

 
Figure 68. Velocity profile results showing comparison between all experimental models at 

height hp for (a) the leading edge, (b) middle location, and (c) trailing end. 
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Figure 69. Velocity contour results of the (a) rectangular building model, (b) sloped façade 

building model, (c) elliptical façade building model, and (d) rose façade building model 

showing separation region growth and velocity range in the separation region across 

experimental models 

 

In Figure 70 the turbulence intensity profile results show the impact of the building’s façade on 

the turbulence intensity above the roof. Any choice of façade results in a significant decrease in 

turbulence intensity at the middle location and trailing end. At the trailing end, the modified 

façades have measured turbulence intensities within the recommended range for an urban area of 

20%-35% (Counihan, 1975). At the middle location both the sloped and elliptical façade building 

models are within the reported range with the rose façade building model falling within the range 

at higher elevations. Although the rose façade building model performs worse than the elliptical 

façade building model, it is more compact, requiring less space. The rectangular building model 

has consistently higher turbulence intensities outside the range compared to all other experimental 

models (Figures 70 & 71). 

A closer look at the velocity and turbulence intensity contours (Figures 69 & 71) above the rooftop 

show the progression of the separation region. The elliptical façade building model caused the 

least separation with the rectangular building model having a noticeably smaller separation region. 

The rose façade building model caused a separation region size that fell between the sloped façade 
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building model and the rectangular building model range demonstrating that the presence of the 

rose façade enhanced the flow velocity across the roof more than that of the rectangular model. 

Turbulence intensity contours also indicate that the intensity across the roof region for all modified 

models decreased, making the roof location a great choice for wind turbine siting. 
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Figure 70. (See caption on next page) 
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Figure 70. (Continued) 

 
Figure 70. Turbulence intensity profile results showing comparison between all experimental 

models at height hp for (a) the leading edge, (b) middle location, and (c) trailing end. 

 

 
Figure 71. Turbulence intensity contour results showing increasing intensity magnitude as 

the façade angle and steepness increases 
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model and the elliptical façade building model were equal in terms of their square footage. Using 

a building guide, the average cost of a commercial building was found to be $40 per square foot 

(SF) (Buildings guide, 2016). For an adequate price comparison, the calculations were done using 

full size buildings (model dimensions multiplied by the scale factor of 300). The rectangular 

building model, sloped façade building model and rose façade building model measured 21796.92 

SF, 72134.72 SF, and 38567.10 SF with average building costs of $871,876.80, $2,885,388.88, 

and $1,542,937.60 respectively. From these results, the sloped façade building model has the 

highest construction costs. By designing the building to both increase the energy yield potential 

above the rooftop while also minimizing the commercial space needed both the external electricity 

transmission costs and construction costs can be decreased. Similarly, the electricity consumption 

for these three building designs can be investigated. Results show that the sloped façade building 

model consumes more energy than the other two building models. The annual average costs a 

commercial office building spends on electricity is $1.34 per square foot (National Grid, 2016). 

This means that the rectangular building model, sloped façade building model and rose façade 

building model will have annual electricity costs of $29,207.87, $96,660.53, $51,679.91 

respectively. While the rose façade building model still consumes more electricity than the 

rectangular building model, considerations on the increased energy potential must be taken into 

consideration. An increase in the amount of energy that can be extracted will allow for a device to 

reach its peak capacity more often than its current occurence. 

A further evaluation at the payback period for a typical small scale turbine such as the Turby 

(Chapter 1) can be done. The payback period refers to the length of time of energy-cost savings it 

takes to recover a turbine’s initial cost (Iowa Energy Center, 2016).The payback period can be 

calculated using the expression: 
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Total Initial Cost/(Annual Energy Cost Savings – Annual Operating Costs) 

The total initial costs of the turbine investment includes the cost of the turbine with installation 

and system start-up. If we consider the 2.5kW rated Turby, the initial costs totals ~ $14,000 

(www.turby.nl, 2015). The annual electric cost savings refers to the retail value of electricity 

generated from the turbine and can be calculated by multiplying the retail costs of electricity by 

the number of kilowatt-hours that is expected annually by the turbine. It is assumed that the 

average electricity costs are 10 cents per kWh (National Grid, 2016). With the expected power 

output from Turby based on its nominal power of 2.5 kW daily for year and an efficiency of ~ 40 

%, the annual output is 8, 760 kWh per year (www.turby.nl, 2015), (Moloney, 2016). Therefore 

the annual energy-cost savings would be $876. The manufacturers of Turby state that the 

operational costs for the turbine is $0 (www.turby.nl, 2015). Based on the initial device costs and 

the annual energy savings, the payback period for the Turby device based on the previously 

stated information would be 16 years. 

5.6    Summary 

Simple modifications to a building’s façade is able to change the flow’s behavior by decreasing 

the separation region, resulting in increased flow velocity and minimized turbulence above the 

roof. For tall buildings, while this is advantageous especially above average building heights, this 

also means a drastic change in the horizontal length of the building. This chapter introduces an 

optimization method used to investigate the dependency of the flow’s behavior on varying building 

parameters. The resulting design, a rose façade building model, has a horizontal length that is ~ 

50% less than the sloped and elliptical façade building models. But this design for improved aspect 

ratio also compromises the available wind energy that can now be harvested above the roof. A 

steeper façade compared to the previous models, leads to increased separation. If the rose façade 
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building model is designed to take advantage of the wind’s magnitude, energy extraction can occur 

from different wind directions, making the rose façade ideal for flow direction changes. This point 

must be further tested. Though the rose façade building model has decreased flow velocity and 

increased turbulence intensity compared to the other modified façades, it still is able to improve 

the velocity turbulence flow characteristics above the roof compared to the rectangular model. This 

novel design is able to increase the potential energy yield while also decreasing its land use 

compared to the sloped and elliptical façades. 
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Chapter 6 − Validation using Computational Fluid Dynamics 

For validation of the turbulence model used, the experimental models were compared to the 

numerical simulations of the sloped façade elliptical façade and, rose façade, and rectangular 

building models. When validating with 3D experiments, it is recommended that a 3D CFD 

simulation be used for accurate results. However, 2D simulations have also been used to study 

“2D” wind tunnel problems where the 3D flow effects (for example flow over a long cylinder) are 

be ignored (Allan, Jones, & Lin, 2011), (Eca, Vaz, & Hoekstra, 2010). This is dependent on the 

flow problem. To accurately validate the turbulence model used, varying characteristics of the 

flow are used. In air flow problems around structures, the main parameters used for validation are 

velocity, turbulence kinetic energy and pressure coefficients (Abohela, Hamza, & Dudek, 2013), 

(Reiter, 2008).  

The computational domain height and width were designed with the same dimensions as the wind 

tunnel. The length upstream of the model was shortened because of the available developed flow 

profiles measured in the tunnel. The wind tunnel profiles were used as the inlet boundary 

conditions for velocity, turbulence kinetic energy, and turbulence dissipation rate. The top and 

sides of the domain were specified as walls just as in the tunnel and the outlet a pressure outlet. 

6.1 Validation of sloped façade building model 

Comparison results of the mean velocity profiles and contours for the sloped façade building model 

at the leading edge, middle location, and trailing end are presented in Figures 72-74.  The profiles 

of the numerical simulations are consistent with the experimental measurements at the three 

locations. In both the simulated and experimental velocity profiles, the accelerated zone at the 

leading edge is present. Results for the sloped façade building model validation show that there is 

good agreement with experimental data towards the freestream. The turbulence model used, 
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realizable 𝑘 − 휀, over-predicts the mean velocity closer to the roof. This overprediction of velocity 

is caused by the underestimation of the separation above the roof, where the assumption of the 

eddy viscosity concept is used to simplify the how the Reynolds stresses are solved in the 

numerical simulation of the flow.  

To assess the accuracy (bias error) and precision (random error) of the turbulence model used in 

relation to the experimental data, the total error of the combined errors is used as the errorbar to 

indicate the uncertainty of the experimental measurements. 
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Figure 72. (See caption on next page) 
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Figure 72. (Continued) 

  

  
Figure 72. Comparison of the numerical and experimental mean velocity profiles at the (a) 

leading edge, (b) roof middle, and (c) trailing end of the sloped façade model. Bars on 

experimental data represent total errors in experiments. 
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Figure 73. Comparison contours of simulated (a) and experimental (b) mean velocity around 

slope façade. Dashed box indicates area where experimental measurements were taken. 
 

 

In Figure 74 comparisons of the TKE energy profiles from the numerical and experimental results 

are presented. Although both the simulation and the experimental results display the same behavior 

of decreasing TKE with height, the TKE is underestimated in the numerical simulation. Ntinas et 

al. (2014) also observed a similar trend when comparing the experimental results over an arched 

roof to direct simulations. It was concluded that the mathematical model used also underestimated 

the TKE and turbulence intensity and a more detailed mesh should be selected to achieve more 

improved predictions.  

The underestimation of the TKE in the numerical simulation compared to the experimental results 

can also be attributed to the inlet boundary conditions injected at the inlet. From Figure 74, it is 

shown that the underestimation of the TKE at higher elevations may have resulted in an 

underestimation of the TKE injected into the inlet as well as an overestimation in the turbulent 

dissipation rate, defined as rate at which the TKE dissipates. If the dissipation rate was too large 

(especially in toward the freestream), that would have caused the TKE to decrease at a faster rate. 

The underestimation of the TKE is a consistent pattern across all of the building model 
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comparisons to the experimental data. Unlike the velocity, the turbulent kinetic energy and the 

turbulent dissipation rate is difficult to retrieve exactly from experimental measurements because 

of the apparatus used (single wire probe) and therefore is approximated using Richards and Hoxey 

(1993) (Chapter 2) with the inputs being the experimental parameters. 
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Figure 74. (Continued) 

  

  
Figure 74. Comparison of the numerical and experimental turbulent kinetic energy profiles 

at the (a) leading edge, (b) roof middle, and (c) trailing end of the sloped façade building 

model. 
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6.2 Validation of rectangular building model 

The roof middle and trailing end velocity profiles above the rectangular model showed better 

agreement with the experimental results than the sloped façade building model (Figure 75). The 

velocity contours in Figure 76 show the reasonable agreement between the contours obtained from 

each method.  However, the leading edge profile shows a discrepancy very close to the leading 

edge that was absent in the wind tunnel test (Figure 76a). In using two equation models, Fluent is 

unable to resolve the results in a region with strong separation (leading edge corner) due to the 

local limitations of the two equation RANS turbulence models. These models are not fully 

equipped for such complex turbulence problems because of closure problems in the eddy viscosity 

model assumption (Ansys, 2013). Both the sloped façade building model and elliptical façade 

building model validations show good agreement between the experimental data and the numerical 

simulations at the leading edge locations, closest to the roof where the flow does not have such a 

“sharp” turn. The agreement at the middle and trailing end locations may be attributed to the fact 

that the chosen constants are based on empirical data obtained from a wide range of turbulent flow 

problems including wall bounded and free shear flows (Ansys, 2013). 
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Figure 75. (See caption on next page) 

 



 
 

123 
 

Figure 75. (Continued) 

  
Figure 75. Comparison of the numerical and experimental mean velocity profiles at the (a) 

leading edge, (b) roof middle, and (c) trailing end of the rectangular model. Bars on 

experimental data represent total errors in experiments. 

 

 

Figure 76. Comparison of mean velocity contours around the rectangular block. Contours 

are shown of simulated (a) and experimental (b) (Fig. 8a). Dashed box indicates area where 

experimental measurements were taken 
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closest to the roof, with agreement between numerical simulation and experimental data also 

occurring in this region. Like the velocity results in Figure 75, the turbulence model is unable to 

capture the turbulent flow characteristics at the leading edge of the rectangular model (Figure 

77a). 
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Figure 77. (See caption on next page) 
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Figure 77. (Continued) 

 
Figure 77. Comparison of the numerical and experimental turbulent kinetic energy profiles 

at the (a) leading edge, (b) roof middle, and (c) trailing end of the rectangular building model 
 

6.3 Validation of elliptical façade building model 

Figure 78 shows agreement between the simulations and the experiments at the three roof 

locations or the elliptical façade building model. Closest to the roof, the turbulence model better 

predicted the flow behavior than with the sloped façade building model. This may be caused by 

the decrease in separation above the elliptical façade compared to the sloped façade building 

model. However, the realizable 𝑘 − 휀 model still over predicts the mean velocity above this 

location.  
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Figure 78. (See caption on next page) 
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Figure 78. (Continued) 

  
Figure 78. Comparison of the numerical and experimental mean velocity profiles at the (a) 

leading edge, (b) roof middle, and (c) trailing end of the elliptical façade building model. Bars 

on experimental data represent total error in experiments. 
 

Figure 79 shows the comparison of the TKE profiles between the numerical simulation and the 

experimental data for the elliptical façade building model. Similar to the sloped façade building 

model, the TKE is underestimated in the numerical simulation at higher elevations.  
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Figure 79. (See caption on next page) 
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Figure 79. (Continued) 

  
Figure 79. Comparison of the numerical and experimental turbulent kinetic energy profiles 

at the (a) leading edge, (b) roof middle, and (c) trailing end of the elliptical façade building 

model. 
 

6.4 Validation of rose façade building model 

The numerical simulations and the experimental results are compared in Figure 80 for the rose 

façade building model. The rose façade building model had the best agreement between the 

numerical simulations and experimental results at all three roof locations compared to the other 

structures. Despite a few minor discrepancies between the simulation results and the experimental 

data closest to the roof at the middle and trailing end locations, the turbulence model is able to 

predict the observed flow characteristics from the wind tunnel. 

Similarly to the rectangular building model, the turbulent kinetic energy a comparable trend 

between the numerical simulations and the experimental results (Figure 81). The agreement is 

especially favorable towards the freestream. 
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Figure 80. (See caption on next page) 
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Figure 80. (Continued) 

  
Figure 80. Velocity profiles at (a) the leading edge, (b) middle location, and (c) the trailing 

end of the rose façade building model showing the agreement between the CFD simulations 

and experimental method. Bars on experimental data represent the total errors in the 

experiments. 
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Figure 81. (Continued) 

  

  
Figure 81. Comparison of the numerical and experimental turbulent kinetic energy profiles 

at the (a) leading edge, (b) roof middle, and (c) trailing end of the rose façade building model. 
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being modeled using an eddy viscosity (Chapter 2). While this hypothesis may work well for 

simple boundary layer flows, the more complex the flow, the more difficult it is to solve the 

Reynolds stress. In spite of the minor uncertainties discussed in the experimental data and 

numerical simulation validation, the results illustrate that the realizable 𝑘 − 휀 turbulence model is 

able to capture the general flow behavior and velocity flow characteristics of the airflow in the 

wind tunnel around the physical models. Further mesh detailing in the areas above the roof on the 

complex structures should be done.  

6.5 Comparison to SST 𝒌 – 𝝎 model – sloped façade building model 

The SST 𝑘 − 𝜔 turbulence model is more accurate and robust than the 𝑘 − 휀 models in the near 

wall layer and in regions of separation (Menter, Kuntz, & Langtry, 2003). This two-equation model 

blends both the 𝑘 − 𝜔 and 𝑘 − 휀 turbulence models so that the near wall region is solved by 𝑘 − 𝜔 

and the 𝑘 − 휀 is used for the freestream. In this model the turbulent dissipation rate is replaced 

with an equation for the specific dissipation rate, 𝜔. Figure 82 illustrates this point with an 

asymmetric diffuser flow. The SST 𝑘 − 𝜔 model shows poor flow recovery outside the separation 

region.  
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Figure 82. Velocity profiles taken from an asymmetric diffuser flow showing the comparison 

between the standard 𝒌 − 𝜺 and SST 𝒌 − 𝝎 turbulence models. Profiles show the difficulty 

of k-e to predict flow separation and the difficulty of SST 𝒌 − 𝝎 to model flow recovery. 

Image from: (Menter, Kuntz, & Langtry, 2003) 

 

Additional simulations using the SST 𝑘 − 𝜔 model were performed to investigate the accuracy of 

the model in predicting the separation above the sloped façade building model since this model 

had the largest discrepancy with the realizable 𝑘 − 휀 turbulence model. Results in Figure 83 show 

that the SST 𝑘 − 𝜔 turbulence model is able to better capture the velocity flow characteristics 

closer to the roof. Similar to Menter et al. (2003) the model over estimates the flow velocity outside 

the separation region. This trend is further seen in the comparison of the TKE profiles in Figure 

84, where the SST 𝑘 − 𝜔 model is better able to capture the turbulent characteristics in the 

separation region. The trend is especially seen closest to the roof, as opposed to higher elevations, 

were the TKE is still significantly underestimated. 
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Figure 83. (See caption on next page) 
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Figure 83. (Continued) 

  
Figure 83. Comparison between two turbulence models (realizable 𝒌 − 𝜺 and SST 𝒌 − 𝝎) 

and experimental mean velocity profiles at the (a) leading edge, (b) roof middle, and (c) 

trailing end of the sloped façade building model. 
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Figure 84. (See caption on next page) 
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Figure 84. (Continued) 

  

  
Figure 84. Comparison between two turbulence models (realizable 𝒌 − 𝜺 and SST 𝒌 − 𝝎) 

and experimental turbulent kinetic energy profiles at the (a) leading edge, (b) roof middle, 

and (c) trailing end of the sloped façade building model. 
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6.6 Comparison using Reynolds Stress Model for sloped façade building model 

The Reynolds Stress Model (RSM) was used for a case study comparison of the sloped façade 

building model experimental results compared to the numerical simulations. The RSM is the most 

advanced RANS turbulence model as it directly solves the Reynolds stresses and ignores the 

isotropic eddy viscosity assumption. Because of the turbulence model’s complexity with additional 

equations, converge problems arise because of the close coupling of equations (Ansys, 2013). This 

was a limitation in the dissertation as problems with convergence caused the simulations to have 

inaccurate results or diverge. Though mesh refinements helped towards convergence, the increased 

number of cells resulted in more CPU time and required memory.  

The results presented in Figure 85 are the results obtained after 8000 iterations, before the solution 

begins to diverge. Due to the convergence issues previously mentioned, only the velocity profiles 

are presented in Figure 85 to show the improvements in predictions using the more robust 

turbulence model. The RSM predicts the flow behavior closest to the roof more accurately than 

the realizable 𝑘 − 휀 model (Figure 72) with the deviations between the numerical results and the 

experimental results at higher elevations being less. Towards the freestream, the turbulence model 

shows better accuracy in agreement compared to the 𝑆𝑆𝑇 𝑘 − 𝜔 turbulence model used (Figure 

83). With the Reynolds stresses being solved directly, the RSM is better able to predict the 

separation behavior compared to the two equation models, though all the models used display the 

same trends as the experiment. Figure 85 shows that the RSM still slightly underestimates the 

separation, thereby overpredicting the velocity at higher elevations further above the roof. It is 

noted that this occurrence may be attributed to the dissertation’s limitation in achieving a 

converged solution (as results may show further improvements with convergence) and not a fault 

of the turbulence model used, but this point must be further clarified. 
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Figure 85. (See caption on next page) 
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Figure 85. (Continued) 

 
Figure 85. Comparison of mean velocity profiles between the experimental results and the 

numerical results obtained using the Reynolds Stress turbulence model in Fluent at the (a) 

leading edge, (b) roof middle, and (c) trailing end of the sloped façade building model. The 

RSM is able to give better predictions of the flow velocity above the roof. 
 

For more complex flow problems, if resources permit, the RSM may be used to obtain the most 

accurate predictions of the flow around a structure. In the case of this dissertation, the satisfactory 

agreement shown in the flow features and trends around the roofs and structures between the two 

equation RANS turbulence models used and the experimental studies does not warrant the 

increased computational cost of a more robust turbulence model like the Reynolds Stress Model. 

While this model solves the exact Reynolds stresses, the additional equations result in the 

numerical simulation requiring more iterations for convergence. The use of this model needs at 

least 150% more CPU time per converged simulation (based on the time taken for 8000 iterations) 

compared to the two equation turbulence models. 
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6.7 Summary 

Validation methods are used to confirm that “real” flow problems can be numerically modeled. To 

accurately obtain validation results, the exact boundary conditions as used in an experiment must 

be applied to the numerical simulation. In the case of this study, the domain is modeled as the wind 

tunnel and the inlet profiles of velocity and turbulent kinetic energy as measured in the wind tunnel 

are used together with the calculated turbulent dissipation profile. The parameters of velocity and 

turbulence kinetic energy are used to compare the experimental data to the numerical simulation. 

Profiles at the leading edge, middle location and trailing end are used for comparison. The two 

equation turbulence model chosen overestimates the velocity at the three locations closer to the 

roof with good agreement towards the freestream. It also underestimates the turbulence kinetic 

energy in the same locations. The use of a more advanced model, while giving better predictions 

of the flow behavior, introduces a higher level of instability and requires increased computational 

time. A mesh refinement above the roof can be done to resolve these areas to determine if the 

solutions from the selected turbulence model can be improved before using a more advanced 

turbulence model.  
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Chapter 7 − Effects of Wind Magnitude 

While finding ways to capitalize on a building’s design to take advantage of changing wind 

magnitude is important in increasing the energy yield in the built environment, attention on not 

just the wind speed but the direction, must be taken into account. Smith and Killa (2007) discuss 

the aerodynamic design of the Bahrain World Trade Centers and its design to take advantage of 

the Gulf Breeze from the coast. Its location and direction is useful in increasing the amount of 

wind captured by the three horizontal axis wind turbines incorporated between the two 

aerodynamically shaped towers meant for funneling. By using available meteorological data 

within an area, the wind magnitude can be investigated and used to design a building with more 

appropriate proportions that are dependent on the distribution and frequency of the wind. This 

approach can not only increase energy yield in all directions above rooftops of buildings, but it 

can decrease infrastructure costs if all sides of the building façades are specifically designed to the 

extent needed for flow enhancement. This chapter focuses on both the layout of the infrastructure 

as it affects the approaching flow and changing wind magnitude. 

7.1 Comparison of Rose Façade Building Model bases 

To determine the dependency of the wind magnitude on the building’s structure proportions, a 

simulation comparing the original base of the rose façade  building model (1:1) with a base twice 

as large, which we will refer to as the “2:1” rose façade, was done. Changing the base of the façade 

is used as a simple introductory step to examine how manipulating the faces of the structure 

separately, can lead to varying results not just along the roof region, but around the building in 

general.  The “2:1” Rose Façade building model used for the study is highlighted in Figure 86. 
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Figure 86. Sketch of the “2:1” rose façade building model constructed for comparison to the 

original rose façade building model. The base of this model is twice as large as the original 

 

The qualitative results of the streamlines comparison in Figure 87 show that the wider base 

produces a larger separation region in the wake of the building. A larger separation region in the 

wake of the building means that it would take a longer time for the flow to recover and become 

fully developed once more. This should be kept in mind if a downstream building with a modified 

façade is to be used for energy harvesting purposes especially upstream of this structure. Although 

the flow at the sides and behind the building is affected in terms of the size of the separation region, 

the rooftop locations have similar results. The velocity profiles at the leading edge, middle location 

and trailing end of the two models in Figure 88 graphically show that there is a minimum 

difference between the velocity results at the three locations. These results suggest that while a 

change in façade on each side of the building may help concentrate the flow depending on the 

wind magnitude, a wider base (Figure 86) is not the best choice for further flow acceleration. This 

choice is especially not useful in an urban array setting where multiple buildings are designed for 

flow harvesting purposes. This result may change with a different design but further studies must 

be done to investigate this possibility. 
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Figure 87. A bird's eye view of the velocity streamlines of the flow of the (a) Rose facade 

building model (b) "2:1" rose façade building model. Arrow indicates the direction of the 

wind as perpendicularly towards the building. 
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Figure 88. (See caption on next page) 
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Figure 88. (Continued) 

 

 
Figure 88. Velocity profiles results of the rose facade building base comparison at (a) leading 

edge (b) middle location and (c) trailing end of rooftop 
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7.2 Comparison of Flow Magnitude 

The effects of wind magnitude on the flow behavior was also investigated. This was done by 

changing the inlet flow boundary conditions to approach at a 45o angle. The velocity streamline 

and vectors (Figure 89) show the path that the flow takes as it approaches the building from this 

new angle. The same comparison of the roof profiles as done in the previous chapter showed a 

decrease in velocity at each location with the skewed incoming flow. 

 
Figure 89. A bird's eye view of (a) flow velocity streamlines and (b) flow velocity vectors 

approaching the rose façade building model at an angle of 45o 

 

The wind velocities at the leading edge, roof middle, and trailing end of the numerical model with 

the changed flow direction, had slightly lower velocities compared to the original perpendicular 

flow model (Figure 90). The results obtained from the 45o approaching flow highlight the ability 

of the rose façade building model to produce a high velocity above the rooftop, even with a change 

in flow magnitude. It is observed that for the 45o approaching flow, the rose façade has the 

advantage of “funneling and scooping” the flow at the sides from not only a perpendicular flow 

stream angle but from other front facing angles. Though not presented in this study, it is believed 
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that at larger angles of approaching flow, flow effects such as separation will occur over the 

scoop’s edge. This can create a separation region of low velocity and flow recirculation within the 

scoop itself, negatively affecting the entire flow field closest to the rooftop. Because of this, it is 

important that a structure be designed three dimensionally to take advantage of the most dominant 

flow angles (measured from meteorological data). A disadvantage due to flow direction on one 

face of the structure, can be an advantage on the other faces. 
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Figure 90. (See caption on next page) 
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Figure 90. (Continued) 

 

 
Figure 90. Velocity profile comparison of the two different flow magnitudes approaching the 

rose façade building model at (a) leading edge, (b) middle location, and (c) trailing end 
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7.3 Summary 

Flow interactions with building structures are largely influenced by the local wind distribution of 

speed and direction. By creating a structure to accommodate different wind directions, the 

available wind energy above the roof can be increased for multiple approaching flow directions. 

This is further discussed with the use of numerical simulations in this chapter. For sitings on 

multiple tall buildings in the built environment, the structure must also be designed to allow for 

the possibility of wind energy harvesting on downstream structures. In this chapter, two different 

base sizes of the rose façade building model are compared. It is shown that wider bases create 

larger flow separation in the building’s wake, making flow recovery more difficult. This decreases 

the approaching flow velocity towards a downstream structure compared to the approaching flow 

that would result from the use of a smaller base.  
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Chapter 8 − Conclusions and Recommendations for Future Work 

This dissertation evaluated the potential wind energy in urban environments by analyzing the 

effects of a building’s geometry on flow behavior. New structure designs and modifications to 

existing structures were explored and analyses performed to determine the changes in velocity and 

turbulence for wind energy generation. The dissertation showed that simple geometric changes can 

enhance the flow velocity above the rooftop leading to steadier locations for small-scale rooftop 

devices. Changing a building’s structure to increase the potential wind energy in the built area, can 

result in a more sustainable built environment. 

In this chapter the main results of the dissertation are summarized. This summary includes remarks 

and recommendations on the research performed. It is concluded with considerations for future 

work which can be further investigated to help increase the energy generation. 

8.1  Experimental results of the urban environment simulation 

Experimental simulations were performed in a wind tunnel where the longitudinal velocity profiles 

and turbulence intensities were physically modeled to adequately represent the urban environment. 

The boundary layer in the wind tunnel was obtained by using a combination of roughness elements 

as the thickness of the naturally developed wind tunnel boundary layer was too thin for the 

experimental models to be fully submerged. Two types of experimental simulations using cubed 

and cylindrical roughness elements (Simulation A and Simulation B tabulated in Appendix C) 

were carried out to determine which experimental setup (refer to Figures 25 & 26 for schematic) 

gave the better representation of the urban environment. The results of the experimental 

simulations of the atmospheric boundary layer are summarized below. 
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8.1.1  Experimental Simulation A – 11m fetch of blocks 

 

The profiles of experimental setup A showed a fair comparison between the simulated values and 

the full size expected values in the built environment. 

 The friction velocity, 𝑢∗, from simulation A, was determined to be 0.717 ms-1. At a 

geometric scale of 1:300, the roughness length, 𝑧0, was 2.7 m. The power law exponent, 𝛼, 

obtained from a power law fit of the data was 0.37. The maximum turbulence intensities 

measured closest to the tunnel floor, within the boundary layer, was 23%. While these 

values fall in the lower range of the full scale values presented by Counihan (1975) and 

Simiu and Scanlan (1986), the friction velocity and turbulence values also fall within the 

higher range of suburban representations. 

8.1.2  Experimental Simulation B – 7 m fetch of cubes followed by a 4m fetch cylindrical 

protuberances 

The profiles of experimental setup B showed a reasonable comparison between the simulated 

values and the full size expected values in the built environment. This experimental simulation 

included additional roughness elements in order to increase the roughness characteristics in the 

lower level of the boundary layer for more accurate simulation. 

 The friction velocity, 𝑢∗, from simulation B, was determined to be 1.01 ms-1. At a 

geometric scale of 1:300, the roughness length, 𝑧0, was 7.2 m.  The power law exponent, 

𝛼, obtained from a power law fit of the data was 0.51. The maximum turbulence intensities 

experienced lower in the boundary layer was 27%. These values fall within the higher range 

of the full-scale urban simulations presented in the literature. Although the value of 𝑧0, and 

𝛼 are larger than the previously found values from the literature for the urban representation 
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(Counihan, 1975), the experimental layout for simulation B is a better representation since 

it is the worst case scenario in terms of roughness characteristics. It is also noted that in 

recent years city areas have continuously developed, leading to an increase in surrounding 

obstacles, further increasing the current roughness parameters. 

A further investigation is suggested for the experimental methods used in the roughness element 

arrangement. While a boundary layer was successfully simulated with the regular grid, a staggered 

grid should be explored to determine if accelerated boundary layer growth is achieved using a 

shorter fetch of a staggered layout. The three dimensional directional wind impact can be further 

studied experimentally by implementing the use of a turn table in the test section. Furthermore, a 

measurement assessment for the velocity components can be done by the use of a probe that 

measures both the longitudinal and lateral components of velocity, an X-probe (TSI thermal 

anemometry probes). With the availability of U and V components, a better directional response 

can be achieved and the associated measurements such as Reynolds stresses and velocity 

components can be measured. 

8.2  Experimental Results of Building Models 

The table below summarizes the main results of both the velocities and turbulence intensities above 

the roof at each of the three measured locations: leading edge, middle location, and trailing end. 

The values were calculated using the rectangular building model as the basic case. All façade 

modifications caused an increase in the velocity directly above the roof in addition to a decrease 

in the turbulence intensities at the middle location and trailing end. The sloped façade and elliptical 

façade changes increased the velocity across the roof region considerably. The increase in velocity 

above the sloped façade building model led to average power density increases of 20.1%, 597%, 

and 297% at the leading edge, middle location, and trailing end, respectively (Table 3). This 
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substantial increase in power also occurred with the elliptical façade building model. Although the 

power density at the leading edge decreased by 35.9%, the middle location and trailing end 

experienced an increase in power density by 594% and 323% respectively. Changing the façade 

of the structure allowed for a continued flow attachment of the approaching wind towards the 

leading edge of the roof. The flow above the roof was steadier resulting in less fluctuations lower 

turbulence intensities. 

Table 3. Summary of velocity and turbulence intensity results for modified façade building 

models as compared to rectangular building model 

 Sloped façade building 

model 

Elliptical façade building 

model 

Rose façade building 

model 

Roof 

Location 

Velocity 

increase 

Turbulence 

decrease 

Velocity 

increase 

Turbulence 

decrease 

Velocity 

Increase 

Turbulence 

decrease 

Leading 

Edge 

6.29% 1.00% -13.0% -5.00% -7.29% -7.17% 

Roof 

Middle 

90.1% 59.6% 89.3% 69.8% 55.5% 36.1% 

Trailing 

end 

58.3% 57.3% 61.7% 64.9% 23.0% 41.6% 

 

The rose façade building model, while not as effective as the other models, was able to increase 

the power density at both the middle location and trailing ends by 276.1% and 86.72%. The model 

saw the same decrease in power density at leading edge as the elliptical façade building model.  
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The flow behavior around structures are dependent on the approaching wind magnitude, which is 

the local wind rose for a specific location. Because of this, structures should be designed to increase 

the approaching flow at any direction as shown in Chapter 7. This may require structures to be 

designed three-dimensionally with flow enhancement features. 

8.3  Numerical Simulation Results 

The initial 2D numerical simulations demonstrated that the 20o and 30o sloped façade building 

models exhibited minimum separation above the roof. This is in contrast to the 45o sloped façade 

building model which caused a low velocity zone within the separation region. A further 

investigation to identify the exact angle at which separation occurs can be carried out in order to 

optimize the amount of wind energy extractable above the roof. It must be kept in mind that an 

angle which produces no separation (similar to the 20o sloped façade building model) will be 

expansive horizontally, to accommodate flow attachment and a smooth transition of the flow from 

the façade towards the roof. Therefore, such an investigation should also include a cost comparison 

on required building costs as they relate to generated energy. The suggested investigation requires 

detailed analysis and it is in fact another study in itself, and beyond the scope of the current 

dissertation.  

The 3D numerical simulations were carried out using the commercially available code, Fluent. 

Numerical simulation results showed that CFD is a reliable tool for analyzing flow behavior 

around complex shapes. CFD can also be a particularly useful tool in performing parameter 

correlations to determine the optimal design for building structures with given parameters 

(Chapter 5). By using optimization methods like parameter correlations, inefficient design 

geometries were eliminated. From the results of the parameter correlation, it was also concluded 
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that a larger scoop radius did not allow for leading edge acceleration while also creating higher 

turbulence at the middle and trailing end locations (Figures 55-60). 

Numerical simulation results also showed that changing the base of the rose façade building model 

(Figure 88) does not accelerate the flow above the roof but increases the degree of separation 

experienced behind and on the sides of the building. This can affect how an urban array of 

buildings is arranged. Large separation behind a structure results in diminished flow approaching 

the downstream structure. This is a disadvantage if the downstream structure is also being used for 

wind energy harvesting purposes. If effectively designed, a building’s structure can take advantage 

of changes in wind direction of the approaching flow, consequently increasing the potential energy 

yield in the built environment.  

This dissertation has introduced the steps that can be taken to increase the potential wind energy 

yield in the built environment. The goal of this work was to demonstrate that the amount of wind 

energy generated on the rooftop of tall buildings can be increased by modifying the building’s 

structure to increase the velocity closer to the rooftop and minimize the turbulence intensity. Tall 

buildings can take advantage of the approaching flow as they are able to capture higher wind 

speeds at higher elevations in the boundary layer. It is proven that changing the façade of the 

structure allows the flow to remain attached towards the rooftop. This decreases the depth of the 

separation region which permits for increased velocities to be closer to the roof. As the flow 

remains attached, the flow above the roof is steadier, leading to a decrease in turbulence intensity 

(Figures 68-71). It is important that the uncertainties in this dissertation be taken into account for 

further research considerations. The design of the experimental models were based on a dominant 

perpendicular wind direction where the wind approached the modified façade at a direct angle. 

The results show that for dominant angles, façade changes can positively impact the flow 
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characteristics above the roof by increasing the amount of extractable energy compared to a simple 

rectangular building. The façade placement and in the case of the rose façade building model, the 

façade scoop can be placed on any side of the building can accelerate the approaching wind from 

that direction compared to that of a rectangular building. A structure must be designed with the 

meteorological wind rose as a guide to which directions are best for façade placement and 

dimension.  

8.4 Future Work 

Rooftop turbines although increasing in popularity, are less prominent in urban areas because of 

the high roughness and unsteady flow behavior in the built environment. While dissertation 

focuses on improving the unsteady flow behavior at the rooftop, other factors of concern listed 

below must also be taken into consideration for success energy harvesting in the built environment. 

Factors of concern that influence potential wind energy sites include: 

 Siting 

o While the building structure serves as the siting location for the wind turbine, hence 

the design of a structure that helps in increasing wind speed while reducing the 

turbulence levels, buildings at higher elevations are preferred because of their 

presence higher in the boundary layer where they are able to interact with higher 

flow speeds.  

 Noise generation from energy harvesting devices 

o This factor is further discussed in Chapter 1, where recommendations on wind 

turbine types for the built environment are made which include device types with 

reduced noise levels. 

 



 
 

157 
 

 Safety 

o Protecting the safety and health of wind turbine maintenance specialist as well as 

others around wind turbine sites must be taken as a high priority. Training and 

safety programs are available for employees on wind projects. 

 Welfare of birds and other wildlife 

o The presence of birds within the urban environment is different from the rural 

environment. Although birds tend to fly near to and rest on buildings, Bonier, 

Martin and Wingfield (2007) found that urban birds have a much larger elevation 

range than rural birds, making them more capable of flying to higher elevations and 

avoiding the top of buildings that may have wind turbine devices on the rooftops. 

The location in the city must be carefully chosen with the aviation pattern of the 

local birds in mind. 

With careful planning and consideration, factors of concern can be alleviated to allow for wind 

energy systems that can be economically implemented in the urban environment. 

 The results of this dissertation show that uniquely designing the building to enhance the flow can 

increase the number of locations where these devices can be placed on the rooftop. Designing a 

tall building does not only enhance the flow by allowing the flow to remain attached, increasing 

the amount of flow concentrated towards the rooftop, but it takes advantage of the location in the 

boundary layer at higher wind speeds.  Considerations of practicality, especially with growing 

limited building space in urban areas, must be made when designing a structure. Although, the 

dissertation has shown that one façade can produce significant changes, with changes in wind 

magnitude, a building that enhances the wind from all sides should be considered. Additional, this 
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dissertation only looks at the flow behavior over isolated building and the flow interactions 

between multiple buildings and a modified structure should be investigated. 

While there are devices especially made for the built environment, other devices that may perform 

differently depending on structure design should also be explored. The rose façade building model 

caused an increase in velocity both across the roof and directly before the leading edge. This 

occurrence can be used to study Building Augmented Wind Turbines (BAWTs) where the façade 

acts as a duct or a shroud. 

Key aspects must be well thought out for increasing the potential wind energy in the built 

environment. This dissertation is a beginning. Much more work on modifying the building’s 

structure, and detailed modeling and analysis of these structures is needed. 
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APPENDIX A – Grid Independence Study 

Grid independence studies are important in solving numerical problems using an appropriate 

mesh of high quality. Grid resolution can affect the numerical solution of a problem, especially 

in the areas of sharp structure edges and high flow gradients. Using a method of mesh refinement 

for each grid, a surface monitor, such as the drag coefficient, can be used to estimate which 

quality mesh is going to produce the most accurate solution. To ensure the most appropriate grid 

was used for the flow simulation, a mesh dependence study was done using three mesh 

refinements with a convergence criterion of 10-6 (Franke, et al., 2004). An inadequate mesh can 

lead to inaccurate results (Team, 2012). The grid resolution around sharp edges and large flow 

gradients must be fine enough to capture changing flow phenomena. To minimize the number of 

elements, refinement was done locally around the building structure and the mesh size increased 

outwardly towards the bounds of the domain. The mesh size was increased at a minimum ratio of 

1.5 times the previous mesh size (Team, 2012), (Huang, Li, & Xu, 2007).  

For the initial two dimensional CFD simulations performed for investigation of the flow 

behavior using different sloped angles, a two dimensional mesh dependence study was done. The 

flow conditions discussed in Chapter 2 where applied. The coarse, medium and finer grid for the 

two-dimensional analysis had a cell count of 9E5, 2E6 and 3.5E6, respectively. The error 

between the medium and finer meshes was lower than 0.1 %. An example of how the 

dependence was done is further discussed below.  

The grid independence results for the three dimensional simulations are highlighted in Table 4 

and Figure 91. For the velocity profiles in Figure 91 the maximum difference between the 

velocity profile values was less than 2%. To analyze the sensitivity of the three dimensional grid, 

the drag over the entire structure and the velocity profiles at the leading edge were also 
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compared. From the profiles, it is shown that the mesh with the smallest number of cells does not 

resolve the flow as well as the finer meshes. The fine mesh was used for the remainder of the 

study, offering a good compromise between accuracy and increased computational costs incurred 

using the finer mesh.  

Table 4. Mesh independency study results of CFD simulation for Rose façade building model 

Mesh Description Number of Elements Surface Monitor − CD 

Coarse 189 240 2.56E-2 

Medium 432 346 2.61E-2 

Fine 628 219 2.63E-2 

Finer 1 109 125 2.63E-2 

 

 
Figure 91. Velocity profile at leading edge of the model in numerical simulation used for 

mesh independence study 
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APPENDIX B – Hot-Wire Anemometer Calibration 

A constant temperature hot-wire anemometer was used to measure the instantaneous velocities in 

the air flow of the wind tunnel. Calibration establishes a relationship between the DISA 55M 

Bridge voltages and the flow velocity. The calibration was performed by placing the probe in an 

airflow of known velocities. These velocities corresponded to the wind tunnel fan’s frequency 

which was changed to get to get a range of velocities. The voltages at the known velocities were 

then recorded and a relationship between the voltages and the velocities, following the calibration 

form for hot-wires anemometers used (Jorgensen, 2002). This relationship is known as King’s Law 

(King, 1914): 

 𝐸2 = 𝐴 + 𝐵𝑢𝑛 
 

(37) 

where 𝐸 is the bridge voltage, 𝑢 is the mean flow velocity and 𝐴, 𝐵, and 𝑛 are curve-fit parameters. 

The curve-fit parameter, 𝑛 has an exponent of 0.45 which is a good estimate for wire probes 

(Jorgensen, 2002), (University of Cambridge, 2015), (Andrews, Bradley, & Hundy, 1972). A 

linear trendline plot of 𝐸2 𝑣𝑠 𝑢0.45 gives the calibration constants A and B. An example of the plot 

and the equations generated is shown in Figure 92. The velocity can then be determined from any 

voltage through the calibration equation. This procedure was repeated for both vertical and 

horizontal orientations. It was also repeated for each new probe sensor used. 
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Figure 92. Calibration plot of E2 vs u0.45 used to calculate the velocities of the air flow in the 

wind tunnel 

 

Calibration equations: 

 𝐸2 = 7.695𝑢0.45 + 11.424 
 

(38) 
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APPENDIX C: Determination of 𝑢∗, 𝑧0, 𝑑 and 𝛼 

Two types of experimental layouts were used for the experimental simulation of a wind tunnel 

boundary layer which possessed the characteristics of the urban environment. Simulation A was 

done by using an 11 m fetch of roughness elements laid out in a regular grid. Wooden cubes with 

a height of 0.05 m were used as the roughness elements. Simulation B had an experimental layout 

similar to Simulation A with the exception that the 11 m fetch of roughness elements was extended 

using a 4 m fetch of cylindrical protuberances with height 0.08 m. The values of the roughness 

parameters were determined using the adiabatic version for neutral stability (Oke, 1987), (Cook, 

1973). The raw-data from the logarithmic region of the developed boundary layer is fitted using 

both power law and log-law trend-lines as shown in Figures 93−94.The non-dimensionalized 

form from Cook (equation 35) is used to calculate the parameters, 𝑢∗, 𝑧0 and 𝛼. 

Simulation A (wooden cubes): 

 
Figure 93. Graph showing the logarithmic and power law fits of the measured data for the 

experimental data of Simulation A (wooden cubes only) 
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0.2907 𝑙𝑛𝑥 ≡ 2.5
𝑢∗

𝑈𝑟𝑒𝑓 
ln (𝑧 − 𝑑) 

1.3407 ≡ 2.5
𝑢∗

𝑈𝑟𝑒𝑓  
ln 𝑧0 

Using calculations from the data and curve fitting methods, values of 𝑢∗, 𝑧0 and 𝛼 where derived:   

 0.717 ms-1, 0.009 m, and 0.38 respectively. 

Simulation B (wooden cubes and cylindrical protuberances): 

 
Figure 94. Graph showing the logarithmic and power law fits of the measured data for the 

experimental data of Simulation B (wooden cubes and cylindrical roughness elements) 

 

0.3703𝑙𝑛𝑥 ≡ 2.5
𝑢∗

𝑈𝑟𝑒𝑓 
ln (𝑧 − 𝑑) 

1.3791 ≡ 2.5
𝑢∗

𝑈𝑟𝑒𝑓  
ln 𝑧0 

Using calculations from the data and curve fitting methods, values of 𝑢∗, 𝑧0 and 𝛼 where derived:         

1.01 ms-1, 0.024 m, and 0.51 respectively. 
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The zero-displacement value can be found with the measured velocity profile using multiple 

methods including methods from Cook (1973) and Perry et al. (1969). Cook (1973) suggests a 

method using the power law exponent profile as way to extrapolate to some height being 𝑑 

where the velocity is indicated as zero. This method is highlighted in Figure 95. 

 
Figure 95. Profiles of mean velocity compared to the standard power law. 

Image from: Cook, (1973) 

 

In this dissertation, the technique of Perry, Schofield, & Joubert (1969), is used where arbitrary 

values of 𝑑 are added to the wall distance or height, 𝑧. The value of 𝑑 is incrementally changed 

until a straight-line fit is achieved in the log-law region on a semi-log plot of u versus 𝑙𝑛 (𝑧 + 𝑑) 

(Cheng, Gulliver, & Zhu, 2014). The value of 𝑑 resulting in this straight-line best fit is taken as 

the displacement height. For rough surfaces the velocity profile near the boundary deviates from 

the log-law profile. Yu & Tan (2006) suggest that the use of data points away from the boundary 

yields better roughness estimates that fit the log-law profile. Bergstrom, Kotey & Tachie (2002) 

further suggest that data immediately near the wall, that is any location 𝑧 <  0.1𝛿, where 𝛿 is the 

boundary layer thickness are not be taken into account. For a more accurate fit of the values, the 

height values directly above the ground are not considered.   
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The goodness of the straight-line fit for the velocity profiles are compared using the coefficient of 

determination, 𝑅2 where a value of 1 indicates a perfect fit to the data. Figure 96 shows the 

velocity profiles plotted for varying values of 𝑑, where 𝑑 what determined using the best fit method 

of the logarithmic region. The corresponding 𝑅2 values show the accuracy of the fit to the data. 

The displacement height, 𝑑 was deduced to be the value that resulted in the highest 𝑅2 . As seen 

from Figure 91, the value 𝑑 of the best fit fell between 0.020 m–0.030 m. At higher values of 𝑑, 

the value of 𝑅2 decreases. 

 

Figure 96. Velocity Profiles of U vs 𝐥𝐧(𝐳 + 𝐝) for arbitrary values of d to determine the 

zero-displacement height. 
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APPENDIX D: Uncertainty Analysis 

For most engineering problems, when experiments are performed, errors can arise from different 

sources. An uncertainty analysis gives us quantifiable errors from both the measuring devices and 

unpredictable errors produced in measurements. It is not feasible to have multiple experimental 

repeats to determine uncertainty based on these experiments in order to find the error. Instead, a 

single sample of the experiment can be used to determine the uncertainty. These uncertainty errors 

can be categorized into fixed or bias errors (level of accuracy) and variable or random errors (level 

of preciseness). The bias error can be referred to as a systematic error that is present in 

measurements due to improper calibration or equipment errors that give the same fixed error in 

multiple readings (Kline & McClintock, 1953). In this case, TSI (2015) provides calibration 

adjustments for mean velocity error of the hot wire probe of about 2 %. The random error is also 

known as the variability or random noise in a system. Random errors in the mean velocity can be 

minimized by increasing the sample size. 

To calculate the bias error, a ‘worst case’ estimate was done using the error percentage provided 

in the equipment manual. The root-sum-square (RSS) technique which is briefly highlighted below 

and described in detail by Moffat (1988) is then used to determine the total of all bias error 

components. The random uncertainty was calculated from the data using the bootstrap algorithm. 

The bootstrap is a computer based method that estimates the error based on random sample size 

from the given data (Politis & Romano, 1994). 

 
∆𝑢𝑖 =  

𝜕𝑢𝑖

𝜕𝑢𝑗
∆𝑢𝑗 

 

(39) 

 

∆𝑏𝑖𝑎𝑠=  √∑(∆𝑢𝑖)2

𝑁

𝑖=1

 (40) 
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where ∆𝑢𝑖 is the calculation for the individual error component and ∆𝑏𝑖𝑎𝑠 represents the total 

uncertainty of all bias errors. 

The results presented in Tables 5−18 below show that the random errors decrease as the 

measurements are taken closer towards to the freestream in a location where the flow is steadier. 

The bias error of the mean velocity increases towards the freestream location as the error is 

dependent on the value of the mean velocity which increases at higher elevations. The bias errors 

of the rms values with the wind tunnel containing roughness elements are larger than the bias errors 

of the wind tunnel without these elements. In the former, the fluctuations around the mean velocity 

are larger.  The uncertainty analysis was done for two scenarios:  

(i) in the wind tunnel without the models at four different locations in the vertical profile 

(Table 5−6), and  

(ii) above the experimental models at the leading edge, middle location and trailing edge 

for each experimental building model (Table 7−18) 

Table 5. Uncertainty estimates of measured velocity data for wind tunnel without 

roughness elements 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.038 5.300 ±0.007 ±0.106 ±0.106 0.611 ±0.005 ±0.012 ±0.013 

0.114 5.854 ±0.006 ±0.117 ±0.117 0.539 ±0.004 ±0.011 ±0.012 

0.165 6.263 ±0.006 ±0.125 ±0.125 0.527 ±0.004 ±0.011 ±0.011 

0.406 6.703 ±0.004 ±0.134 ±0.134 0.352 ±0.003 ±0.007 ±0.008 
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Table 6. Uncertainty analysis of measured velocity data for wind tunnel with roughness 

elements 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.038 2.581 ±0.006 ±0.052 ±0.052 0.780 ±0.005 ±0.016 ±0.016 

0.114 3.812 ±0.008 ±0.076 ±0.077 1.020  ±0.005 ±0.021 ±0.021 

0.165 5.304 ±0.008 ±0.092 ±0.093 1.086 ±0.005 ±0.019 ±0.020 

0.406 7.096 ±0.001 ±0.130 ±0.130 0.151 ±0.002 ±0.003 ±0.004 

 

Table 7. Uncertainty estimates for measurements taken at leading edge of sloped façade 

building model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 8.934 ±0.011 ±0.179 ±0.179 1.304 ±0.007 ±0.034 ±0.035 

0.206 8.772 ±0.010 ±0.175 ±0.176 1.251 ±0.006 ±0.031 ±0.032 

0.210 8.732 ±0.011 ±0.175 ±0.175 1.297 ±0.006 ±0.034 ±0.034 

0.213 8.475 ±0.010 ±0.170 ±0.170 1.253 ±0.007 ±0.031 ±0.032 

0.225 7.747 ±0.009 ±0.155 ±0.155 1.107 ±0.006 ±0.024 ±0.025 

0.238 7.460 ±0.010 ±0.149 ±0.150 1.143 ±0.006 ±0.026 ±0.027 

0.251 7.431 ±0.009 ±0.149 ±0.149 1.146 ±0.006 ±0.026 ±0.027 

0.264 7.374 ±0.010 ±0.148 ±0.148 1.124 ±0.006 ±0.025 ±0.026 

0.276 7.586 ±0.009 ±0.152 ±0.152 1.084 ±0.006 ±0.023 ±0.024 

0.289 7.659 ±0.008 ±0.153 ±0.153 1.041 ±0.006 ±0.022 ±0.022 

0.302 7.736 ±0.009 ±0.155 ±0.155 0.998 ±0.006 ±0.020 ±0.021 

0.314 7.805 ±0.008 ±0.156 ±0.156 0.957 ±0.006 ±0.018 ±0.019 

0.327 7.982 ±0.007 ±0.160 ±0.160 0.871 ±0.006 ±0.015 ±0.016 

0.340 8.010 ±0.007 ±0.160 ±0.160 0.853 ±0.005 ±0.015 ±0.015 

0.352 8.210 ±0.007 ±0.164 ±0.164 0.801 ±0.005 ±0.013 ±0.014 

0.365 8.326 ±0.006 ±0.167 ±0.167 0.709 ±0.005 ±0.010 ±0.011 

0.378 8.400 ±0.006 ±0.168 ±0.168 0.680 ±0.005 ±0.009 ±0.010 

0.391 8.443 ±0.005 ±0.169 ±0.169 0.656 ±0.005 ±0.009 ±0.010 

0.403 8.520 ±0.005 ±0.170 ±0.170 0.581 ±0.005 ±0.007 ±0.008 

0.416 8.470 ±0.005 ±0.169 ±0.169 0.590 ±0.004 ±0.007 ±0.008 

0.429 8.544 ±0.004 ±0.171 ±0.171 0.521 ±0.004 ±0.005 ±0.007 

0.441 8.516 ±0.003 ±0.170 ±0.170 0.438 ±0.003 ±0.004 ±0.005 

0.454 8.607 ±0.003 ±0.172 ±0.172 0.400 ±0.003 ±0.003 ±0.004 

0.467 8.615 ±0.003 ±0.172 ±0.172 0.427 ±0.003 ±0.004 ±0.005 

0.479 8.605 ±0.003 ±0.172 ±0.172 0.419 ±0.003 ±0.003 ±0.005 
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Table 8. Uncertainty estimates for measurements taken at middle location of sloped façade  

building model 

 

 

 

 

 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝒖′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 5.019 ±0.012 ±0.100 ±0.101 1.458 ±0.008 ±0.043 ±0.043 

0.206 5.238 ±0.012 ±0.105 ±0.105 1.436 ±0.008 ±0.041 ±0.042 

0.210 5.430 ±0.011 ±0.109 ±0.109 1.439 ±0.007 ±0.041 ±0.042 

0.213 5.643 ±0.012 ±0.113 ±0.113 1.459 ±0.008 ±0.043 ±0.043 

0.225 6.655 ±0.008 ±0.133 ±0.133 1.123 ±0.006 ±0.025 ±0.026 

0.238 7.035 ±0.008 ±0.141 ±0.141 1.141 ±0.006 ±0.026 ±0.027 

0.251 7.067 ±0.009 ±0.141 ±0.142 1.122 ±0.006 ±0.025 ±0.026 

0.264 7.278 ±0.009 ±0.146 ±0.146 1.124 ±0.006 ±0.025 ±0.026 

0.276 7.513 ±0.009 ±0.150 ±0.151 1.110 ±0.006 ±0.025 ±0.025 

0.289 7.415 ±0.008 ±0.148 ±0.149 1.093 ±0.006 ±0.024 ±0.025 

0.302 7.603 ±0.008 ±0.152 ±0.152 1.073 ±0.006 ±0.023 ±0.024 

0.314 7.853 ±0.009 ±0.157 ±0.157 1.014 ±0.007 ±0.021 ±0.022 

0.327 8.112 ±0.007 ±0.162 ±0.162 0.912 ±0.006 ±0.017 ±0.018 

0.340 8.224 ±0.006 ±0.164 ±0.165 0.807 ±0.005 ±0.013 ±0.014 

0.352 8.166 ±0.007 ±0.163 ±0.163 0.825 ±0.006 ±0.014 ±0.015 

0.365 8.373 ±0.006 ±0.167 ±0.168 0.759 ±0.005 ±0.012 ±0.013 

0.378 8.341 ±0.006 ±0.167 ±0.167 0.743 ±0.006 ±0.011 ±0.012 

0.391 8.599 ±0.005 ±0.172 ±0.172 0.617 ±0.004 ±0.008 ±0.009 

0.403 8.571 ±0.005 ±0.171 ±0.171 0.649 ±0.005 ±0.008 ±0.010 

0.416 8.660 ±0.004 ±0.173 ±0.173 0.505 ±0.004 ±0.005 ±0.006 

0.429 8.670 ±0.004 ±0.173 ±0.173 0.520 ±0.004 ±0.005 ±0.007 

0.441 8.696 ±0.004 ±0.174 ±0.174 0.467 ±0.004 ±0.004 ±0.006 

0.454 8.651 ±0.004 ±0.173 ±0.173 0.476 ±0.004 ±0.005 ±0.006 

0.467 8.742 ±0.003 ±0.175 ±0.175 0.411 ±0.003 ±0.003 ±0.005 

0.479 8.697 ±0.003 ±0.174 ±0.174 0.417 ±0.003 ±0.003 ±0.005 

0.492 8.738 ±0.003 ±0.175 ±0.175 0.416 ±0.003 ±0.003 ±0.004 
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Table 9. Uncertainty estimates of the measurements taken at trailing end of the sloped façade 

building model 

z(m) 95% uncertainty interval, (�̅�), ms-1  95% uncertainty interval, (√𝒖′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 4.742 ±0.010 ±0.095 ±0.095 1.268 ±0.007 ±0.032 ±0.033 

0.206 4.932 ±0.010 ±0.099 ±0.099 1.280 ±0.007 ±0.033 ±0.033 

0.210 4.971 ±0.010 ±0.099 ±0.1 1.263 ±0.006 ±0.032 ±0.033 

0.213 5.067 ±0.010 ±0.101 ±0.102 1.263 ±0.006 ±0.032 ±0.033 

0.225 6.248 ±0.010 ±0.125 ±0.125 1.241 ±0.007 ±0.031 ±0.032 

0.238 6.482 ±0.009 ±0.130 ±0.130 1.150 ±0.006 ±0.026 ±0.027 

0.251 6.729 ±0.009 ±0.135 ±0.135 1.150 ±0.006 ±0.026 ±0.027 

0.264 6.975 ±0.009 ±0.140 ±0.140 1.088 ±0.006 ±0.024 ±0.024 

0.276 7.352 ±0.009 ±0.147 ±0.147 1.122 ±0.006 ±0.025 ±0.026 

0.289 7.332 ±0.008 ±0.147 ±0.147 1.090 ±0.006 ±0.024 ±0.024 

0.302 7.674 ±0.008 ±0.153 ±0.154 0.988 ±0.006 ±0.020 ±0.020 

0.314 7.671 ±0.008 ±0.153 ±0.154 1.007 ±0.006 ±0.020 ±0.021 

0.327 8.067 ±0.007 ±0.161 ±0.161 0.895 ±0.006 ±0.016 ±0.017 

0.340 8.143 ±0.007 ±0.163 ±0.163 0.849 ±0.005 ±0.014 ±0.015 

0.352 8.094 ±0.007 ±0.162 ±0.162 0.908 ±0.006 ±0.016 ±0.018 

0.365 8.474 ±0.006 ±0.169 ±0.170 0.721 ±0.005 ±0.010 ±0.012 

0.378 8.450 ±0.006 ±0.169 ±0.169 0.718 ±0.005 ±0.010 ±0.012 

0.391 8.462 ±0.005 ±0.169 ±0.169 0.687 ±0.006 ±0.009 ±0.011 

0.403 8.508 ±0.005 ±0.170 ±0.170 0.649 ±0.004 ±0.008 ±0.010 

0.416 8.556 ±0.006 ±0.171 ±0.171 0.671 ±0.005 ±0.009 ±0.011 

0.429 8.669 ±0.004 ±0.173 ±0.173 0.502 ±0.004 ±0.005 ±0.006 

0.441 8.727 ±0.004 ±0.175 ±0.175 0.514 ±0.004 ±0.005 ±0.007 

0.454 8.738 ±0.003 ±0.175 ±0.175 0.464 ±0.003 ±0.004 ±0.005 

0.467 8.754 ±0.003 ±0.175 ±0.175 0.400 ±0.003 ±0.003 ±0.004 

0.479 8.694 ±0.003 ±0.174 ±0.174 0.423 ±0.003 ±0.004 ±0.005 

0.492 8.691 ±0.003 ±0.174 ±0.174 0.435 ±0.003 ±0.004 ±0.005 
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Table 10. Uncertainty estimates for measurements taken at leading edge of rectangular 

model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 8.304 ±0.009 ±0.166 ±0.166 1.163 ±0.007 ±0.027 ±0.028 

0.206 8.366 ±0.010 ±0.167 ±0.168 1.253 ±0.009 ±0.031 ±0.033 

0.210 8.395 ±0.010 ±0.168 ±0.168 1.231 ±0.008 ±0.030 ±0.031 

0.213 8.089 ±0.010 ±0.162 ±0.162 1.187 ±0.008 ±0.028 ±0.029 

0.225 7.428 ±0.009 ±0.149 ±0.149 1.113 ±0.006 ±0.025 ±0.026 

0.238 7.451 ±0.009 ±0.149 ±0.149 1.115 ±0.007 ±0.025 ±0.026 

0.251 7.329 ±0.009 ±0.147 ±0.147 1.097 ±0.006 ±0.024 ±0.025 

0.264 7.555 ±0.008 ±0.151 ±0.151 1.033 ±0.006 ±0.021 ±0.022 

0.276 7.716 ±0.009 ±0.154 ±0.155 1.038 ±0.006 ±0.022 ±0.022 

0.289 7.691 ±0.008 ±0.154 ±0.154 1.015 ±0.006 ±0.021 ±0.021 

0.302 7.978 ±0.008 ±0.160 ±0.160 0.958 ±0.006 ±0.018 ±0.019 

0.314 7.986 ±0.008 ±0.160 ±0.160 0.954 ±0.006 ±0.018 ±0.019 

0.327 7.955 ±0.007 ±0.159 ±0.159 0.907 ±0.005 ±0.016 ±0.017 

0.340 8.224 ±0.006 ±0.164 ±0.165 0.791 ±0.006 ±0.013 ±0.014 

0.352 8.411 ±0.006 ±0.168 ±0.168 0.749 ±0.005 ±0.011 ±0.012 

0.365 8.508 ±0.006 ±0.170 ±0.170 0.718 ±0.005 ±0.010 ±0.012 

0.378 8.400 ±0.005 ±0.168 ±0.168 0.728 ±0.005 ±0.011 ±0.012 

0.391 8.677 ±0.005 ±0.174 ±0.174 0.638 ±0.006 ±0.008 ±0.010 

0.403 8.656 ±0.005 ±0.173 ±0.173 0.609 ±0.005 ±0.007 ±0.009 

0.416 8.762 ±0.004 ±0.175 ±0.175 0.522 ±0.004 ±0.005 ±0.007 

0.429 8.690 ±0.004 ±0.174 ±0.174 0.518 ±0.004 ±0.005 ±0.007 

0.441 8.791 ±0.004 ±0.176 ±0.176 0.459 ±0.004 ±0.004 ±0.006 

0.454 8.717 ±0.004 ±0.174 ±0.174 0.475 ±0.004 ±0.005 ±0.006 

0.467 8.748 ±0.003 ±0.175 ±0.175 0.436 ±0.004 ±0.004 ±0.005 

0.479 8.775 ±0.003 ±0.176 ±0.176 0.406 ±0.004 ±0.003 ±0.005 

0.492 8.731 ±0.003 ±0.175 ±0.175 0.413 ±0.003 ±0.003 ±0.004 
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Table 11. Uncertainty estimates for measurements taken at middle location of rectangular 

model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 2.472 ±0.012 ±0.049 ±0.051 1.535 ±0.011 ±0.047 ±0.048 

0.206 2.504 ±0.012 ±0.050 ±0.052 1.546 ±0.011 ±0.048 ±0.049 

0.210 2.388 ±0.012 ±0.048 ±0.049 1.494 ±0.011 ±0.045 ±0.046 

0.213 2.600 ±0.013 ±0.052 ±0.053 1.617 ±0.011 ±0.052 ±0.053 

0.225 4.713 ±0.018 ±0.094 ±0.096 2.367 ±0.010 ±0.112 ±0.113 

0.238 6.928 ±0.017 ±0.139 ±0.140 2.105 ±0.013 ±0.089 ±0.090 

0.251 7.587 ±0.014 ±0.152 ±0.152 1.567 ±0.010 ±0.049 ±0.050 

0.264 7.886 ±0.010 ±0.158 ±0.158 1.260 ±0.009 ±0.032 ±0.033 

0.276 7.846 ±0.009 ±0.157 ±0.157 1.181 ±0.008 ±0.028 ±0.029 

0.289 7.897 ±0.008 ±0.158 ±0.158 1.061 ±0.007 ±0.023 ±0.024 

0.302 8.161 ±0.008 ±0.163 ±0.163 0.971 ±0.007 ±0.019 ±0.020 

0.314 8.126 ±0.007 ±0.163 ±0.163 0.957 ±0.006 ±0.018 ±0.019 

0.327 8.261 ±0.007 ±0.165 ±0.165 0.928 ±0.006 ±0.017 ±0.018 

0.340 8.512 ±0.006 ±0.170 ±0.170 0.825 ±0.005 ±0.014 ±0.015 

0.352 8.440 ±0.007 ±0.169 ±0.169 0.798 ±0.005 ±0.013 ±0.014 

0.365 8.604 ±0.006 ±0.172 ±0.172 0.729 ±0.006 ±0.011 ±0.012 

0.378 8.585 ±0.005 ±0.172 ±0.172 0.658 ±0.004 ±0.009 ±0.010 

0.391 8.691 ±0.005 ±0.174 ±0.174 0.604 ±0.005 ±0.007 ±0.009 

0.403 8.711 ±0.005 ±0.174 ±0.174 0.611 ±0.005 ±0.007 ±0.009 

0.416 8.647 ±0.004 ±0.173 ±0.173 0.596 ±0.005 ±0.007 ±0.008 

0.429 8.731 ±0.004 ±0.175 ±0.175 0.554 ±0.005 ±0.006 ±0.008 

0.441 8.827 ±0.004 ±0.177 ±0.177 0.476 ±0.003 ±0.005 ±0.006 

0.454 8.745 ±0.004 ±0.175 ±0.175 0.504 ±0.004 ±0.005 ±0.006 

0.467 8.806 ±0.003 ±0.176 ±0.176 0.424 ±0.004 ±0.004 ±0.005 

0.479 8.776 ±0.003 ±0.176 ±0.176 0.401 ±0.003 ±0.003 ±0.004 

0.492 8.779 ±0.003 ±0.176 ±0.176 0.395 ±0.003 ±0.003 ±0.004 
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Table 12. Uncertainty estimates of measurements taken at trailing end of rectangular model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 3.091 ±0.015 ±0.062 ±0.064 1.795 ±0.009 ±0.064 ±0.065 

0.206 3.106 ±0.014 ±0.062 ±0.064 1.777 ±0.009 ±0.063 ±0.064 

0.210 2.979 ±0.013 ±0.060 ±0.061 1.722 ±0.010 ±0.059 ±0.060 

0.213 2.989 ±0.014 ±0.060 ±0.061 1.729 ±0.009 ±0.060 ±0.060 

0.225 4.165 ±0.016 ±0.083 ±0.085 2.023 ±0.009 ±0.082 ±0.082 

0.238 5.395 ±0.017 ±0.108 ±0.109 2.082 ±0.009 ±0.087 ±0.087 

0.251 6.383 ±0.014 ±0.128 ±0.128 1.862 ±0.011 ±0.069 ±0.070 

0.264 6.974 ±0.011 ±0.139 ±0.140 1.490 ±0.010 ±0.044 ±0.046 

0.276 7.391 ±0.011 ±0.148 ±0.148 1.324 ±0.010 ±0.035 ±0.036 

0.289 7.625 ±0.009 ±0.153 ±0.153 1.180 ±0.010 ±0.028 ±0.030 

0.302 7.816 ±0.008 ±0.156 ±0.157 1.098 ±0.007 ±0.024 ±0.025 

0.314 7.995 ±0.008 ±0.160 ±0.160 1.005 ±0.007 ±0.020 ±0.021 

0.327 8.113 ±0.008 ±0.162 ±0.162 0.979 ±0.006 ±0.019 ±0.020 

0.340 8.250 ±0.007 ±0.165 ±0.165 0.879 ±0.006 ±0.015 ±0.017 

0.352 8.352 ±0.006 ±0.167 ±0.167 0.817 ±0.006 ±0.013 ±0.014 

0.365 8.482 ±0.006 ±0.170 ±0.170 0.760 ±0.005 ±0.012 ±0.013 

0.378 8.587 ±0.006 ±0.172 ±0.172 0.735 ±0.005 ±0.011 ±0.012 

0.391 8.591 ±0.006 ±0.172 ±0.172 0.683 ±0.005 ±0.009 ±0.011 

0.403 8.530 ±0.005 ±0.171 ±0.171 0.676 ±0.005 ±0.009 ±0.010 

0.416 8.749 ±0.004 ±0.175 ±0.175 0.535 ±0.004 ±0.006 ±0.007 

0.429 8.674 ±0.004 ±0.173 ±0.174 0.591 ±0.004 ±0.007 ±0.008 

0.441 8.792 ±0.004 ±0.176 ±0.176 0.475 ±0.004 ±0.005 ±0.006 

0.454 8.815 ±0.004 ±0.176 ±0.176 0.428 ±0.003 ±0.004 ±0.005 

0.467 8.897 ±0.003 ±0.178 ±0.178 0.394 ±0.003 ±0.003 ±0.004 

0.479 8.804 ±0.003 ±0.176 ±0.176 0.418 ±0.003 ±0.003 ±0.005 

0.492 8.778 ±0.003 ±0.176 ±0.176 0.383 ±0.003 ±0.003 ±0.004 
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  Table 13. Uncertainty estimates of measurements taken at leading edge of elliptical façade 

building model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 5.621 ±0.009 ±0.112 ±0.113 0.999 ±0.005 ±0.020 ±0.021 

0.206 5.431 ±0.007 ±0.109 ±0.109 0.951 ±0.005 ±0.018 ±0.019 

0.210 5.751 ±0.007 ±0.115 ±0.115 0.911 ±0.005 ±0.017 ±0.017 

0.213 5.874 ±0.007 ±0.117 ±0.118 0.940 ±0.005 ±0.018 ±0.018 

0.216 5.887 ±0.007 ±0.118 ±0.118 0.908 ±0.005 ±0.016 ±0.017 

0.229 6.110 ±0.006 ±0.122 ±0.122 0.894 ±0.005 ±0.016 ±0.017 

0.241 6.165 ±0.007 ±0.123 ±0.124 0.941 ±0.005 ±0.018 ±0.018 

0.254 6.332 ±0.008 ±0.127 ±0.127 0.942 ±0.005 ±0.018 ±0.018 

0.267 6.489 ±0.007 ±0.130 ±0.130 0.923 ±0.005 ±0.017 ±0.018 

0.279 6.656 ±0.008 ±0.133 ±0.133 0.920 ±0.005 ±0.017 ±0.018 

0.292 6.849 ±0.007 ±0.137 ±0.137 0.844 ±0.005 ±0.014 ±0.015 

0.305 6.938 ±0.007 ±0.139 ±0.139 0.829 ±0.006 ±0.014 ±0.015 

0.318 6.981 ±0.006 ±0.140 ±0.140 0.806 ±0.006 ±0.013 ±0.014 

0.330 7.154 ±0.006 ±0.143 ±0.143 0.723 ±0.005 ±0.010 ±0.012 

0.343 7.315 ±0.005 ±0.146 ±0.146 0.666 ±0.006 ±0.009 ±0.011 

0.356 7.340 ±0.005 ±0.147 ±0.147 0.650 ±0.005 ±0.008 ±0.010 

0.368 7.425 ±0.004 ±0.149 ±0.149 0.551 ±0.005 ±0.006 ±0.008 

0.381 7.465 ±0.004 ±0.149 ±0.149 0.516 ±0.005 ±0.005 ±0.007 

0.394 7.598 ±0.003 ±0.152 ±0.152 0.431 ±0.003 ±0.004 ±0.005 

0.406 7.532 ±0.004 ±0.151 ±0.151 0.452 ±0.005 ±0.004 ±0.006 

0.419 7.626 ±0.003 ±0.153 ±0.153 0.355 ±0.003 ±0.003 ±0.004 

0.432 7.613 ±0.003 ±0.152 ±0.152 0.349 ±0.003 ±0.002 ±0.004 

0.445 7.624 ±0.003 ±0.152 ±0.152 0.333 ±0.003 ±0.002 ±0.003 

0.457 7.600 ±0.003 ±0.152 ±0.152 0.311 ±0.002 ±0.002 ±0.003 

0.470 7.595 ±0.002 ±0.152 ±0.152 0.309 ±0.002 ±0.002 ±0.003 

0.483 7.556 ±0.003 ±0.151 ±0.151 0.312 ±0.002 ±0.002 ±0.003 
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 Table 14. Uncertainty estimates of measurements taken at middle location of elliptical 

façade building model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 4.598 ±0.008 ±0.092 ±0.092 0.940 ±0.005 ±0.018 ±0.018 

0.206 4.809 ±0.008 ±0.096 ±0.097 0.959 ±0.005 ±0.018 ±0.019 

0.210 5.166 ±0.007 ±0.103 ±0.104 0.941 ±0.005 ±0.018 ±0.018 

0.213 5.462 ±0.008 ±0.109 ±0.109 0.935 ±0.005 ±0.017 ±0.018 

0.216 5.493 ±0.008 ±0.110 ±0.110 0.911 ±0.005 ±0.017 ±0.017 

0.229 5.873 ±0.007 ±0.117 ±0.118 0.884 ±0.005 ±0.016 ±0.016 

0.241 6.001 ±0.007 ±0.120 ±0.120 0.887 ±0.005 ±0.016 ±0.016 

0.254 6.186 ±0.008 ±0.124 ±0.124 0.926 ±0.005 ±0.017 ±0.018 

0.267 6.388 ±0.007 ±0.128 ±0.128 0.901 ±0.005 ±0.016 ±0.017 

0.279 6.529 ±0.006 ±0.131 ±0.131 0.885 ±0.005 ±0.016 ±0.016 

0.292 6.743 ±0.007 ±0.135 ±0.135 0.856 ±0.005 ±0.015 ±0.016 

0.305 6.842 ±0.007 ±0.137 ±0.137 0.845 ±0.005 ±0.014 ±0.015 

0.318 6.919 ±0.007 ±0.138 ±0.139 0.838 ±0.005 ±0.014 ±0.015 

0.330 7.138 ±0.006 ±0.143 ±0.143 0.721 ±0.005 ±0.010 ±0.012 

0.343 7.164 ±0.006 ±0.143 ±0.143 0.729 ±0.005 ±0.011 ±0.012 

0.356 7.310 ±0.005 ±0.146 ±0.146 0.639 ±0.005 ±0.008 ±0.009 

0.368 7.365 ±0.005 ±0.147 ±0.147 0.607 ±0.005 ±0.007 ±0.009 

0.381 7.528 ±0.004 ±0.151 ±0.151 0.512 ±0.004 ±0.005 ±0.007 

0.394 7.545 ±0.004 ±0.151 ±0.151 0.460 ±0.004 ±0.004 ±0.006 

0.406 7.634 ±0.003 ±0.153 ±0.153 0.391 ±0.003 ±0.003 ±0.004 

0.419 7.652 ±0.004 ±0.153 ±0.153 0.410 ±0.003 ±0.003 ±0.005 

0.432 7.621 ±0.003 ±0.152 ±0.152 0.358 ±0.003 ±0.003 ±0.004 

0.445 7.632 ±0.003 ±0.153 ±0.153 0.325 ±0.002 ±0.002 ±0.003 

0.457 7.654 ±0.003 ±0.153 ±0.153 0.335 ±0.003 ±0.002 ±0.004 

0.470 7.645 ±0.003 ±0.153 ±0.153 0.317 ±0.002 ±0.002 ±0.003 

0.483 7.567 ±0.002 ±0.151 ±0.151 0.319 ±0.002 ±0.002 ±0.003 
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Table 15. Uncertainty estimates of measurements taken at trailing end of elliptical facade 

building model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 4.040 ±0.008 ±0.081 ±0.081 1.000 ±0.005 ±0.020 ±0.021 

0.206 4.360 ±0.007 ±0.087 ±0.087 0.959 ±0.005 ±0.018 ±0.019 

0.210 4.874 ±0.007 ±0.097 ±0.098 0.944 ±0.005 ±0.018 ±0.018 

0.213 5.196 ±0.008 ±0.104 ±0.104 0.933 ±0.005 ±0.017 ±0.018 

0.216 5.265 ±0.008 ±0.105 ±0.106 0.932 ±0.005 ±0.017 ±0.018 

0.229 5.812 ±0.007 ±0.116 ±0.116 0.897 ±0.005 ±0.016 ±0.017 

0.241 5.905 ±0.007 ±0.118 ±0.118 0.871 ±0.005 ±0.015 ±0.016 

0.254 6.031 ±0.008 ±0.121 ±0.121 0.897 ±0.005 ±0.016 ±0.017 

0.267 6.240 ±0.007 ±0.125 ±0.125 0.920 ±0.005 ±0.017 ±0.018 

0.279 6.420 ±0.007 ±0.128 ±0.129 0.915 ±0.005 ±0.017 ±0.018 

0.292 6.586 ±0.007 ±0.132 ±0.132 0.892 ±0.006 ±0.016 ±0.017 

0.305 6.734 ±0.007 ±0.135 ±0.135 0.871 ±0.005 ±0.015 ±0.016 

0.318 6.864 ±0.006 ±0.137 ±0.137 0.797 ±0.005 ±0.013 ±0.014 

0.330 7.057 ±0.006 ±0.141 ±0.141 0.774 ±0.005 ±0.012 ±0.013 

0.343 7.219 ±0.005 ±0.144 ±0.144 0.683 ±0.005 ±0.009 ±0.011 

0.356 7.281 ±0.005 ±0.146 ±0.146 0.668 ±0.005 ±0.009 ±0.010 

0.368 7.410 ±0.004 ±0.148 ±0.148 0.567 ±0.005 ±0.006 ±0.008 

0.381 7.460 ±0.005 ±0.149 ±0.149 0.549 ±0.005 ±0.006 ±0.008 

0.394 7.509 ±0.004 ±0.150 ±0.150 0.517 ±0.004 ±0.005 ±0.007 

0.406 7.646 ±0.003 ±0.153 ±0.153 0.403 ±0.004 ±0.003 ±0.005 

0.419 7.599 ±0.003 ±0.152 ±0.152 0.400 ±0.004 ±0.003 ±0.005 

0.432 7.685 ±0.003 ±0.154 ±0.154 0.356 ±0.003 ±0.003 ±0.004 

0.445 7.643 ±0.003 ±0.153 ±0.153 0.333 ±0.003 ±0.002 ±0.004 

0.457 7.624 ±0.003 ±0.152 ±0.152 0.329 ±0.002 ±0.002 ±0.003 

0.470 7.616 ±0.003 ±0.152 ±0.152 0.325 ±0.002 ±0.002 ±0.003 

0.483 7.580 ±0.002 ±0.152 ±0.152 0.311 ±0.002 ±0.002 ±0.003 
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Table 16. Uncertainty estimates of measurements taken at leading edge of rose façade 

building model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 5.422 ±0.007 ±0.108 ±0.109 0.903 ±0.005 ±0.016 ±0.017 

0.206 5.383 ±0.006 ±0.108 ±0.108 0.787 ±0.005 ±0.012 ±0.013 

0.219 5.377 ±0.006 ±0.108 ±0.108 0.733 ±0.004 ±0.011 ±0.012 

0.232 5.366 ±0.005 ±0.107 ±0.107 0.694 ±0.004 ±0.010 ±0.011 

0.244 5.447 ±0.005 ±0.109 ±0.109 0.647 ±0.004 ±0.008 ±0.009 

0.257 5.506 ±0.005 ±0.110 ±0.110 0.610 ±0.004 ±0.007 ±0.008 

0.270 5.568 ±0.004 ±0.111 ±0.111 0.549 ±0.004 ±0.006 ±0.007 

0.283 5.698 ±0.004 ±0.114 ±0.114 0.498 ±0.004 ±0.005 ±0.006 

0.295 5.786 ±0.003 ±0.116 ±0.116 0.437 ±0.003 ±0.004 ±0.005 

0.308 5.849 ±0.003 ±0.117 ±0.117 0.387 ±0.003 ±0.003 ±0.004 

0.321 5.922 ±0.003 ±0.118 ±0.118 0.342 ±0.003 ±0.002 ±0.004 

0.333 5.970 ±0.002 ±0.119 ±0.119 0.280 ±0.003 ±0.002 ±0.004 

0.346 5.989 ±0.002 ±0.120 ±0.120 0.246 ±0.003 ±0.001 ±0.003 

0.359 6.013 ±0.001 ±0.120 ±0.120 0.206 ±0.003 ±0.001 ±0.003 

0.371 6.039 ±0.001 ±0.121 ±0.121 0.163 ±0.002 ±0.001 ±0.002 

0.384 6.041 ±0.001 ±0.121 ±0.121 0.138 ±0.002 ±0.0003 ±0.002 

0.397 6.040 ±0.001 ±0.121 ±0.121 0.118 ±0.002 ±0.0003 ±0.002 

0.410 6.034 ±0.001 ±0.121 ±0.121 0.110 ±0.002 ±0.0002 ±0.002 

0.422 6.020 ±0.001 ±0.120 ±0.120 0.090 ±0.001 ±0.0002 ±0.001 

0.435 6.001 ±0.001 ±0.120 ±0.120 0.084 ±0.001 ±0.0001 ±0.001 

 

 

 

 

 

 

 

 



 
 

179 
 

Table 17. Uncertainty estimates for measurements taken at middle location of rose façade 

building model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 2.559 ±0.010 ±0.051 ±0.052 1.170 ±0.006 ±0.027 ±0.028 

0.206 4.425 ±0.009 ±0.089 ±0.089 1.056 ±0.006 ±0.022 ±0.023 

0.219 4.878 ±0.006 ±0.098 ±0.098 0.801 ±0.005 ±0.013 ±0.014 

0.232 5.085 ±0.006 ±0.102 ±0.102 0.716 ±0.004 ±0.010 ±0.011 

0.244 5.299 ±0.005 ±0.106 ±0.106 0.662 ±0.004 ±0.009 ±0.010 

0.257 5.399 ±0.005 ±0.108 ±0.108 0.629 ±0.004 ±0.008 ±0.009 

0.270 5.549 ±0.005 ±0.111 ±0.111 0.565 ±0.004 ±0.006 ±0.008 

0.283 5.649 ±0.004 ±0.113 ±0.113 0.527 ±0.004 ±0.006 ±0.007 

0.295 5.767 ±0.004 ±0.115 ±0.115 0.456 ±0.004 ±0.004 ±0.005 

0.308 5.841 ±0.003 ±0.117 ±0.117 0.408 ±0.004 ±0.003 ±0.005 

0.321 5.924 ±0.003 ±0.118 ±0.119 0.343 ±0.003 ±0.002 ±0.004 

0.333 5.978 ±0.002 ±0.120 ±0.120 0.287 ±0.003 ±0.002 ±0.003 

0.346 5.997 ±0.002 ±0.120 ±0.120 0.266 ±0.003 ±0.001 ±0.003 

0.359 6.033 ±0.002 ±0.121 ±0.121 0.215 ±0.003 ±0.001 ±0.003 

0.371 6.057 ±0.001 ±0.121 ±0.121 0.170 ±0.002 ±0.001 ±0.002 

0.384 6.059 ±0.001 ±0.121 ±0.121 0.156 ±0.002 ±0.0005 ±0.002 

0.397 6.064 ±0.001 ±0.121 ±0.121 0.114 ±0.002 ±0.0003 ±0.002 

0.410 6.046 ±0.001 ±0.121 ±0.121 0.103 ±0.001 ±0.0002 ±0.001 

0.422 6.036 ±0.001 ±0.121 ±0.121 0.098 ±0.001 ±0.0002 ±0.001 

0.435 6.011 ±0.001 ±0.120 ±0.120 0.086 ±0.001 ±0.0001 ±0.001 
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Table 18. Uncertainty estimates of measurements taken at trailing end of rose facade 

building model 

z(m) 95% uncertainty interval, (�̅�), ms-1 95% uncertainty interval, (√𝐮′𝟐̅̅ ̅̅ ), ms-1 

Mean Random Bias Total RMS Random Bias Total 

0.203 2.678 ±0.007 ±0.054 ±0.054 0.944 ±0.005 ±0.018 ±0.018 

0.206 3.621 ±0.009 ±0.072 ±0.073 1.108 ±0.005 ±0.025 ±0.025 

0.219 4.418 ±0.008 ±0.088 ±0.089 0.978 ±0.005 ±0.019 ±0.020 

0.232 4.831 ±0.007 ±0.097 ±0.097 0.784 ±0.006 ±0.012 ±0.014 

0.244 5.113 ±0.005 ±0.102 ±0.102 0.683 ±0.004 ±0.009 ±0.010 

0.257 5.318 ±0.004 ±0.106 ±0.106 0.601 ±0.004 ±0.007 ±0.008 

0.270 5.438 ±0.005 ±0.109 ±0.109 0.576 ±0.004 ±0.007 ±0.008 

0.283 5.576 ±0.004 ±0.112 ±0.112 0.511 ±0.004 ±0.005 ±0.006 

0.295 5.690 ±0.004 ±0.114 ±0.114 0.463 ±0.004 ±0.004 ±0.006 

0.308 5.787 ±0.003 ±0.116 ±0.116 0.415 ±0.003 ±0.003 ±0.005 

0.321 5.861 ±0.003 ±0.117 ±0.117 0.367 ±0.003 ±0.003 ±0.004 

0.333 5.944 ±0.002 ±0.119 ±0.119 0.306 ±0.004 ±0.002 ±0.004 

0.346 5.978 ±0.002 ±0.120 ±0.120 0.272 ±0.003 ±0.001 ±0.004 

0.359 6.015 ±0.002 ±0.120 ±0.120 0.223 ±0.003 ±0.001 ±0.003 

0.371 6.024 ±0.002 ±0.120 ±0.120 0.196 ±0.003 ±0.001 ±0.003 

0.384 6.037 ±0.001 ±0.121 ±0.121 0.154 ±0.003 ±0.0005 ±0.003 

0.397 6.044 ±0.001 ±0.121 ±0.121 0.123 ±0.002 ±0.0003 ±0.002 

0.410 6.053 ±0.001 ±0.121 ±0.121 0.108 ±0.002 ±0.0002 ±0.002 

0.422 6.028 ±0.001 ±0.121 ±0.121 0.095 ±0.001 ±0.0002 ±0.001 

0.435 6.012 ±0.001 ±0.120 ±0.120 0.088 ±0.001 ±0.0001 ±0.001 
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Appendix E –Method for Average Velocity and Average Turbulence Intensity 

To determine the average velocity and average turbulence intensity of the measurements from the 

rooftop to height, hp, a polynomial trend-line of the points was plotted and the average integral 

equation used (Equation 36). An example of curve fitting is shown in Figures 97−98 for the 

leading edge of all three models. A comparison between the average velocities found by the curve 

fit and the average velocities found by taking the arithmetic or linear mean is also presented in 

Tables 19−20. The maximum error between the average velocity and the “mean” velocity is ~ 10 

% and this is only in the case of the rectangular model at the middle location and trailing end. The 

rectangular block experiences a large decrease in mean flow velocity (large changing flow 

gradient) at these locations making a linear comparison difficult. Though in this study the 

quantities of interest may also be obtained by linear averaging (arithmetic mean), it is important 

to note that this is solely problem based and researchers should find the most accurate method to 

represent the sample points. 

 The average results were important for the comparison between models and were used to 

determine the percentage differences of the velocities and intensities at each of the locations. For 

the average turbulence intensity values at the leading edge of the rectangular building model and 

sloped building façade model, the measurements along hp had a standard deviation 0.28 and 0.27 

respectively, decreasing the possibility of an accurate curve fit (Figure 98). Therefore, the average 

turbulence intensities at these locations were taken as the mean of the measured data points. 
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Table 19. Comparison of the average velocity vs the arithmetic mean velocity along height, 

hp, for all experimental model 

Model Type Average Velocity, ms-1 Mean Velocity, ms-1 

 Leading 

Edge 

Middle 

Location 

Trailing 

End 

Leading 

Edge 

Middle 

Location 

Trailing 

End 

Rectangular  0.948 0.395 0.444 0.952 0.352 0.392 

Sloped façade  1.007 0.700 0.664 1.024 0.672 0.623 

Elliptical 

facade 

0.817 0.750 0.718 0.804 0.729 0.693 

Rose façade  0.820 0.610 0.547 0.870 0.550 0.530 

 

Table 20. Comparison of the average turbulence intensity vs the arithmetic mean turbulence 

intensity along height, hp, for all experimental model 

Model Type Average Turbulence Intensity, % Mean Turbulence Intensity, %  

 Leading 

Edge 

Middle 

Location 

Trailing 

End 

Leading 

Edge 

Middle 

Location 

Trailing 

End 

Rectangular  − 59.4 53.9 14.9 59.8 54.0 

Sloped façade  − 24.0 23.0 14.6 25.1 24.6 

Elliptical 

facade 

16.0 17.9 18.9 17.0 18.7 19.7 

Rose façade  16.0 34.1 32.2 15.8 35.5 32.0 
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Figure 97. Polynomial fit on measured velocity data from the roof of the building model to 

height, hp. Average velocity values calculated using fit equations. 
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Figure 98. Polynomial fit on measured turbulence intensity data from the roof of the building 

model to height, hp. Average turbulence intensity values calculated using fit equations except 

at leading edge of sloped façade and rectangular building models where turbulence 

intensities have minimum deviation between measurements  
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Appendix F: Closer look at the wall coordinate y+ in 3D simulations 

In the absence of wall functions, the near wall region was resolved by using Enhanced Wall 

Treatment (EWT). In using EWT, Fluent automatically resolves the viscous sub-layer when the 

y+ is small (~ 5) (Davis, Rinehimer, & Uddin, 2012) , or uses the wall function when y+ is not 

small enough. For accurate prediction of flow behavior, resolving the viscous sublayer in the 

vicinity of the building was done. To prevent a significant addition of cells to the mesh count, only 

the region near the building was resolved while maintaining a maximum y+ < 300 in the outer 

domain away from the building (Ansys, Ansys Fluent User Guide, 2013). This near-wall resolving 

approach is presented in Figure 99 where a finer mesh is used to resolve the lower parts of the 

boundary layer. Figure 100 highlights the low y + values in the region of the building (located 

between x = 1 and x = 1.5, where x is the downstream distance) and the increase in values for 

further areas within the domain. 

 
Figure 99. Illustration of the refinement of the mesh near the wall in order to resolve the 

boundary layer 
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Figure 100. Numerical solution plot of the y+ values along the ground of the computational 

domain. The lower values indicate the position of the building within the domain, showing 

a finer mesh in this region. 
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