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ABSTRACT 

The Diffuser Augmented Wind Turbine (DAWT) combines a diffuser and a Horizontal 

Axis Wind Turbine (HAWT). This set-up was designed with the intention to accelerate 

upstream wind speeds to the wind turbine rotor using a diffuser thereby generating more 

power at a given upstream wind speed. The purpose of this research was to investigate the 

DAWT in terms of optimising performance through diffuser design and testing the effect 

of building integration on performance.  

Numerical studies were used to evaluate performance parameters: turbine disk loading, 

pressure coefficients, tip speed ratio and power coefficient. Augmentation factors 

quantified the improvement in wind turbine performance when applied with a diffuser 

using measured wind speeds and pressures. The first study observed the drop in 

performance between a free stream and roof-mounted DAWT. Following this, two 

‘shrouds’ were compared where the diffuser outperformed the concentrator with an 

augmentation factor of 2.94 versus 1.87 respectively. Numerical studies then focussed on 

diffuser design by testing eight aerofoil cross-sectional profiles and applying design area 

(At/Ae) and length-to-diameter (L/D) ratios. The ‘Optimum DAWT’ design was identified 

as the A5 (FX60 PR281 At/Ae 0.25 L/D 2.5) model. The augmentation factor was an average 

of 1.42 and 7.43 based on the ratio of wind speeds. A study then tested the roof-mounted 

A5 model in four Atmospheric Boundary Layer’s (ABL) each representing the wind speed 

profile of a different urban terrain. The change in ABL was found to have little influence 

on augmentation. The Optimum DAWT restored wind speeds otherwise lost at the rotor 

due to building presence. Higher wind speeds and a favourable pressure drop across the 

roof-mounted rotor in the direction of wind flow were better controlled and distributed with 

the diffuser. 

From experimental testing of the Optimum DAWT it was found that wind speeds to the 

test rotor increased by 136% from 1.02m/s to 2.41m/s. The augmentation ratio was 8.32 

based on the ratio of wind speeds. The Optimum DAWT exhibited better responsive 

behaviour than the test bare wind turbine in terms of matching the expected output power 

profile and a smaller response time for output power in relation to changing in wind speeds. 
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1 

Chapter 1- Introduction 

Global energy demands are continuously increasing on par with population growth, leading 

to greater levels of energy consumption in all areas of life. This consumption is exceeding 

energy supplies. One response has been a notable shift in attitude towards renewable power 

generation to particularly address depleting fossil fuel reserves. To encourage this, the 

intention has been to make anthropogenic energy use and demand sustainable. There are a 

few factors propelling this development. Aside from the increasing need to replace existing 

conventional power generation technologies, an unprecedented increase in the effects of 

climate change and global warming is encouraging a faster response. In the late 1900’s, 

technologies driven by renewable energy sources first emerged and were recognised. 

However, their demand and growth soon fell short of the booming oil industry. 

In more recent years, it has become evident that non-renewable energy supplies may only 

be able to sustain energy production successfully for the next 50 years. This has led to a re-

emergence in the development of renewable energy technology mirroring the 1970’s with 

growing interest. This current situation is thirteen years on from the Kyoto Protocol in 1992 

(UN, 1998) that established an international treaty on the need to address global warming 

and the effects of climate change. In December 2015, an international pledge in Paris (UN 

FCCC, 2015) was made to fund projects worth $100 billion in reducing carbon emissions, 

controlling the global temperature rise and strengthening the shift toward renewable energy 

generation.  

Power generation from wind energy is one of the more successful examples of renewable 

power generation techniques. The growth of the wind turbine sector increased at a rate of 

17.2% in 2015 and this was up from 16.4% the previous year. The installed capacity for 

wind power by 2015 was at 63.7GW (WWEA, 2016). The current worldwide installed 

capacity has now reached 539GW as of 2017. 52.6GW was added in 2017 representing a 

10.8% on the previous year. Figure 1.1 shows the growing trend for total installed wind 

capacity worldwide. It was recently noted that the fluctuation in fossil fuel prices did not 

influence or affect the success of wind power generation. The wind sector has been 

developing independently from the traditional oil economy due mainly to the nature of its 

technological advances. The growing global agenda to shift to renewables depends heavily 

on the invention and the improvement of existing technologies. A multitude of research 

produced in recent years has addressed improvements in overall performance, efficiencies 

and the life-span of wind technologies. 
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Figure 1.1 Total worldwide installed capacity between 2013 and 2017 for wind power including 

grid and non-grid connections (WWEA, 2018) 

There is an abundance of available wind energy on-shore and off-shore for power 

conversion. From the early windmill to present day innovations such as the bladeless 

Saphonian turbine, seen in Figure 1.2, wind power technologies have come far. There is a 

real desire to design technologies with greater power outputs for a given rotor swept area. 

Horizontal Axis Wind Turbines (HAWT) and Vertical Axis Wind Turbines (VAWT) are 

the most common and conventional configurations. The three-bladed HAWT has been 

leading the Wind Energy Conversion Systems (WECS) sector in terms of efficiency, large-

scale deployment and cost-effectiveness for more than 20 years. 

Across the WECS sector, often the size of the turbine rotor is what drives technological 

advancement. Large-scale turbine rotors with swept diameters typically larger than 10m 

are often susceptible to heavy loads and weight issues. Additional practical issues such as 

yaw control, variable-speed control and turbine heating are issues that can often limit the 

power generating potential of large-scale turbines. These issues are often are far less 

expressed in small-scale wind turbines.  

 

Figure 1.2 Early Windmills and the Saphonian Bladeless Wind Turbine (SaphonEnergy, 2012) 
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In order to save costs, reducing the size of the rotor helps to improve operational control 

and efficiency and allows flexibility in installation across a range of sites. Some small-scale 

turbine rotor designs are able to freely rotate to match changing wind directions. The major 

issue with small-scale turbines however, is the smaller magnitude in output power 

otherwise available from large-scale turbines. Large-scale rotors can access higher altitudes 

and areas of higher wind speeds. However, there are ways in which the power generating 

potential of small-scale turbines can be improved. 

1.1 Barriers to Integrating Wind Turbines in the Built Environment 

Small-scale wind turbines begin operation at low starting torques with quicker responses 

to wind speed variations. Their size also means that small-scale turbines can be positioned 

where power is directly required not just where it is available (Wang et al, 2008). Small-

scale wind turbines are more suited to urban environments than large-scale turbines due 

mainly to the availability of space. The built (urban) environment is currently responsible 

for about 40% of the world’s total energy consumption (Smith et al, 2012). Improving 

urban energy use is imperative. In most places around the world urban space is a premium 

so the siting and positioning of a wind turbine is often carefully considered. Figure 1.3 

shows some of the ways a wind turbine can be installed on a building; side-mounted, roof-

mounted, ground-mounted or enveloped by the building. Regardless of their positioning, 

current installations such as these have not been successful due to poor performance, high 

maintenance, noisy operation and visual pollution (KC et al, 2019).   

Providing existing wind turbines with the right conditions in the built environment to 

sustain their performance is necessary. Further, wind speeds are often intermittent and 

fluctuating in the built environment. To address this, the working principle of a DAWT 

may be used for enhanced power generation and maintenance of wind turbines.   

 

Figure 1.3 Various siting possibilities for installing a wind turbine (Smith et al, 2012) 
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1.2 Diffuser Augmented Wind Turbines (DAWT) 

Augmenting power with the action of a diffuser is not a new concept. The diffuser 

Augmented Wind Turbine (DAWT) was introduced in the 1970’s amid the oil crisis. It was 

during the Innovative Wind Systems Conference in the US (1979) that DAWT’s were 

introduced and gained recognition as valid potentials for augmented power of conventional 

wind power systems. Unfavourable capital and O&M costs at the time however quickly 

slowed down DAWT popularity and focus shifted to the development of HAWT 

technology (Igra, 1981).  

There is a real desire to design turbines with larger power outputs for a given rotor swept 

area. Diffusers are aerodynamic structures commonly found in turbomachinery for aircraft 

engines and so they translate well to applications in wind technology.  They are intended 

to increase wind turbine power outputs by optimising their performance to accelerate air 

mass flow through a funnel-shaped structure surrounding the rotor, see Figure 1.4. In the 

context of this research, the ‘bare wind turbine’ and ‘bare wind turbine rotor’ refers to a 

HAWT without a diffuser (or shroud). The increase in air mass flow is caused by ensuring 

a large pressure differential across the diffuser where the exit pressures are as low negative 

as possible, ideally sub-atmospheric. This causes a large suction effect that ‘pulls in’ more 

air through the diffuser inlet. The diffuser therefor contributes to increasing the power 

generation capacity of a typical turbine by increasing the rpm of the rotor and decreasing 

its starting torque requirements in low wind speeds.  

 

Figure 1.4 Establishing the difference between a bare wind turbine and a DAWT 
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The diffuser also provides the turbine and its blades some protection from adverse climatic 

conditions and atmospheric exposure whilst also extracting power for stable operation in a 

wider range of wind velocities starting at low wind speeds and in some turbulent conditions. 

This is beneficial towards a reduction in blade-tip losses and even encouraging a reduction 

in the rate of bird strike as airborne wildlife can perceive the diffuser as a singular, 

stationary object compared to the blur of moving blades (Lubitz and Shomer, 2014). The 

performance of a DAWT is characteristically expressed in terms of its augmentation factor 

(Chapter 2 Section 2.4).  

It has historically been assumed that up-scaling a wind turbine (in terms of its rotor swept 

area) was the only way to increase its power output as seen in Figure 1.5. DAWT’s can be 

considered an optimised approach to wind turbine performance. In other words, in using a 

diffuser the power output from a wind turbine rotor can be increased without increasing its 

swept area. A diffuser can, in theory, be applied to any conventional wind turbine to 

improve the existing turbine performance and provide reliable, steady power outputs as 

wind conditions near the rotor are controlled.  

Indeed, the geometry of the diffuser is such that it presents an additional requirement for 

manufacture, installation and maintenance. The tower and foundation of a typical wind 

turbine would need to be strengthened (Lubitz and Shomer, 2014). Furthermore, the costly 

additional weight and bulk can be an issue in terms of material and load bearings. There 

are examples where attempts have been made to resolve these particular limitations such 

as reducing material requirements, and there exists some commercially available DAWT’s. 

 

Figure 1.5 Historical scale of the increasing capacity of wind turbines with improvements in 

technology and materials (WWEA, 2016) 
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1.3 Research Motivation  

The use of a diffuser provides an opportunity for an optimisation of existing wind 

technology. While experimental and parametric research exists in this field, an improved 

understanding is necessary of the relative performance of different DAWT’s and how their 

performance can therefore be improved. Installed wind technology in the built environment 

has recently dropped due to unresolved issues with efficiency, wind capture, intermittency 

and response to name a few. Introducing DAWT technology into the built environment 

may be able to address these issues. The motivation behind this research was to explore the 

potential of DAWT’s in terms of improved design and performance with a view to their 

application in the built environment thereby progressing knowledge in this field. Figure 1.6 

was formulated to identify the influences and dependencies of certain factors on the 

development of DAWT’s. The main central branch highlighted by red arrows was the main 

focus for this research culminating in the ‘DAWT System Definition’ for an optimum 

DAWT design. The remaining factors were included here (blue arrows) to provide the main 

focus with some perspective. In addressing the wider impact of this research, the remaining 

factors would need to be addressed in further work. For example, a study of economic 

factors would involve an assessment of DAWT’s market penetration and acceptance. The 

research objectives were formulated to address diffuser aerodynamics, configuration and 

system definition.  

 

Figure 1.6 Key influential factors in the definition of a DAWT 
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1.4 Research Aims and Objectives 

The broader aim of this research was to optimise DAWT performance by investigating the 

geometric and aerodynamic features of a diffuser. This refers to the main influencing 

factors as highlighted in Figure 1.6. Furthering this aim required an understanding of the 

operational behaviour of a DAWT in real conditions and in the built environment, more 

specifically roof-mounted. In order to achieve this aim, the various studies in this research 

involved the employment of Computational Fluid Dynamic (CFD) theories, wind tunnel 

investigations and further experimental methodologies.  

The key research objectives were identified as follows: 

1. Comparing the augmentation factors for a benchmark DAWT in steady-state free-

stream and roof-mounted conditions to identify a performance gap using CFD theory 

 

2. Determining the optimum aerofoil profile cross-section for a diffuser with a benchmark 

bare wind turbine rotor (i.e. the FM910-4 Rutland WindCharger) using tip-speed ratio, 

turbine disk loading, pressure coefficients and power coefficients as measures of 

performance and augmentation factor using CFD theory 

 

3. Determining the optimum diffuser length-to-diameter ratio and area ratio for a diffuser 

with a benchmark bare wind turbine rotor (i.e. the FM910-4 Rutland WindCharger) 

using tip-speed ratio, turbine disk loading, pressure coefficients and power coefficients 

as measures of performance and augmentation factor using CFD theory 

 

4. Establishing the influence of the different Atmospheric Boundary Layer's  (ABL), each 

representing a different urban terrain, on the working performance of the optimum 

DAWT when roof-mounted using CFD theory 

 

5. Establishing an experimental model to determine the responsive behaviours of the 

optimum DAWT and the benchmark bare wind turbine rotor (FM910-4 Rutland 

WindCharger)   

 

6. Verify results from CFD against experimental testing by determining the error within 

the accepted range of ±5% (Wang et al, 2008) and ±10% (Abe and Ohya, 2004) and 

±10% (Kosasih and Hudin, 2016) 
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1.5 Research Methodology 

The use of Computational Fluid Dynamics (CFD) tools is used in assessing the performance 

of wind turbines and diffusers. It allows for every aerodynamic aspect of the DAWT to be 

tested. The main bulk of the research conducted involved detailed CFD simulation studies 

to independently assess various parameters of the DAWT and its building application. 

These studies were then complied to produce an optimum diffuser design. Figure 1.7 shows 

a sequential breakdown of the research tasks that were performed in order to meet all aims 

and objectives. ‘Steady-state’ and ‘transient’ are references to time where the former is 

static and the latter is moving time. 

 

Figure 1.7 Research Methodology  
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1.6 Research Project Timeline  

Figure 1.8 Project timeline with a detailed breakdown on individual tasks 

Task 1 LITERATURE REVIEW  and writing towards 1st Year MPHil Yes

Task 2

Initial CFD studies on assessing the performance gap 

between DAWT and B-DAWT and validating CFD 

methodology against Wang et al (2008)

Yes

Obj. 2

Determining the optimum aerofoil profile cross-section 

for a diffuser with a benchmark bare wind turbine rotor 

(i.e. the FM910-4 Rutland WindCharger) using tip-speed 

ratio, turbine disk loading, pressure coefficients and 

power coefficients as measures of performance and 

augmentation factor using CFD theory

Yes

Task 3
Independent parametric studies on a selection of eight 

aerofoil profiles supported by literature
Yes

Task 4
Selection of the best aerofoil and conclusive summary of 

findings
Yes

Obj. 3

Determining the optimum diffuser length-to-diameter 

ratio and area ratio for a diffuser with a benchmark bare 

wind turbine rotor (i.e. the FM910-4 Rutland 

WindCharger) using tip-speed ratio, turbine disk loading, 

pressure coefficients and power coefficients as 

measures of performance and augmentation factor using 

CFD theory

Yes

Task 5
Independent parametric studies on a range of area and 

length-diameter ratios
Yes

Task 6
Experimental Validation of CFD methodology using HM 

170 Subsonic (closed-loop) Wind Tunnel 
Yes

Task 7 Conclusive summary of findings

3D Printer, HM 170 

Subsonic (closed-loop) 

Wind Tunnel 

Yes

Obj. 4

Establishing the influence of the different Atmospheric 

Boundary Layer's  (ABL), each representing a different 

urban terrain, on the working performance of the 

optimum DAWT when roof-mounted using CFD theory

Writing Materials Yes

Task 8 Formulating a set of UDF's in ANSYS Fluent v15 Yes

Task 9

Simulate four atmospheric boundary layer's to compare 

performance of optimum DAWT in different urban 

contexts, comparing all cases against the benchmark bare 

wind turbine (FM910-4 Rutland WindCharger)

Yes

Obj. 5

Establishing an experimental model to determine the 

responsive behaviours of the optimum DAWT and the 

benchmark bare wind turbine rotor (FM910-4 Rutland 

WindCharger)  

Yes

Task 10

Seting up experimental apparatus: recording data for the 

benchmark bare FM910-4 Rutland WindCharger. 

Manufacture and assembly of the optimum diffuser 

design to the benchmark bare WindCharger. Recording 

data for wind velocities and power outputs in both cases 

to compare data for response times and power 

augmentation.

Yes

Task 11 Conclusive and comparative summary of findings Yes

Obj. 6

Verify results from CFD against experimental testing by 

determining the error within the accepted range of ±5% 

(Wang et al, 2008) and ±10% (Abe and Ohya, 2004) and 

±10% (Kosasih and Hudin, 2016)

Writing Materials Yes

Task 12 Conclusive summary of findings 30 33

FM910-4 Rutland 

WindCharger, Data 

Acquistion Devices, 

Computational 

Software (ANSYS 

Fluent v15), Diffuser 

Manufacture

Yes

Yes
Yes

FM910-4 Rutland 

WindCharger, Data 

Acquistion Devices, 

Computational 

Software (ANSYS 

Fluent v15), Diffuser 

Manufacture

Task 13 Preparation for final Thesis Submission and Viva 34 36 Writing Materials

Yes

13 22 Year 2

22 27

Computational 

Software (ANSYS 

Fluent v15) and 

Reference Literature

Year 3
27 30

Obj. 1

Comparing the augmentation factors for a benchmark 

DAWT in steady-state free-stream and roof-mounted 

conditions to identify a performance gap using CFD 

theory
1 12 Year 1

Computational 

Software (ANSYS 

Fluent v15) Reference 

Literature, Writing 

Materials

PhD Project Plan - 3-Year Objectives *Arouge

Task No. Research Objective and Associated Task
Start Finish Year of PhD 

Programme
Resources

Objective 

Completed?Months
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1.7 Overview of Thesis Structure 

Chapter 2 provides a literature review on research covering computational and 

experimental studies conducted in recent years. Beginning Chapter 2 is a full description 

of the technical background for DAWT analysis covering the assessment of performance 

using fluid dynamic theory. To extend the literature review beyond published research, a 

further study of literature was conducted on DAWT technologies based on diffuser design 

and application that have been introduced through research, patents and as commercial 

products. Completing Chapter 2 is a review of DAWT’s in the built environment and the 

use of building design in augmenting power. The research gaps identified have been listed 

with associated research objectives. 

The research carried out has used been conducted using CFD modelling and experimental 

testing. Chapter 3 covers the generation and development of the various studies carried out 

according to the research objectives. A full description of the details of the numerical model 

used, the governing equations, computational domain, mesh, grid adaption, boundary layer 

theory for building simulation and the boundary conditions has been provided. Five 

numerical studies were conducted. While the set-up of these studies was chiefly similar, 

the conditions and context for each have been described. 

Chapter 4 covers the preparation for the set-up of experimental testing that involved the 

manufacture and assembly of some components and the employment of data acquisition 

devices. The details and results of a wind tunnel calibration study have been presented and 

the preparation of a CFD methodology validation study. This involved the description of 

the 3D-printing and flow visualisation techniques employed. The aim and purpose of field 

experiments have been detailed.  

Following the work in Chapter 3, Chapter 5 presents the results of all numerical studies 

along with detailed analysis and discussion of the findings. Chapter 6 provides crucial 

information in the validation of CFD results against those obtained from experimentation 

and then against the results from literature as defined in the research objectives. Chapter 5 

thus concludes results from the stead-state studies and Chapter 6 the transient studies. 

Chapter 7 details the experimental results following the set-up described in Chapter 4. 

Chapter 8 concludes the results of research findings with a view on future work. Following 

this, a list of references and appendices detailing additional information that used in support 

of the studies presented in this thesis.  
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Chapter 2 Literature Review 

2.1 Introduction 

One of the earliest recorded assessments of the use of a diffuser was in 1956 by Lilley and 

Rainbird (Lilley and Rainbird, 1956). Following this, pioneering research into DAWT’s 

was notably conducted by Ozer Igra of the Ben Gurion University of the Negev in the 

1970’s. Igra investigated techniques in reducing the requirement of a large length-diameter 

ratio of a diffuser without affecting performance. One such example was to blow or draw 

in air into the latter part of the diffuser (Igra, 1978).  

The evolution of diffuser design has heavily depended on the developing understanding of 

fluid dynamic (aka fluid mechanics) theory. This theory describes a mathematical approach 

to analysing the behaviour of fluid motion using fundamental quantities such as velocity, 

pressure, viscosity, density and temperature. Considering air flow through a diffuser, the 

manipulation of velocity and pressure changes contribute to the energy extracted by a wind 

turbine rotor from the air. These principles, coupled with knowledge in aerodynamic theory 

have enabled some progress in diffuser design both experimentally and computationally. 

More recently, a new fundamental tool in the development of diffusers involves the use of 

computational analysis. The two main methods involved are the Blade Element Momentum 

(BEM) theory and Computational Fluid Dynamics (CFD). While issues exist with 

computational limitations and accuracy, a better understanding of air flow characteristics 

through DAWT’s has been achieved with predictable improvements in design and 

performance. Most studies from literature employ an independent, case-specific 

methodology in diffuser design based on any of the following; material testing, funding, 

output power requirements, novelty design methods etc. Thus, a combination of different 

design parameters is usually justified as measures of performance. Results are however 

uniformly published in terms of a ratio or percentage of power increased compared to a 

bare wind turbine rotor with an equivalent swept area and power rating. In CFD analysis 

the main parameters influencing DAWT performance are the area ratio, length-diameter 

ratio, and pressure drop across the diffuser. The pressure recovery computed at the diffuser 

exit, tip speed ratio, disk loading and thrust coefficient are also key diffuser design and 

performance analysis.  

A theoretical background was detailed for use as a reference for the analysis of performance 

in this research. This literature review was conducted in order to identify any research gaps 

in the parametric and experimental studies conducted on DAWT’s. Specifically, gaps 
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related to diffuser design and performance and the application of DAWT’s in the built 

environment. The review has been categorised into sub-sections according to the following 

themes; parametric studies, experimental studies, DAWT technologies and building-

integrated DAWT systems. The key research gaps identified have been summarised at the 

end of this chapter. 

2.2 Theoretical Background 

The Actuator Disk Theory (aka Momentum Theory) is a semi-empirical approach that 

analyses the energy balance across a diffuser using Bernoulli’s equation and calculates a 

momentum balance. It does not take into consideration wake rotation/swirl, the definite 

number of rotor blades, aerodynamic drag and associated tip losses.  

The ideal diffuser allows for perfect streamline flow of the working fluid, as shown in 

Figure 2.1. Flow is symmetrical, there is no separation and frictional losses are negligible. 

The cross section of the diffuser is an aerofoil. This generates a lift which in turn causes a 

ring vortex that generates a velocity to draw in more air mass flow across the rotor (Hansen, 

2008). Г, circulation of air, is also created due to aerofoil lift action.  

 

Figure 2.1The ideal streamline air flow through a diffuser (Hansen, 2008) 

2.2.1 Key Assumptions 

The working fluid is air, so it is important to establish the flow conditions. Air is assumed 

ideal, i.e. it is incompressible and inviscid. Air flow is streamline, work done due to shear 

forces is zero, heat exchanges and mass transfers do not occur. This means that the total 

energy per unit volume of air is constant. The Bernoulli’s equation for energy is thus the 

sum of kinetic energy and static pressure. Along a streamline, this means that as air velocity 

increases, pressure decreases and vice versa. Since energy is extracted by the wind turbine 

Air In 

Streamline Flow  

Circulation  

Air In 
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rotor, Bernoulli’s equation is applied independently between the regions from inlet to front 

of rotor and behind rotor to exit. Another important assumption is that the entire flow field 

of the diffuser is one-dimensional and steady. This is only valid if flow separation does not 

occur. 

Further assumptions include: Conservation of Mass (the amount of air entering and leaving 

the diffuser is the same), Conservation of Energy and Conservation of Momentum (no shear 

forces along the diffuser). 

2.2.2 The Actuator Disk Theory and Betz Limit 

The control volume for the analysis is the defined as the perimeter of the diffuser as shown 

in Figure 2.2. The four regions are: 0 – Inlet, free-stream; 1 – front of rotor; 2 – behind 

rotor and 3 – outlet/exit, wake region (Maia, 2014).   

 

Figure 2.2 Schematic for a DAWT. V, P, At and Ae refer to velocity, pressure, diffuser throat area 

and exit area respectively  

Due to the inlet free stream condition, the velocity (V) far upstream is equal at the inlet; 

𝑉∞ = 𝑉0. Since momentum is conserved and there is steady-state flow, Thrust is the equal 

to the change in momentum: 

𝑇 = �̇�(𝑉0 − 𝑉3) (1) 

With mass flow conserved; �̇� = (𝜌𝐴𝑉)0 = (𝜌𝐴𝑉)3 where, 𝜌 is air density,  𝐴 is cross-

sectional area of the rotor (aka swept area) and 𝑉 is air velocity, Thrust is positive. This 
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implies that 𝑉3 < 𝑉0. Thrust is also calculated as a product of the pressure difference 

between stations 2 and 1 and the rotor swept area: 

𝑇 = 𝐴𝑡(𝑃1 − 𝑃2) (2) 

Air flow is frictionless and energy is conserved, so Bernoulli’s equation for either side of 

the rotor can be written as follows:  

𝑃0 +
1

2
𝜌𝑉0

2 = 𝑃1 +
1

2
𝜌𝑉1

2 (3) 

𝑃2 +
1

2
𝜌𝑉2

2 = 𝑃3 +
1

2
𝜌𝑉3

2 (4) 

The velocity across the rotor is constant, 𝑉1 = 𝑉2. Equation (2) can be re-written using 

equations (3) and (4): 

𝑇 =
1

2
𝜌𝐴𝑡(𝑉0

2 − 𝑉3
2) (5) 

The mass flow rate at the rotor is: �̇� = 𝜌𝐴2𝑉2 and equations (1) and (5) can be equated 

using like terms to give equation (6). This shows that the velocity in front of the rotor is an 

average of the upstream and downstream wind speeds. 

𝑉2 =
𝑉1 + 𝑉4
2

 (6) 

The axial induction factor (𝑎 =
𝑉1−𝑉2

𝑉1
) quantifies the drop in velocity from upstream to the 

rotor and along with equation (6) can be re-written in terms of 𝑉1: 

𝑉𝑡 = 𝑉0(1 − 𝑎) (7) 

𝑉3 = 𝑉0(1 − 2𝑎) (8) 

Now power can be derived in terms of the upstream velocity, 𝑉0. First, power is calculated 

using the product of the thrust and the velocity at the rotor: 

𝑷 = 𝑇𝑉𝑡 (9) 

Substituting equation’s (5), (7) and (8) into the power equation yields: 

  𝑷 =
1

2
𝜌𝐴𝑡𝑉0

34𝑎(1 − 𝑎)2 (10) 

The semi-empirical nature of this analysis can be seen here; the induction factor can be 

found experimentally. A large reduction in wind speeds will result in a large induction 
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factor which will in turn mean a greater power output. The power coefficient which defines 

the extracted power from available power by the rotor is written as: 

𝐶𝑝 =
𝑷

1
2
𝜌𝐴𝑟𝑉∞

3
 (11) 

This can be further expressed: 

𝐶𝑝 = 4𝑎(1 − 𝑎)
2 (12) 

The maximum power coefficient for an ideal rotor can be found using the derivative of 

equation (12) with respect to the induction factor. The induction factor can now be solved: 

𝜕𝐶𝑝
𝜕𝑎

= 0 = 4(1 − 3𝑎2) 

𝑎 =
1

3
 

(13) 

Using this result in equation (12), the maximum power coefficient is: 𝐶𝑝,𝑚𝑎𝑥 =
16

27
~59.3%. 

This is the Betz limit as defined for an ideal wind turbine. This theory provides a limited 

analysis. There are other factors that affect performance, such as frictional losses and the 

effects of wake circulation (Lilley and Rainbird, 1956). This coefficient is therefore not 

entirely representative of real performance but is a useful guide. Further, this theory doesn’t 

consider the effects of fluid behaviour on the performance of the turbine due to the diffuser. 

The flow characteristics in a diffuser are crucial to understanding its real performance. 

Another parameter often stated along with performance is the thrust coefficient: 

𝐶𝑡 =
𝑻

1
2𝜌𝐴𝑡𝑉0

2
= 4𝑎(1 − 𝑎) (14) 

 

2.2.3 Pressure and Velocity Profiles across a Diffuser 

The velocity and pressure profiles through a diffuser are dependent on its geometry and the 

variation in internal cross-sectional area. 𝑉𝑜 and 𝑃𝑜 are the ambient velocity and pressure 

respectively. Ambient conditions are found far upstream and in the wake of the diffuser as 

shown in Figure 2.3.  
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Figure 2.3 Expected profiles for velocity and pressure across a diffuser (Van Bussel, 2007) 

Applying the Bernoulli equation: 

𝑃𝑡𝑜𝑡 = 𝑃𝑜 +
1

2
𝜌𝑉𝑜

2 = 𝑃1 +
1

2
𝜌𝑉1

2 = 𝑃3 +
1

2
𝜌𝑉3

2 = 𝑃𝑜 +
1

2
𝜌𝑉𝑒

2 (15) 

Where, 𝑉𝑒 is the exit velocity. The relationship between the velocities at the nozzle in figure 

2.3 and exit are proportional to the diffuser area ratio, 𝛽 (Van Bussel, 2007): 

𝑉1 = 𝛽𝑉3 (16) 

Equation (15) can be further expressed: 

𝑃𝑡𝑜𝑡 = 𝑃1 +
1

2
𝜌(𝛽𝑉𝑜)

2 (17) 

If the exit pressure is assumed to equal the ambient (𝑃3 = 𝑃𝑜), the pressure at the rotor is: 

𝑃1 = 𝑃𝑜 + (1 − 𝛽
2)
1

2
𝜌𝑉𝑜

2 (18) 

Equation (18) shows that an under pressure occurs at the nozzle when the area ratio is 

greater than 1.  The exit area must therefore be larger than the nozzle area and that no flow 

separation is present. The back pressure velocity ratio is defined as: 

𝛾 =
𝑉3
𝑉𝑜

 (19) 

Van Bussel (2007) explained that that a negative back pressure can exist at the exit because 

air flow is forced radially through the Kutta condition. This implies that the exit velocity 

will be different from the inlet velocity. Using equation (19), (18) can be written as: 

𝑃1 = 𝑃𝑜 + (1 − 𝛽
2𝛾2)

1

2
𝜌𝑉𝑜

2 (20) 

Velocity can be calculated at different locations along the diffuser in accordance with the 

continuity equation as long as the local area to exit area ratio is known and using the 
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assumption of uniform velocity distribution. Velocity changes are dependent on diffuser 

geometry to a certain extent. The inlet shape of the diffuser should therefore be designed 

to allow for smooth inflow and prevent flow separation. The exit velocity will reduce 

further than in the bare diffuser case (i.e. without a turbine) until it stabilises at a value in 

the wake at the ambient pressure. Turbine presence will cause an overall reduction in 

pressure computed at the exit which is why the best location for the rotor should be at the 

smallest cross sectional area to allow for the smallest rotor diameter. This would be at the 

inlet for a continuous cross-section diffuser (i.e. flat wall). Based on the 1D theory 

presented, the following expression can be generated: 

𝑉3 = (1 − 𝑎)𝑉𝑜 (21) 

Here, the induction factor is defined at the exit. Using the diffuser area ratio, the velocity 

at the nozzle is: 𝑉1 = 𝛽𝑉3 so: 

𝑉1 = 𝛽(1 − 𝑎)𝑉𝑜 (22) 

Whenever there is extra back pressure, the exit velocity becomes: 

𝑉3 = 𝛾(1 − 𝑎)𝑉𝑜 (23) 

Applying Bernoulli’s equation to the regions in front and behind the rotor, the resultant 

pressure change across the rotor can be written as: 

𝑃2 − 𝑃1 = 4𝑎(1 − 𝑎)
1

2
𝜌𝑉𝑜

2 (24) 

This equation shows that the pressure drop across the rotor is independent of diffuser area 

ratio, back pressure ratio and the turbine’s placement in the diffuser. The amount of air 

passing across the rotor has now increased by 𝛽𝛾 compared to a bare wind turbine with 

equivalent swept area (diameter).  

2.2.4 Analysing Performance 

The 1D theory shown considers the flow field at atmospheric pressure. Igra (1981) 

explained that a DAWT is able to sustain sub-atmospheric pressures especially at the rotor. 

To assess and compare the performances of DAWT’s a defining parameter included in the 

analysis is the augmentation factor. The augmentation factor can be expressed in terms of 

the turbine load factor, diffuser pressure recovery and the non-dimensional exit pressure in 

accordance with the assumptions made in the previous section. The turbine load factor (also 

known as the disk loading coefficient), 𝐶𝐷:  
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𝐶𝐷 =
𝑃1 − 𝑃2
1
2
𝜌𝑉𝑡

2
 (25) 

The subscript 𝑡 refers to the throat of the diffuser where the velocities in front and behind 

the rotor are equal. The effective-diffuser pressure recovery coefficient 𝐶𝑝𝑟 is: 

𝐶𝑝𝑟 =
𝑃3 − 𝑃2
1
2𝜌𝑉𝑡

2
 (26) 

The shroud exit pressure coefficient is: 

𝐶𝑝𝑒 =
𝑃3 − 𝑃∞
1
2 𝜌𝑉∞

2
 (27) 

Where, the subscript ∞ refers to downstream conditions beyond the diffuser exit. The 

augmentation factor/ratio is defined as a ratio of output powers from a rotor of fixed swept 

area when applied with a diffuser and without a diffuser. The augmentation factor can be 

used as a measure of the diffuser effectiveness of a DAWT against existing wind turbines: 

𝑟 =
∆𝑃𝑡𝑄

1
2
𝐶𝑝,𝑚𝑎𝑥𝜌𝑉∞

3𝐴𝑡

 (28) 

Where, ∆𝑃𝑡 is the total pressure change through the diffuser and 𝑄 is the volumetric flow 

rate of air. Re-arranging equation (25) for the total pressure change, (𝑃1 − 𝑃2), and the 

volumetric flow rate, Q, is the product of the diffuser’s throat velocity and the throat area. 

The augmentation ratio can now be written as: 

𝑟 =
𝐶𝐷

𝐶𝑝,𝑚𝑎𝑥
(
𝑉𝑡
𝑉∞
)
3

=
𝐶𝐷

𝐶𝑝,𝑚𝑎𝑥
(
𝐴𝑡
𝐴∞
)
3

 (29) 

The velocity components of the above equation can be expressed in terms of area due to 

the mass conservation and the assumption of incompressible flow.  Substituting equation 

(29) into (28) the power can be expressed using the turbine load fact 

𝑷 =
1

2
𝜌𝑉𝑡

2𝐶𝐷𝑄 (30) 

The significance here is that is the turbine load factor were zero, there would be no power 

output; 𝐶𝐷 ∝ 𝑷. Also, as 𝐶𝐷 increases, 𝐴∞ will decrease and as 𝐶𝐷 → ∞ the flow rate will 

equal zero thereby resulting in no power output.  By relating 𝐶𝑝𝑟 and 𝐶𝑝𝑒 to 𝑟 we can also 

assess their effect on the augmentation factor. Firstly, the exit pressure coefficient can be 

expressed using equations (25) and (26) and substituting into the Bernoulli’s equation 

(applying assumptions) between the upstream condition and station 1 (𝑃1 − 𝑃∞) and 
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applying the law of continuity so that velocity can be expressed in terms of area, the area 

ratio can be written as: 

𝐴𝑡
𝐴∞

= √
1 − 𝐶𝑝𝑒

1 + 𝐶𝐷 − 𝐶𝑝𝑟
 (31) 

The augmentation factor can now be expressed as: 

𝑟 =
𝐶𝐷

𝐶𝑝,𝑚𝑎𝑥
(

1 − 𝐶𝑝𝑒
1 + 𝐶𝐷 − 𝐶𝑝𝑟

)

3
2⁄

 (32) 

The maximum augmentation factor, 𝑟𝑚𝑎𝑥, is dependent on the optimal turbine disk loading, 

𝐶𝐷,𝑜𝑝𝑡𝑖 = 2(1 − 𝐶𝑝𝑟). 𝐶𝑝𝑒 and 𝐶𝑝𝑟 can be found empirically therefore assuming the loading 

factor is independent, it can be differentiated with respect to the augmentation factor and 

set to zero which yields: 

𝑟𝑚𝑎𝑥 = 0.649√
(1 − 𝐶𝑝𝑒)

3

1 − 𝐶𝑝𝑟
 (33) 

Using the equation for diffuser efficiency, 𝐶𝑝𝑟 can be eliminated from equation 33. Diffuser 

efficiency, ɳ, is defined as: 

ɳ =
𝐶𝑝𝑟

𝐶𝑝𝑟,𝑖𝑑𝑒𝑎𝑙
 (34) 

Where the ideal pressure recovery is defined as: 

𝐶𝑝𝑟,𝑖𝑑𝑒𝑎𝑙 = 1 − (
𝐴𝑡
𝐴𝑒
)
2

 (35) 

The maximum augmentation factor can now be expressed as: 

𝑟𝑚𝑎𝑥 = 0.649

(

 
 (1 − 𝐶𝑝𝑒)

3

1 − ɳ [1 − (
𝐴𝑡
𝐴𝑒
)
2

]
)

 
 

1
2⁄

 (36) 

For a larger augmentation factor, the diffuser efficiency and area ratio (At/Ae) should be as 

large as possible (Igra, 1981). The latter aspect means the diffuser would need to be quite 

large in comparison to its diameter at the throat and this can be costly. This design ratio is 

referred to as the length-to-diameter ratio (L/D). Additionally, the exit pressure needs to be 

as small as possible for increased augmentation. To achieve this, the diffuser should ideally 

be designed with an annular wing profile which (according to aerofoil theory) will allow 

for sub-atmospheric exit pressures.  
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The importance of the aerofoil in diffuser design is significant. The lift achieved when 

using an aerofoil increases the air mass flow through a diffuser for a given length-diameter 

ratio compared to a straight-wall diffuser. The latter does however have its own advantages 

in terms of reduced material weight, cost and reparability. Aranake et al (2015) conducted 

a 3D CFD analysis comparing diffuser’s with aerofoil cross sections. Four were computed; 

the Eppler E423, Selig S1223, NACA0006 (baseline design) and the FX 74-CL5-140. From 

a 2D analysis of the flow fields it was found that the Selig S1223 exhibited the best 

performance. The NACA0006 allowed an augmentation factor of 1.92 and for the Selig 

S1223 it was 3.39 at a free stream velocity of 5m/s.  

In an advanced analysis, external forces acting along the diffuser would need to be 

considered for a detailed understanding of how energy is extracted from the air currents 

across the rotor (Foreman et al, 1978). Some theoretical models have been proposed in 

literature [(Hjort and Larsen, 2014), (Liu and Yoshida, 2015)] that consider advancing the 

1D Actuator disk model to account for turbulence, shear forces, thrust loadings, velocity 

profiles etc. Results from these methods need to be verified and compared with to a CFD 

analysis because they vary in approach depending on the DAWT being analysed and are 

dependent on an empirical evaluation of the system. Further, these results do not affect the 

description and evaluation of the DAWT performance as detailed in Section 2.2.4. 

2.3 Numerical Studies on DAWT’s   

There are two main approaches to computational analysis, Blade Element Momentum 

(BEM) and Computational Fluid Dynamics (CFD). The former, commonly used, is a 

simple theoretical method that was developed for blade optimisation and rotor design. In 

CFD, Navier-Stokes equations (see Chapter 3 Section 3.4.3) are solved with a choice of 

turbulence models each approximating real wind patterns. Apart from experimental testing, 

computational analysis is a proven crucial tool that allows an accurate understanding and 

depiction of flow characteristics through the diffuser. These include velocity and pressure 

profiles, the effect of turbulent and steady state flow, boundary layer effects, flow 

separation, wake rotation etc. all of which are fundamental to diffuser design and 

performance. A number of CFD studies have been performed on DAWT analysis and 

design. In most studies, not all design parameters are fully considered as only a few are 

prioritised based on design and purpose. Approaches to performance analysis are usually 

justified accordingly. The end results for augmentation of power are either stated as a ratio 

or percentage of improved power. Table 2.1 provides a summary of the main findings from 

literature. 



21 

Jafari and Kosasih (2014) modelled a simple diffuser for a small turbine, AMPAIR 300, in 

a virtual wind tunnel for a range of rotor rpm’s and a constant wind speed to obtain tip 

speed ratios. A modified SST (Shear Stress Transport) 𝑘 − 𝜔 RANS (Reynolds- Averaged 

Navier-Stokes) turbulence model was used because of its improved robustness, better 

control over intermittency and the ability to predict the effects of free stream turbulence 

levels on laminar boundary layers. A mix-structure grid and the Multiple Reference Frame 

(MRF) methodology were employed. This is a steady-state approximation when rotational 

and/or transitional velocities are applied to individual cells. It was found that the sub-

atmospheric back pressure contributed most to increasing augmentation factor and was 

dependent on the area ratio within a certain range. Flow separation on the inner surface 

lowered the pressure recovery coefficient. An optimum value for the diffuser’s length was 

found to be necessary because while increasing the diffuser length translated in larger 

power outputs, it also lead to a lower power coefficient, as seen in Figure 2.4.  

 
 

Figure 2.4 a) Power computed for the diffuser at different length to diameter ratios over a range 

of flange heights and b) variation of power coefficient with flange height over different length to 

diameter ratios. Pb,max and Cpb,max are indicated for the equivalent bare turbine (Jafari and Kosasih, 

2014) 

While diffuser geometries are crucial, a DAWT’s performance is also dependent on the 

incident wind conditions and the modelling of turbulence. While the next few studies used 

varying diffuser geometries, different turbulence models were tested to explore varying 

wind conditions and further effects on DAWT performance. Kosasih and Hudin (2016) 

investigated the effect of different turbulence intensities on a DAWT and an equivalent 

bare wind turbine (NACA 63-210, 190mm diameter) so as to measure their relative 

performance in terms of coefficient of performance and tip speed ratio. Turbines were 

tested in a wind tunnel then compared validated the results using ANSYS CFX 14.5 with 

good agreement.  The simulation was set-up using the RANS solver and the SST 𝑘 − 𝜔 

turbulence model as it accounts for the transport of turbulent kinetic energy and accurately 

a) b) 
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predicts flow separation. Turbulence intensities from 2-29% were computed. The results 

showed that 𝐶𝑝 was increased twice to a peak of 0.22 and after a critical tip speed ratio, the 

performance of both wind turbines decreased against increasing turbulence intensity. The 

DAWT’s performance came out consistently higher than the equivalent HAWT (i.e. with 

the same rotor area). At higher free stream turbulence, the DAWT had consistently higher 

power coefficients showing it could produce augmentation in these conditions as seen in 

Figure 2.5. From the simulations it was found that turbulence caused reduced performance 

when high tip speed ratios were used most probably because of a build-up of the boundary 

layer where transition from laminar to turbulent flow took place. This increased drag which 

in turn lowered performance. 

 

Figure 2.5 Turbulence Intensity Contours behind the rotor: a) for the bare wind turbine and b) for 

the DAWT. The DAWT can better control higher turbulence intensities than the bare wind turbine 

(Kosasih and Hudin, 2016)  

Air flow through a diffuser has been known to display three-dimensional flow 

characteristics. Simulating this can be tricky and causes problems with inaccuracy and 

increased computational time and memory. Nonetheless, Aranake et al (2015) achieved a 

3D CFD analysis using the compressible RANS equations in the OVERTURNS 

programme. The turbulence model used was Spalart-Allmaras and to assess the flow 

transition an additional model, 𝛾 − 𝑅𝑒𝜃𝑡̅̅ ̅̅ ̅̅ − 𝑆𝐴, was used. As mentioned in the start of this 

chapter, the aim was to investigate the best diffuser geometry based on its aerofoil cross 

section profile. Four aerofoils were computed, namely the Eppler E423, Selig S1223, 

NACA0006 (baseline design) and the FX 74-CL5-140. From a 2D analysis of the flow 

fields it was found that the Selig S1223 exhibited the best performance. Figure 2.6 shows 

the pressure contours at different angles of attack. In the cases of (a) and (c), flow was 

diverted downward of the diffuser due to the stagnation point. Cases (b) and (d) showed 

a) b) 
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the flow was diverted upwards over the diffuser. The largest mass flow rate of air was 

achieved in case (d). A subsequent 3D analysis was conducted. Results agreed well the 2D 

analysis with a power extraction of up to 90%. It was also found that the wake expanded 

quicker than for the bare turbine and performance and was largest at a critical tip-speed 

ratio above which it dropped.  

 

Figure 2.6 Comparison of NACA0006 and SeligS1223 aerofoils in terms of stagnation pressure 

(Pa). Contour colour reference: red is max, blue is min (Aranake et al, 2015) 

Similar to this study was the investigation by Mansour and Maskinkhoda (2014). The 

Spalart-Allmaras and 𝑘 − 𝜀 RNG (Renormalisation Group Theory) turbulence models were 

used to study the flow fields around flanged diffusers. Three DAWT’s were tested, one 

with an inlet and the other without and the third with just a diffuser. The results were 

validated against experimental testing and they were in good agreement, any discrepancies 

that occurred were due to the assumption that flow was axisymmetric. Over a range of 

increasing H/D ratios, it was found that the largest ratio resulted in the largest negative base 

pressure coefficient as seen in Figure 2.7, which also shows the effect of changing the load 

factor. The H/D ratio is defined as the height of the flange as ratio of the diffuser outlet 

diameter. Large flow separation was exhibited with this type of diffuser (flanged) and was 

very similar to the case without the flange. The flanged diffuser with an inlet proved to 

have the best performance. An increase in wind speed of 1.6-2.1 times was achieved as 

well as a maximum augmentation factor of 4 compared to an equivalent bare wind turbine.  
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𝜃 = 4°, 𝐿 𝐷⁄ = 1.5,𝐻 𝐷⁄ = 0.5, 𝐶𝐷 = 0.258  

  

𝜃 = 4°, 𝐿 𝐷⁄ = 1.5,𝐻 𝐷⁄ = 0.5, 𝐶𝐷 = 0 

Figure 2.7 Contours: a), c) velocity (m/s) and b), d) pressure coefficient (Mansour and 

Maskinkhoda, 2014) 

Using the approach of non-linear eddy-viscosity modelling to better simulate turbulence, 

Abe and Ohya (2004) investigated the flow fields around a flanged DAWT. It was 

explained that by comparing their computed results to experimental data, improved 

prediction of complex turbulent flows is possible. The approach to the turbulence model 

was an improvement on the Abe-𝜔 turbulence model. Four parameters were computed, 

length, diameter, diffuser opening angle, turbine disk loading coefficients and flange 

height. Over the test cases performed, some cases involved testing a range of H/D ratios 

and then testing a range of turbine disk loading coefficients. In both cases other parameters 

were constant. The study indicated that a diffuser opening angle of 4° was better at 

preventing flow separation compared to an angle of 15° as seen in Figure 2.8. However, as 

the disk loading coefficient increased beyond 0.7, the performance of the 15° diffuser 

improved significantly. The best performance was found when the disk loading was 

increased to 1.3, Figure 2.8. The disk loading coefficient has a strong relationship with the 

nature of the flow separation. The flow separation incurred for all diffusers is recovers well 

by re-attaching with the inner wall of the diffuser moving down Figure 2.8. This encourages 

the flow to expand well which increases the acceleration of air through the diffuser. The 

Air Flow 

Flange 

a) b) 

c) d) 



25 

disk loading coefficient was found to be much smaller than an equivalent bare wind turbine. 

An optimum disk loading was not formulated, but it was concluded that the effect of this 

parameter is significant for the flow separation through the diffuser. The Reynolds number 

variation on performance was also investigated, it was found to be very small.  

a) 

 
b) 

 
c) 

 
Figure 2.8 Constant Velocity Streamlines:  θ=15°, L⁄D = 1.25, H⁄D = 0.35, a) CD = 0, b) CD = 0.4 

and c) CD = 1.3 (Abe and Ohya, 2004) 

The next three studies focussed on advancing the ID actuator disk theory and testing the 

BEM theory to test the performance of DAWT rotors. Bontempo and Manna (2014) 

performed a 2D CFD actuator disk analysis in ANSYS Fluent on a bare wind turbine and 

a DAWT (NACA5415) comparing the results with the 1D actuator-disk model. The latter 

model showed that the DAWT was able to drawn in larger mass flow rate resulting in a 

greater power output. This was verified by the CFD analysis. An error analysis was 

conducted to see how well the actuator disk model was computed in the CFD model. The 

results were in good agreement. The power coefficient fell equally within the ±2% range 

Diffuser 

Opening Angle 
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of the average 𝐶𝑝 of 0.54 which compares well with the theoretical maximum power 

coefficient, 0.6.  It was found that by comparing the radial velocity profile of both methods 

they could explain why the DAWT was able to increase the air mass flow rate. The radial 

velocity profile in front of and behind the rotor for the bare wind turbine was positive, while 

for the DAWT is was negative because the dividing streamlines were divergent in the 

former case.  

In a similar case by Hansen et al (2000), the 1D actuator disk model was used to show that 

an increased mass flow rate through a DAWT results in an increased augmentation factor. 

This was verified by use of a 2D CFD model to simulate flow around a diffuser using the 

EllipSys software. The actuator model for the rotor was employed in the CFD model by 

use of volume forces across the blade plane (NACA0015) of the rotor in the diffuser. The 

SST 𝑘 − 𝜔 turbulence model was used due to its sensitivity to non-axial pressure gradients. 

The results were a comparison of the CFD and actuator disk model in terms of the power 

coefficient as a function of the disk loading coefficient. It was found that the theoretical 

analysis was a good enough approximation for simulating the rotor. With increasing mass 

flow due to the introduction of a diffuser, the Betz limit was exceeded as seen in Figure 

2.9. However, the mass flow ratio through the DAWT and bare wind turbine decreased 

with increasing thrust coefficient. It was concluded that the augmentation factor could not 

increase further than the level of increased wind speed for the DAWT when the thrust 

coefficient was zero. 

 

Figure 2.9 Variation of power coefficient with thrust coefficient shows similar trends for the 

theoretical cases with and without a diffuser (Hansen et al. 2000) 

A further study on the work by Hansen et al (2000) was the study by Vaz et al (2014) where 

the extended Blade Element Momentum (BEM) method was compared against results from 

the actuator disk model previously studied. Results showed a consistently higher power 

coefficient for a given thrust coefficient though the difference was much smaller compared 
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with the data for the bare wind turbine. Comparing mass flow rate ratio with the power 

coefficient ratio between the DAWT and bare wind turbine showed an exact match in their 

linear relationship. Furthermore, when computing the ‘velocity speed-up ratio’ (increase in 

velocity as a ratio of initial velocity), there was direct agreement with the experimental 

results involving the rotor. Without the rotor, the velocity speed up ratio was much higher. 

A case study for a 3-bladed (NACA 653-618) DAWT was then presented using ANSYS 

Fluent with the SST model. For a tip speed ratio of 4.5, the power coefficient was 1.48 

times larger than for the equivalent bare wind turbine with overall 𝐶𝑝 = 0.94. As seen in 

Figure 2.10a) after an optimum tip speed ratio, the power coefficient decreases in the cases 

with and without a diffuser and increasing the wind velocity resulted in an increased power 

output as expected  as seen in Figure 2.10b). In both cases, the addition of a diffuser 

significantly increased performance in terms of output power and power coefficient which 

managed to exceed the Betz limit. 

a) b) 

 

Figure 2.10 a) Change in power coefficient with tip-speed ratio and b) Change in power 

coefficient with increasing wind velocity (Vaz et al, 2014) 

The next two studies investigated the effect of different diffuser geometries on the DAWT 

performance in terms of diffuser efficiency and power coefficients. Hjort and Larsen (2014) 

presented a comparative 2D CFD study of different diffuser designs using the RANS solver 

in Comsol MultiPhysics using the 𝑘 − 𝜀 turbulence model. This method was used because 

it holds physical correctness compared to the 1D momentum theory.  A rotor diameter of 

2m and tip clearance 1% (%length of the rotor radius) was simulated. Results showed that 

diffuser efficiencies at their exits were always larger than the Betz Limit. From parametric 

studies a new design was proposed, a multi-element DAWT with a computed exit diffuser 

efficiency of 1.49 as shown in Figure 2.11 (Note: labels have been added to Figure 2.11 to 

highlight the guide vanes and pressure drop).  The new design used multiple guide vanes 

that collectively made up the diffuser. The effects of stall were studied because this would 
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affect the energy extraction ability of the turbine rotor. The results showed that there was 

no surface stall on the diffuser but blockage did occur as did stall in the wake. It was found 

from the CFD studies that aerodynamic losses were mainly due to viscous and pressure 

drags along the blade of the rotor, induced drag from the blade-tip and blade-root vorticity 

and the axial wake swirl. In total, it was estimated a power loss of 15%. Nonetheless the 

power coefficient achieved was 2.77 times the Betz limit with respect to the rotor area.  

 

Figure 2.11 Computational results for the proposed multi-element DAWT. The black longitudinal 

lines are streamlines and the red lateral lines represent iso-pressure lines (Hjort and Larsen, 2014)  

Shives and Crawford (2010) performed an analysis on several diffusers with different 

geometries where the baseline aerofoil cross section was NACA 0015.  The diffuser 

geometry was altered in terms of the throat diameter at a range of fixed diffuser expansion 

angles (i.e. diffuser area ratios between throat and exit). The SST 𝑘 − 𝜔 turbulence model 

was used and a 2D structured mesh was refined in the regions of the diffuser and the rotor. 

Simulations were conducted in ANSYS CFX. The results were as expected. Viscous losses 

were found in the inlets that had small effects on the power output. In all cases, flow 

separation of the boundary layer reduced performance but a strong negative base pressure 

coefficient increased performance. Figure 2.12 shows that with increasing the diffuser 

expansion angle, the performance of the DAWT increases. It was observed that the 

increased opening angle provided a large base pressure effect due to external blockage 

flows. This was said to override the reduced performance due to flow separation with 

increasing diffuser angles. Also, as the thrust coefficient increased, flow separation was 

reduced. The lowest computed result for the thrust coefficient at which the power 

coefficient decreased was 0.8 and this occurred for the top two largest diffuser diameters. 

Guide 
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Large pressure 

drop created 
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The proposed reason for this was the high speed flow through at the tip clearance that was 

able to energise the boundary layer. When the thrust coefficient increased however, the 

base pressure coefficient decreased.  

 

Figure 2.12 Flow separation exhibited for two diffusers tested (with different outlet angles) at a 

disk loading of 0.9 and a velocity of 12m/s (Shives and Crawford, 2010) 

In addition to the consideration of the effects of diffuser and rotor blade geometries on rotor 

performance, a further study by Wang and Chen (2008) investigated the effect of the 

number of rotor blades on a DAWT’s performance. The investigation used NACA4412, 

NACA4420 and NACA4416 aerofoil cross sections for the diffuser.  Using the ANSYS 

CFX package the RANS solver was used and the 𝑘 − 𝜀 turbulence model.  As shown in 

Figure 2.13, a diffuser and rotor hub without blades was simulated. The max velocity 

computed was 22.2m/s at the throat. Then for an air incident angle of 7° the different 

diffusers were tested for 2, 4, 6, and 8 rotor blades with two different rotor blades. It was 

found that increasing the number of blades increases the starting torque and reduces the 

cut-in speed. But, increasing the number of blades also leads to greater blockage effects 

and a gradually reduced entrance velocity. The number of blades should be chosen in 

alignment with generator choice. Generally, the tip-speed ratios for both the simulated 

blades was in the range 4-6 above this the power coefficient reduced.  
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Figure 2.13 Velocity contours for the hub and diffuser (Wang and Chen, 2008) 

2.3.1 Summary 

From a review of the literature on DAWT CFD analysis it can be seen that performance 

has mostly been stated in terms of power coefficient and is characteristic of the parameters 

studied as seen in Table 2.1. While each study conducted has had its computational 

limitations, the advantages have nonetheless included an improvement in power outputs 

due to a better understanding of the relative effects of diffuser parameters. The parameters, 

it seems, that have mainly influenced performance of DAWT’s in CFD have been area ratio 

(diffuser opening angle) and length to diameter ratio. The tip-speed ratio, thrust coefficient 

and disk loading coefficient were used in further analysis and comparisons of DAWT 

performance as well as diffuser design descriptors. Other important parameters included 

the exit pressure coefficient and the pressure recovery coefficient used in calculating 

augmentation of power and improvements in power coefficients to which they are strongly 

related. It can be said that the various studies performed can reasonably predict the turbulent 

flow characteristics through a DAWT accurately. A number of turbulence models were also 

compared with the RNG model more commonly used for its computational accuracy and it 

was found that the 1D actuator disk model is still valid in assessing DAWT performance. 
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Table 2.1 Summary table for DAWT numerical studies
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2.4 Experimental Investigations on DAWT’s 

This section provides a review of literature covering the methods and results from the 

experimental testing of DAWT’s. Before the development of computational analysis for 

DAWT’s, experimental testing was crucial in understanding power augmentation. Early 

testing was limited and simple but produced significant results. Following these early 

examples DAWT’s were deemed bulky and unpractical. With the recent resurgence in 

DAWT studies, efforts have been made to address these issues with the improvement in 

fluid dynamics knowledge and availability of lightweight materials.  

2.4.1 Pioneering Examples 

Applying a diffuser to a wind turbine is to optimise its performance for a greater power 

output and reliable long-term operation. Lilley and Rainbird (1956) had studied existing 

theory on the performance of ‘unshrouded windmills’ compared to ‘ducted windmills’. 

Frictional losses were even accounted for as well as the effect of a variable diameter duct. 

Tip clearances were studied to see the effect on mass flow through the duct and it was found 

that there is a less than 1% loss on power output for ‘moderate tip clearances’ hence they 

can be ignored. Lilley and Rainbird (1956) also calculated that a 65% increase in maximum 

power can be achieved using a ‘duct’ (diffuser) with a 3.5 expansion (area) ratio and 15% 

pressure loss compared to a conventional system (‘unshrouded’). The analysis was however 

based on crude duct geometries, i.e. they weren’t aerodynamic. 

A large area ratio in combination with a small apex angle is favourable but can cause 

restrictions in flexibility of diffuser size. Igra (1976) explained that decreasing diffuser 

length for a large area ratio will mean a rapidly diverging diffuser. The disadvantage to this 

is the increased level of flow separation from the inner wall due to a lack of a streamline 

profile. Igra (1976) was among the first to propose a technique for overcoming this; 

blowing or drawing in air into the latter part of the diffuser. Igra (1976) also conducted 

wind tunnel experiments for three different diffuser designs with the same frontal section 

but different diffuser angles (area ratios). In the experiment, a straight wall diffuser with a 

series of drilled-in ports was used with an aerofoil and flat-plate ring around the exit (8mm 

gap between ring-flap leading edge and diffuser trailing edge) and to simulate a real turbine, 

a screen was employed that had a turbine load factor 𝐶𝐷~0.5. Bleeding and the use of a 

ring-flap were investigated and compared. Igra found that in all cases bleeding air (in or 

out) through all ports defeated the purpose of improving flow separation. In particular, it 

was found that blowing introduced more turbulence into the system than drawing air in. 
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While blowing through some ports in the higher pressure region of the diffuser was able to 

increase output power by 20%, using the aerofoil ring-flap increased power output of 65%. 

Also, the aerofoil ring-flap outperformed the flat-plate ring-plate. In the former case 

bleeding is not necessary- in the latter case it is optional. Furthermore, for small area ratios, 

no bleeding is required as the flow adheres better to the inner wall. For diffusers with Ae/At 

˂ 3⁰  an apex angle of < 10° is appropriate, above this angle blowing can be introduced, if 

no ring-flap is used.  

In a review, Igra (1981) also focussed on different shroud combinations to understand the 

effect of geometry on performance. The ‘first generation shroud’ had a straight-wall bell-

shape intake attachment onto a straight-wall diffuser with an apex angle of 8.5° with length 

to diameter ratio 𝐿: 𝐷 = 7: 1. Although this ratio is economically unfavourable, the 

maximum augmentation factor was 3 at a yaw angle of 30°. It was observed that 

augmentation increased with an increasing yaw angle until a critical point where it will 

decrease despite an increasing yaw angle.  

The second shroud, ‘model A’ (seen in Figure 2.14a) was the same as the first but with a 

shorter diffuser (area ratio of 2, compared previously with 3.5 and 𝐿/𝐷 = 3.64) but with 

the addition of three aerofoil ring-flaps. It was found that with successive addition of the 

flaps, the pressure recovery coefficient improved, which increased diffuser efficiency by 

86% and augmentations up to 3 (with 3 ring-flaps and 𝐶𝐷~0.22). From this study a third 

shroud, ‘model B’ (Figure 2.14b) was proposed. It was found that a diffuser with an aerofoil 

cross section should in theory be able to produce high lift significantly increasing 

performance. The new design used a NACA 4412 diffuser and a single aerofoil ring-flap 

with 𝐿: 𝐷 = 3.07: 1 but no bell-shape intake. In terms of effect of using ring-flaps, 

comparing the models A and B at 𝐶𝐷 = 0.5 it can be seen that the increase in augmentation 

was 20% and 52% respectively. When model B was tested at different area ratios, the 

largest ratio produced the largest augmentation increase of 70%. Igra (1981) repeated the 

experiments in a larger wind tunnel to see the effects of blockage and wall interference on 

yaw angle. It was found that these effects could be safely ignored because augmentation 

still increased with yaw and further increased with the ring-flap(s) but the augmentation 

decreased in response to yaw when larger area ratios were used.  Igra (1981) concluded that 

a maximum augmentation factor of 3 is achievable compared to an ideal bare wind turbine 

of the same geometry and flow conditions.  
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Figure 2.14 a) The second shroud, ‘Model A’ and b) The third shroud ‘Model B’. The inlet air is 

from the left in Model A and from the right in Model B (Igra, 1981) 

Oman et al (1977) further conducted wind tunnel experiments to compare two different 

diffuser concepts. The first was the use of air injection tangential to the wall (unlike in 

Igra’s studies where the position of inlet flow was at a larger angle to the streamline flow 

in the diffuser). The aim of the method was to encourage greater momentum in the 

Boundary Layer (BL) thereby preventing adverse pressure gradients. This has been an 

important issue in large angle diffusers and so the method was proposed to prevent flow 

separation as in Figure 2.15.  In the second concept, the diffuser was constructed using 

small high lift aerofoil circular rings. This created a local pressure and velocity field for 

each ring and created low pressure distribution’s which in turn induced a larger mas flow 

through the diffuser. Foreman et al (1978) then simulated these diffusers and designing a 

screen to represent the turbine and its disk loading coefficient. The use of the turbine screen 

helped to simplify the experimental set-up as the effective disk loading coefficient that is 

used in power assessment is represented by a screen and not the real turbine. The results 

showed that for the BL diffuser a peak augmentation factor of 1.9 was achieved at a 30° 

half angle and 𝐶𝐷 = 0.6. The aerofoil ring diffuser achieved an average augmentation 

factor of 1.6 at 𝐶𝐷 = 1.1. The ratio for BL control was defined in terms of the fractional 

pressure difference between the inlet and behind the rotor, 𝑃2 𝑃0⁄ , and was 1.31 for the BL 

diffuser and 0.9 for the aerofoil ring diffuser. In both cases this surpassed the design 

equivalent bare wind turbine which was 0.44.      

  
a) b) 
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Figure 2.15 The detailed flow through a DAWT with slotted diffuser sections to signify the effect 

of external flow (Foreman et al, 1978) 

It was further explained that the DAWT provides an operational advantage in that it can 

reduce the minimum cut-in wind speed and raise the high-speed and cut-out wind speeds 

compared to a conventional system. Also the DAWT provides stability to turbine blades as 

they are less likely to be damaged by cyclic operation. Turbulent and intermittent wind 

speeds can be moderated which allows the DAWT access to a wide range of applications. 

Additionally, the DAWT’s flexibility means it can capture wind between yaw angles of 

±30° (Foreman et al, 1978).  

 

Fletcher (1980) carried out a study on the performance of a DAWT by combining the forces 

acting on a blade element to the momentum and energy balances. This was a novel approach 

to understanding the effect of Reynolds number, wake rotation and adverse variations in 

flow that can contribute to DAWT performance. The results were compared to existing 

experimental data conducted by Igra (1976) and Foreman et al (1978) and they were in 

good agreement. Fletcher (1980) came to the conclusions that for a DAWT half of the total 

drag is carried by the rotor blades and the remaining half by the diffuser over a given speed 

range. An optimum pitch setting will result in a large 𝐶𝑝 and at certain settings drag can be 

significantly reduced with little power output loss.   

2.4.2 Further Experimental Investigations on DAWT’s 

Okhio et al (1983) carried out experiments to introduce a circumferential velocity 

component to a wind angle diffuser to see whether this would prevent flow separation. The 

diffuser tested had an opening angle of 16.5° and an area ratio of 4.4. On initial 
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observations, flow separation in the diffuser was asymmetrical but became symmetrical 

downstream toward the tailpipe. A swirl generator was used to vary the inlet swirl strengths. 

Results showed that at a blade angle setting (of the swirl generator) of 5° there was a 46% 

reduction in the dissipated mechanical energy compared to swirl free flow. And for a blade 

setting of 7° the reduction in losses was 34%. The different result was due to a stronger 

swirl for the  5° blade angle and the 7° blade angle caused a central recirculation zone to 

form centrally within the diffuser. This actually added to the dissipative losses. In 

conclusion, three is an optimum blade angle setting at which dissipative losses can be 

reduced and above this the reverse takes place but the addition of an optimum swirl does 

save on net energy.   

Abe et al (2005) studied the flow fields behind a small flanged (so called because a brim is 

installed at the exit of the diffuser) wind turbine. The work conducted included 

experimental and numerical investigations with good agreement in results. It was found 

that for a small wind turbine that flow patterns and structures were similar for both the 

equivalent bare- and flanged diffuser wind turbines. However, in the downstream region, 

the vortex structures rapidly deteriorated for the flanged-diffuser system and the same 

pattern was observed far downstream in the bare wind turbine. Figure 2.16 shows the 

diffuser that was designed for testing with the inlet on the left. The predicted flow is shown 

on the right.  

  

Figure 2.16 a) The Diffuser in its experimental set-up and b) The predicted flow patterns through 

the Diffuser (Abe et al, 2005)  

Ohya et al (2008) designed a flanged-DAWT and conducted wind tunnel tests and field 

tests. The wind tunnel testing was used to optimise their geometry. They have been among 

some of the only researchers to have included hub ratio and ‘centrebody’ length in the 

analysis of a DAWT. The hub ratio was 22% and the ‘centrebody’ was 75% of the total 

diffuser length. The length to diameter ratio was 1.25. The field testing showed a 4-5 times 

a) b) 
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increase in power out compared to an equivalent bare wind turbine. Figure 2.17 shows the 

wind tunnel testing that was used to observe the flow patterns with the use of a flange. It 

can be seen that the increased level of swirl at the exit was able to drawn in more air to the 

diffuser thereby increasing air mass flow rate through it. The flange was installed such that 

it could rotate to capture wind, there was a distinct reduced level of noisy operation and it 

was observed that the blades were better protected within the flange posing no risk to 

performance.  

 
 

Figure 2.17 a) The flow exhibited in a wind tunnel using smoke and b) A clearer representation 

of the swirl created due to the introduction of a flange (Ohya et al, 2008) 

When Ohya and Karasudani (2010) investigated the ‘Wind-lens technology’ (see Section 

2.5.1.2 for further details) it was found that power augmentations of 2-5 were possible 

because a low pressure region that was created was due to strong vortex formation behind 

the flange which was able to drawn in more air flow through the turbine. This was seen in 

the experiments of increasing length to diameter ratio for the same Wind-lens turbine, 

where a direct increase in the power coefficient was found. Five different diffuser cross 

sections were tested. The diffuser wall was a constant thickness and the best geometry was 

a moderate to deep curve from the diffuser leading edge to trailing edge as this produce the 

highest power coefficient and allowed the diffuser to be compact. 

Kosasih and Tondelli (2012) experimentally studied the performance of a straight diffuser, 

nozzle-diffuser and a brimmed diffuser to assess their relative geometrical contributions to 

performance. The results were compared to an equivalent bare turbine – all turbines used 

had equivalent diameters and the effect of varying length to diameter ratios in the range 

0.63-1.5 and flange heights (ratio of brim height to diffuser exit diameter) in the range 0-

0.2 were investigated. The results showed a 60% increase in 𝐶𝑝 for the single diffuser wind 

a) b) 
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turbine, a 63% with the addition of a nozzle and the optimal tip-speed ratio increased by 

33%. The advantage of having a nozzle is seen under improved yaw conditions. Results 

showed that an increased length to diameter ratios did not increase 𝐶𝑝  as much as the shift 

towards increased tip speed ratios as seen in Figure 2.18. This was because higher inlet 

velocities induced higher rpm’s for the rotor in turn leading to higher tip speed ratios.  The 

resultant trends were very similar when increasing the flange heights. It was concluded that 

for increased length to diameter ratios the exit pressure is less negative and this in 

conjunction with an increased pressure recovery coefficient may explain why length to 

diameter ratios did not affect 𝐶𝑝 as much as tip speed ratio.  

 

Figure 2.18 Power coefficient vs. tip-speed ratio for flanged shroud turbine: a) Effect of 

increasing L/D and b) Effect of increasing H/D (Kosasih and Tondelli, 2012) 

It is expected that developments in the field of carbon-based materials and 3D printing will 

be able to transform the wind turbine industry for faster and frequent manufacture, 

durability and reduced weight. Additionally, developments in high strength fabrics enable 

specific lightweight aerodynamic structures to be strong and weather resistant. Wang et al 

(2015) conducted wind tunnel experiments to assess the effect of a flanged (with a soft 

brim) diffuser (namely the Wind-Lens) on the blades of a 3kW turbine placed inside it (seen 

in Figure 2.19). The tested blades were made of carbon-reinforced plastic (CRFP) with a 

solid foam core. The tests were carried out at wind velocities from 6.9m/s to 11.6m/s and 

across yaw angles from 0-30°. Results showed that the blade rotational speed was higher 

with the flanged diffuser than without, but centrifugal forces acting on the blades also 

increased though not as much as for when conventional materials were used in the blade 

manufacture. The soft foam structure prevented a large increase in centrifugal forces in 

small wind turbines. There were larger dynamic strains observed in the blade root and 

higher tensile strains in the rest of the blade for the flange diffuser system than the bare 

wind turbine. In conclusion, it was found that large yawing angles can reduce strains on the 

blades. The results were extrapolated to a higher wind velocity, to a maximum of 30m/s. 

a) b) 
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At this speed it was found that there would be maximum tensile force on the blades under 

a no loading condition and 0° yaw angle, but with the flanged diffuser this force would be 

less that the ultimate strength of the blades.  

 

Figure 2.19 Wind Tunnel Experiments: a) 3kW bare wind turbine, b) shrouded with a flange 

turbine and c) schematic with dimensions in mm (Wang et al, 2015) 

2.4.3 Summary 

It is expected that for a smaller area ratio (when defined as the ratio between diffuser throat 

area and exit area), the augmentation factor should increase. This however causes structural 

issues as well as boundary layer separation along the inner wall of the diffuser. Most of the 

tested DAWT’s have had small rotor diameters. This is because of the usefulness and 

reliability of DAWT’s in small scale applications. In larger applications, the DAWT weight 

dramatically increases which is very unfavourable and poses new problems of increased 

loadings. The main approaches in experimental testing for DAWT’s is the use of wind 

tunnel testing to observe wind flow patterns and measure power outputs for a range of 

diffuser geometries. These geometries were based on novel design ideas; the use of 

multiples lots, flange and brim and aerofoil cross-section versus the flat-wall diffuser with 

different diffuser area or length-to-diameter ratios. The effect on performance of varying 

both ratios together has not been studied.    

2.5 A Review of DAWT Technologies 

Wind Turbines are traditionally classified according to rotor size, scale, axis of rotation, 

on-shore, off-shore, number of blades etc. Since DAWT’s are based on the conventional 

wind turbine with the addition of the diffuser, they fall into similar categories. However, 

among the DAWT community of technologies there are clear distinctions between the 
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different types of diffusers and the application of the DAWT. Figure 2.20 was developed 

to provide a breakdown of the various DAWT classifications and their co-dependencies, if 

any, based on current technologies (Agha et al, 2018).   

 

Figure 2.20 Characterising DAWT technologies (Agha et al, 2018) 

2.5.1 Ground-based DAWT Technologies using HAWT’s  

Small wind turbines installed at low altitudes are often susceptible to local wind 

interferences and intermittencies that are hard to predict or ignore. Some diffuser designs 

have been advanced to allow for better fluid dynamic performance, synchronised rotation 

to wind directional changes, operation at higher rpm’s,  rotor protection from wear and tear 

and flexibility in number of blades. Diffuser designs are commonly available for small-

medium size rotors for small-scale applications in specific locations, such as road-side, 

roof-mounted, small fields/gardens etc.  
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DAWT technologies commercially available are designed based on their intended 

environment. For example, OrganoWorld proposed a non-circular 1.8MW convergent-

divergent shroud claimed to surpass the performance of the traditional three-bladed DAWT 

and contribute to the development of smart grids. The ‘Winga-E-Generator’ was designed 

for low wind speeds operating between 4 and 7m/s.  The shroud was made up of a large 

divergent duct with a ‘Borger’ optimized convergent duct involving a Venturi structure to 

align and accelerate air flow onto three high-solidity, multi-bladed annular rotors. Each 

rotor, 8m in diameter, is connected to its own independent generator thereby allowing larger 

torque generation at an estimated optimum 300rpm (Ostfeld, 2012).   

2.5.1.1 The Simple Diffuser 

Diffuser types vary according to the cross-sectional profile (aerofoil versus constant 

thickness etc.), adjustments in the area ratio, length-diameter ratio and diffuser size based 

on diameter. The simple diffuser in Figure 2.21 has been the most researched design (see 

Section 2.3 and Section 2.4) whereby its development has bought forward a better 

understanding of the science behind the performance of DAWT’s. 

 

Figure 2.21The simple aerofoil diffuser (Agha et al, 2018) 

2.5.1.2 Brim and Flange Technology 

With the concept shown in Figure 2.22, Ohya and Karasudani (2010) from the Kyushu 

University, Japan, developed the ‘Wind-lens Technology’. The original idea was to 

improve on problems such as/ large wind loads and structural weights, of a 500W DAWT 

by proposing an upwind 5kW “compact acceleration structure (compact brimmed 

Diffuser)”, see Figure 2.23. Tests were conducted to identify the best ‘compact’ geometry 

and the Ciii type was chosen as it was tested with the best power augmentation results; 2.6 

times the power out from an equivalent bare turbine. The Wind-lens technology aims at 

brim-based yaw control allowing the turbine autonomous control over wind directional 
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changes. With the compacted design, this technology has seen recognisable success. 

Decreased loading on the overall structure has allowed for the rotors rotational ability. 

Power augmentations were typically in the range of 2-3.  This new class of flanged diffusers 

were then studied by Abe et al (2005) and Ohya et al (2008), see Section 2.4.2.  

 

Figure 2.22 Flanged diffuser with a flat-wall constant-thickness cross-section (Agha et al, 2018) 

 

Figure 2.23 A 2.5m diameter downwind diffuser prototype (Abe et al, 2005) 

2.5.1.3 Multiple Slotted Diffusers 

The purpose behind this technique is to reintroduce external air flow into the wake of the 

turbine thereby reenergising the boundary layer along the inner surface of the diffuser using 

high lift aerofoil diffuser rings. This should create local velocity and pressure fields which 

will mean a lower pressure distribution through the Diffuser inducing greater mass flow of 

air (Foreman et al, 1978). The first example of this method was Igra’s (1981) first 

generation shroud (see Section 2.4.1). 

Wood (2014) patented a DAWT in 2014 that employed one or more diffuser rings to form 

a turbine cowling. This created an effective outlet area greater than the diffuser cross 
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sectional area. Additionally, with the use of one or more slots connected to the vent, air can 

bleed from the system creating a suction effect. Figure 2.24 shows the DAWT geometry 

and how the slots are created using the first and second diffuser rings. The pre-rotation 

vanes are so called because of their location; they are stationary and attached to the rotor 

to channel air flow. Using the method of multiple slots, the length to diameter ratio of 

Diffusers can be significantly reduced, which means potentially less material and weight 

for the DAWT. 

 

Figure 2.24 The multiple-slot diffuser. There may be more than one guide vane depending on 

design requirements (Agha et al, 2018) 

2.5.1.4 Vorticity Based Turbines  

Vorticity is a physical fluid phenomenon that describes the curling of velocity profiles and 

is used to measure local fluid rotation. This concept is applied in DAWT technology to 

reduce air pressure in the wake of the diffuser thereby increasing the pressure differential 

across it. This encourages a ‘pull’ on air into the diffuser. Although achieving a laminar 

flow profile though the diffuser is the ideal case, this is very hard to achieve in reality due 

to the unpredictability of natural wind inflow conditions. Figure 2.25 shows the resultant 

geometry designed to achieve these wind flow conditions. 

Early experimental investigations on the effects of swirl rotation were studied by Okhio et 

al (1983) on introducing a circumferential velocity component to overcome flow separation 

in a wide-angle diffuser with an open angle of 16⁰ and an area ratio of 4.4. With the use of 

probes to measure static pressure, a visual profile flow was developed. Different inlet swirl 

strengths were tested with the best resulted yielding a 60% reduction in total diffuser losses. 

It was found that above this threshold the creation of a re-circulating zone lead to further 

dissipative losses. A more recent study by Mariotti et al (2015) investigated multiple local 
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recirculations in increasing diffuser efficiency. Three diffusers with an area ratio of 2 and 

different divergence half-angles of 2⁰, 3.5⁰ and 5⁰ were subjected to induced local re-

circulations along the diffuser walls. At smaller half-angles, flow remained attached to the 

diffuser walls and with increasing half-angle asymmetric zones of separated flows 

developed. Introducing optimal cavities aided in improving pressure recovery and 

preventing flow separation due to a decrease in momentum losses in the re-circulation 

regions. In all cases an increase in power coefficients for the optimised cases was measured 

around 25%. 

 

Figure 2.25 The vorticity based diffuser (Agha et al, 2018) 

2.5.1.5 Mixer Ejector Wind Turbines 

Figure 2.26 shows mixer ejector technology that involves the use of single- and multiple-

stage ejector technology that was aimed at exceeding the Betz limit. Presz Jr. et al (2011) 

designed a shroud that was contoured with an inlet, a ring of stator vanes, a ring of rotating 

blades and a mixer/ejector pump to increase the flow volume through the turbine while 

mixing the low energy turbine exit flow with high energy wind flow that enters through the 

second stage slot. Power augmentations of 3-4 compared to an equivalent bare turbine are 

predicted. This claim is used to encourage the increase in productivity of wind farms by a 

factor of 2 or more and will be ideal for populated areas because it is safer and quieter. To 

produce streamwise vortices, lobed mixers and vortex generators can be used. 
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Figure 2.26 The mixer-ejector diffuser (Agha et al, 2018) 

2.5.1.6 Rotating Diffusers 

Anakata Wind Power Resources in the UK recently patented augmented wind turbine 

technology using rotating diffusers (Anakata, 2014).  Also referred to as dynamic diffusers 

because they can rotate around the horizontal axis of the turbine, the diffuser ring is fixed 

to the turbine to form a rotor cowling. The diffuser therefor moves with the rotation of the 

rotor. The diffuser may have more dynamic or aero-elastic devices attached to the trailing 

edge of the diffuser can include slot gaps to allow for external flow into the turbine. The 

DAWT typically includes a vortex generator and guide vanes may be employed to prevent 

airflow twist. These guide vanes may comprise of pre-rotation vanes located upstream of 

the turbine or post-rotation guide vanes located downstream of the turbine. Figure 2.27 

shows a schematic design. The 0.85m diameter A007 was rated at 370W at 12.5m/s, Figure 

2.28. The rotor is the downwind type and made of Acrylic coated ABS, a strong, wear-

resistant material that is easy to replace and maintain as well as allowing a weight and load 

reduction. With this technology, the blades being attached to the diffuser, the blades are 

less susceptible to vibrations. However, it is not clear the effects of the rotating diffuser on 

the aerodynamic drag of the turbine and whether this reduces the rotor rpm.    
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Figure 2.27 The rotating diffuser. The number of blades shown here is based on the standard 3-

bladed HAWT. This is can be varied depending on design requirements (Agha et al, 2018) 

 

Figure 2.28 The A007 rotating diffuser (Anakata, 2014) 

2.5.2 Ground-based DAWT Technologies using VAWT’s   

Using a diffuser is an optimising technique for achieving greater power outputs for a given 

rotor swept area. In more recent years, this technique has extended its reach to VAWT’s. 

With the advantages of operation in low wind speeds, robustness and design simplicity 

(leading to low material demands, O&M costs and recyclability) VAWT’s present a valid 

and very realistic potential success in the DAWT sector. However, the well-established 

disadvantages to this type of DAWT arise from low self-starting torques and poor 

efficiencies of bare VAWT rotors. The two main types of VAWT’s are the lift-type (e.g. 

H-rotor and Darriues) and the drag-type (e.g. Savonius). For VAWT’s, diffusers are 

sometimes referred to as ‘shrouds’ when one more design component is added to the main 

diffuser. An in-depth review on power augmented VAWT’s using shrouds was conducted 
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by Wong et al (2017). DAWT’s based on vertical axis rotors have not yet advanced as far 

as their horizontal axis counterparts due mostly to the lower power coefficients and 

augmentations, lower power ratings and lower performance stability. 

2.5.2.1 Single-direction Flow 

VAWT’s are often subject to both positive and negative torque, i.e. based on variable 

inflow wind conditions, the axis of rotation can be clockwise and anti-clockwise. Although 

this may appear beneficial because in theory a VAWT can capture wind and produce power 

in all wind directions, the inherent problems of difficult starting torques removes the 

possibility of reliable power outputs. To address this, the single-direction shroud aims at 

channelling wind onto the rotor for a continuous positive torque, similar to the operation of 

centrifugal pumps and the Tesla turbine. The drag-type single-direction DAWT as seen in 

Figure 2.29 uses a wrap-around structure and can be applied to lift-type turbines (Irabu and 

Roy, 2007). Although it has been reported that the lift-type single-direction DAWT may 

use a deflector instead of a wrap-around structure and is placed upstream of incoming wind 

flow (Kim and Gharib, 2013). The advantage of using a deflector instead of a wrap-around 

structure is to prevent areas of re-circulation that may develop between the blades and the 

shroud that reduces torque-generating capabilities. There have been significant 

improvements in power coefficients and augmentations, but these are still lower than for 

DAWT’s based on HAWT’s.   

 

Figure 2.29 The single-direction flow DAWT (Agha et al, 2018) 
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2.5.2.2 Omni-directional Flow 

The reported power coefficients and augmentations for this type of DAWT are significantly 

higher than for the single-type DAWT. However there are higher capital costs due to the 

care in design of the guide vanes involved in the Shroud. In the lift-type omni-directional 

DAWT guide vanes are placed at specific angles to accelerate oncoming wind to an 

optimum angle of attack. This is aimed at controlling and reducing negative torque and 

turbulence, thereby also removing the need for a yaw mechanism (Chong et al, 2013). At 

lower tip-speed ratios, the use of guide vanes in this way can increase torque output. This 

design feature also applies to the drag-type omni-directional DAWT. The Zephyr VAWT 

was specifically designed to have a high solidity at low tip speed ratios to define the upper 

limits of optimum performance (Pope et al, 2010). Power coefficients are still quite low for 

this technology. In another design, a Vortical Stator Assembly (VSA) uses two ring shaped 

discs that contain the guide vanes, similar to the one shown in Figure 2.30. The aim here 

was to create ‘vortical’ flow that would pull in and accelerate oncoming wind to the rotor 

and reduce its negative torque. The power coefficients and augmentations were more 

promising for this DAWT (Chen and Chen, 2015). 

 

Figure 2.30 The omni-direction flow DAWT (Agha et al, 2018) 

2.5.2.3 Perpendicular Flow 

In a new approach to controlling and channelling wind flow onto a rotor, these types of 

turbines direct inlet air to drive torque and then leave the turbine in the direction of the axis 

of rotation either above or below the rotor. There are two main types of perpendicular flow 

turbines, the single-direction and omni-directional inlet as seen in Figure 2.31. In the single-

direction flow, the cowling is at the centre of this turbine and is made of two parts. Air is 

directed into the vent tube using guide vanes and recirculates. A pressure differential is then 
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induced along the chimney to the atmosphere where air is then drawn out of the turbine. 

Efficiencies are low with this type of turbine but improve with fewer blade numbers. The 

omni-directional perpendicular flow turbine is based on the same principles as the single-

direction where air is drawn in through the inlet and recirculates. In this case, air is then 

directed through an accelerating column where it is driven through a turbine in a tunnel 

perpendicular to the incoming wind. This type of turbine does not typically have high 

efficiencies and directing air flow through a complex pathway depends heavily on its 

aerodynamic design and availability of high wind speeds. The energy dissipative effects 

would need to be considered. 

 

Figure 2.31 The perpendicular flow DAWT (Agha et al, 2018) 

2.5.3 Large-scale On-Shore DAWT’s 

There are examples of utility-scaled DAWT’s that aimed at capturing and accelerating high 

wind speeds for smaller starting torques than traditional medium-large scale bare wind 

turbines. The main advantages are the higher levels of augmented power and the suitability 

to wind farm application. Most of the research in this particular field has been experimental 

with the aim of observing performance and efficiency changes when the DAWT is up-

scaled. Questions of increased noise levels, increased climatic exposure, strains on yaw 

control and pressure recovery effectiveness still need to be addressed for large-scaled 

DAWT’s. In the latter case, if recovery is poor, a strong suction effect may be created which 

could potentially damage the rotor and overcome torque generation. Additional obvious 

considerations of increased weight, load and material erosion may defined the ultimate 

success of large-scale DAWT’s. It is expected that future tower support structures will be 

constructed using steel and/or concrete in modular units (McKenna et al, 2016).  
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Further work on ‘multi-slot shrouds’ by Igra (1981) was the ‘pilot plant’. The throat was 

3m in diameter with outer diameter 6m and length 8m. The diffuser cross-section was a 

NACA 4412 positioned at a 5° angle of attack. The prototype was positioned 3.5m above 

the ground, down from 9.5m as originally planned. Figure 2.32a) shows the test rig for the 

pilot plant that was set up in the backyard of the Israel Aircraft Industry campus where it 

was manufactured. The tested free stream velocity was 5m/s and the design power was 

0.8kW. The actual power output achieved was 0.66kW with an efficiency of 82.5% and an 

augmentation factor of 2. This was calculated based on the theoretical maximum power 

output of 0.33kW. The tested prototype fell short of the intended design due to a limited 

budget, it was not aerodynamically accurate. Nonetheless, the DAWT survived stormy 

conditions and showed strength in durability. Igra and previously, Foreman, discussed the 

importance of cost and size reduction of diffuser design.  

  

Figure 2.32 The Pilot Plant for Igra’s Turbine. ‘q’ refers to wind speed (m/s): a) full-scale 

prototype and b) the schematic (Igra, 1981) 

2.5.4 Large-scale Off-Shore DAWT’s 

For the deployment of DAWT’s in off-shore applications, changing marine environments 

and much harsher climatic conditions need to be carefully understood. There already exist 

example of off-shore wind farms and even underwater turbines. Nonetheless, access to 

maintenance and water pollution due to damage present very realistic limitations. The 

increased weight of a DAWT accentuated by its increased rotors size will require 

substantial platforms and foundations in the sea bed. Two approaches have arisen to address 

this. One method looks closely at the design of a robust tower structure that may in some 

a) b) 
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cases serve to accommodate more than one rotor at a time or a floating platform that will 

allow for improved access to shallow waters as well as deep and adaptability to wind 

directional changes.  

In a desert area of North West China, six 5kW downwind units of the ‘Wind-Lens Turbines’ 

were successfully installed on irrigation land. The units were each set-up as part of a micro-

grid power distribution network feeding in to a central pumping system. The power from 

the turbines was stored in battery technology at the station. At a seashore park in Fukuoka 

City, Japan three 5kW downwind turbines were installed with a hub height of 15m. The 

exact location these turbines were determined from an examination of the wind profiles in 

the area at 15m. They have been placed near the entrance of the major river at Hakata Bay 

where it was found that air accelerated across the waters on to land but decelerated over 

high-rise buildings.  

Following this, an innovative design in off-shore wind farms was then proposed. At the 

Renewable Energy International Exhibition in 2010, the Wind-Lens Technology was re-

introduced for application in a wind farm as the ‘Honeycomb’, Figure 2.34. It would be a 

hexagonal array of connected floating platforms. The entire platform would be mobile and 

rotate to capture wind flow as well as match wind-induced wave flow. Intended initially 

for shallow waters, the hexagonal array was chosen to reduce the potential overall weight 

of the platform and provide a strong structural support. Each lens is approximately 112m 

in diameter and as estimated to be able to power an average household. The concept 

endeavoured to re-invent off-shore wind farming as efficient, re4liable, aesthetically 

pleasing and easy to access. Building an array platform also has the advantage of holding 

the capacity for combined collection and monitoring of electrical output and output losses 

can be reduced instead of feeding electricity from a single unit. The project is still in its 

early stages of implementation (Ohya and Karasudani, 2010). 

 

Figure 2.34 The Honeycomb Concept (Ohya and Karasudani, 2010) 
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 ‘Vortec 7’ was a design concept based on multiple-slot technology developed further for 

off-shore applications. A 5 MW upwind turbine with a V66 blade was designed with a 

single large diameter, ‘thick’ tower structure fixed to the ocean floor aimed at withstanding 

rough deep sea conditions (Phillips, 2003). If successful, this concept would have had 

mega-watt capacity potential per unit DAWT albeit at high capital costs. Unless prioritised 

in design, the safety and access risks would also have been very high. 

Another off-shore example was the design concept for a wind farm based on diffuser mixer-

ejector technology. The approach was to increase the surface area of the turbines without 

building excess structural weight which is why the off-shore turbines are triple headed. 

Innowind’s on-shore equivalent had a large diameter in the range of 20-30m for power 

outputs of 1.5-3MW (Innowind, 2009).  

2.5.5 Airborne DAWT Technologies 

There are two main approaches to suspending DAWT’s in different altitudes. The first 

approach requires a dedicated design to an anchor-transmission system that is robust and 

can distribute and stabilise the weight of the DAWT system as it will move in many degrees 

of motion. Although not a typical fixed-ground-station system, this DAWT will usually 

have a rigid tether containing the transmission line for electricity and may be restricted to 

some degrees of motion (Cherubini et al, 2015). Working like a wind vane, this type of 

‘tethered’ DAWT, Figure 2.35, would be able to align its inlet to oncoming wind. Yaw 

control, stability in lack of wind conditions and blade loading due to multi-directional and 

atmospheric changes could result in poor efficiencies. In the second approach, the diffuser 

can be treated as a balloon-like structure that can be filled with a gas such as helium to 

encourage buoyancy which will lighten the turbines load. While the latter approach may 

allow better atmospheric mobility for the turbine, achieving a precise aerodynamic profile 

for a gas-filled structure may be very difficult even with the use of lightweight, aero-elastic 

material. However, managing yaw control with unpredictable directional changes may be 

a challenge. The idea of the floating turbine was proposed by TU Delft University as seen 

in Figure 2.36. The aim and advantage of this system is to access a wider range of wind 

speeds, especially at higher altitudes where wind speeds are more predictable in terms of 

direction and magnitude, while using a smaller rotor but allowing for a greater power 

extraction threshold compared to a bare wind turbine.  
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2.5.5.1 Tethered DAWT 

Ponta et al (2002) carried out a study on floating water-current turbines. The concept was 

then applied to wind turbines. Inspired by the floating DAWT concept by TU Delft 

University, the ‘Polifemus Project’ was introduced. This turbine uses double-flow 

channelling, co-axial vortex generator and modular assembly. The so-called channelling 

device is made of an internal Diffuser with aerofoil cross section and external deflectors 

that encourage the ‘suction effect’, i.e. the pull of a greater mass of air. The co-axial 

generator was included to add a tornado-eye effect to the suction in the wake at low 

pressure. The generator and double-flow techniques effectively increase the power 

extraction capacity of the turbine which implies an intercepted area greater than the 

equivalent physical area of the rotor. This characteristic is very similar to the hydro-Straflo 

turbine because the size of the turbine bulb can be reduced. Inflow air can be used via the 

multiple inlet slots in the tubular case to provide cooling through the polar pieces of the 

generator.    

 

Figure 2.35 The tethered DAWT (Agha et al, 2018) 
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2.5.5.2 Floating DAWT 

The ‘Altaeros’, developed in 2010 is an innovative concept in power augmentation from a 

given rotor at variable altitudes, Figure 2.36. The Altaeros can reach 600 meters in altitude 

where wind speeds have between five to eight times greater power density. It is expected 

that the Altaeros can produce power augmentations up to 2. With an automated control 

system and a helium-inflatable shell channels the Altaeros is a large but lightweight 

structure. The shell with dimensions 15m by 15m is able to stabilise itself whilst floating 

at high altitudes and producing aerodynamic lift and buoyancy (Cherubini et al, 2015). 

 

Figure 2.36 The floating DAWT (Agha et al, 2018) 

2.5.6 Practical Considerations 

Other than the emphasis on the design and experimental testing of diffusers, there are other 

influences that are necessary in the developments of DAWT technologies. These include 

the consequential study of factors such as advances in yaw control techniques, electricity 

transmission and storage and improvements in tower supports and structural strength and 

integrity will be necessary.  

2.5.7 An Economic Perspective 

Proof-of-concept exists for DAWT technologies but there has not been any significant 

market penetration yet due to lack in popularity, awareness, capital cost, maintenance and 

lack of an established industry presence. Masukume et al (2014) conducted a study on a 

ducted wind turbine installation in South Africa. The Levelled Unit Cost of Energy (LUCE) 

based on the capital costs and recovery factors for the generator, battery bank, inverter and 

controller were computed along with the annual electrical energy of the system (in this 
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case, 1900 hours of operation at a mean annual speed of 5m/s) to give US 0.26/kWh which 

was found to be lower than the equivalent bare wind turbine. Wind power generation can 

potentially reduce water and carbon dioxide levels unlike conventional power plants due to 

lower consumptions. Current engineering cost models however, do not take these factors 

into account due to a focus on the direct relationship between capital costs and electrical 

outputs.  

Foreman et al (1978) conducted one of the first economic analysis of the DAWT system. 

The DAWT can provide an operational advantage because it can reduce the minimum cut-

in wind speed and raise the high-speed and cut-out wind speeds compared to a conventional 

system. Also providing stability to turbine blades DAWT’s are less likely to be damaged 

by cyclic operation. It was claimed, that turbulence and intermittent wind speeds can be 

moderated allowing the DAWT access to a wide range of applications and wind capture at 

yaw angles ±30°. Costs were compared between DAWT’ and WECS based on equal rotor 

diameters and equal power output’s. For example, at an augmentation factor of 1.89 and a 

40m DAWT turbine, the equivalent WECS in terms of power output would need to have a 

55m turbine.  However, it was found that the specific power costs associated with DAWT’s 

were only lower than WECS’s when the rotor diameter was either very small (< 20m) or 

very large (> 50m).  

2.5.8 Summary 

In Table 2.2 is a summary of the technical features of the DAWT’s presented in this section. 

For most of the technologies, augmentation factors are still missing as research is required 

in these areas. The lack of augmentation data does not however remove any recognition 

from the concept itself. Due to limitations in weight and efficiencies, DAWT technology 

has so far been restricted to small-medium scale. These limitations are subject to further 

study and innovation.  

The established flat-walled and simple diffusers for horizontal-axis turbines are the 

recommended designs due to a clear understanding of the improvements in laminar wind 

profiles and adaptability to a wider range of bare wind turbine rotors. The technologies 

presented have not yet reached commercial success due mostly to high capital costs, low 

popularity and additional loading due to diffuser weight. A further consideration should be 

given to the visual impacts of the DAWT system and its levels of acceptance and 

perceptions among mainstream renewable technologies.   
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Table 2.2 Summary of DAWT technologies 

 

 

 

 

 



57 

2.6 DAWT’s in the Built Environment 

Recently, various studies have been performed to assess wind energy potential in built 

environments. The conclusion from these studies recommend the use of wind turbines 

[(Ayhan and Sağlam, 2012), (Ishugah et al, 2014), (Toja-Silva et al, 2013)]. Understanding 

the building topologies and velocity profiles available for a given location is crucial. This 

will identify site-specific locations for the DAWT’s. From Computational analysis, it was 

found that wind flow accelerates through spaces between buildings up to distances of 60m 

after which speeds drop and slowly recover. It was also found that wind flow accelerates 

up along the free side of buildings reaching the roof. Any wind turbines should therefore 

be installed behind buildings to capture accelerated flow or along the centreline between 

buildings (Nishimura et al, 2013). This approach gives rise to the free-standing wind 

turbine. One such was discussed by Abohela et al (2011), where the turbine was mounted 

on a free standing tower a short distance from a nearby building. The second approach 

involves building-mounted wind turbines and the third approach is where the building is 

architecturally designed for wind capture. 

Abohela et al (2013) conducted a study to identify a roof shape that encourages the best 

wind profiles. Comparing vaulted, domed, flat, gabled, pyramidal and wedged roofs for a 

range of wind directions, it was found that the vaulted roof showed the best results 

especially when flow was parallel to the roof from the side of the building along its 

curvature. Furthermore, a study on the placement of a HAWT was tested. It was 

recommended that at a height of 1.3H (H being the height of the building) the turbine should 

be placed at the midpoint. Similarly, Tabriz et al (2014) found that small scale wind turbines 

for a sloped roof with a small inclination angle, are subject to optimum wind conditions at 

the middle of a roof but given a tall tower the rotor can be placed near the edge of the roof 

to overcome the turbulent flow and capture skewed flow as it deflects off the edge and 

along the roof. In theory, the operational capacity of DAWT’s and the wind conditions in 

most built environments (whether densely urban or not) seems to match well.  
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2.6.1 Design-based Computational Studies for Integration of DAWT’s into the 

Built Environment 

Installing wind turbines in the built environment has an added advantage. Electricity can 

be supplied where needed and fed into the grid directly (Abohela et al, 2011). However, 

since these turbines are often small scale, a collection of turbines may be needed to achieve 

enough electricity for a given building especially for high-rise buildings and in densely 

populated areas. With the use of a DAWT, the number of required turbines can be 

decreased, and at higher altitudes it may be possible to better protect the rotor itself from 

adverse weather conditions. This is subject to the additional weight and loading of the 

diffuser. Currently, there exists a good selection of commercially available DAWT’s. They 

are nearly all DAWT’s based on Horizontal Axis Turbines. Nonetheless, research continues 

to assess ways of optimising and improving performance through better fluid flow 

properties. Computational Fluid Dynamic (CFD) analysis provides the best accurate 

simulation and analysis of air flow through wind turbines. Therefore, most research on 

DAWT’s is CFD based with experimental validation. The examples in this section are for 

studies that designed and tested DAWT’s specifically for the application in the built 

environment. Therefore the approach differs slightly compared to free standing DAWT’s 

because the presence of building(s) can significantly affect the inflow conditions to the 

diffuser and so this has to be factored into the design. 

2.6.2 Diffuser Action using HAWT’s 

There have been many studies on diffuser design and analysis with some of the most 

comprehensive work starting in the 1970’s. Nearly all studies have focussed on the 

Horizontal Axis Turbine as the rotor. The analysis of literature has bought forward a range 

of design techniques and computational approaches for enhancing air mass flow through 

the diffuser, decreasing exit pressures as much as possible (sub-atmospheric), achieving 

optimum tip-speed ratios, turbine disk loadings and power coefficients. Some studies have 

now applied theory to the application of DAWT’s on buildings. 

Wang et al (2007) conducted a parametric analysis on the optimisation of blade design and 

rotor design to better suit the conditions of the built environment. A CFD analysis was then 

performed in a virtual wind tunnel. It was explained that in wind turbines with small rotor 

diameters, small torques can be achieved posing a problem therefor for starting rotation in 

low wind speeds common urban areas. A larger torque can be accomplished with an 

increased number of blades. A 6-bladed rotor with SD2030 aerofoil cross section was 
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designed. It was found that the flow and pressure were much higher at the tip than at the 

root as seen in Figure 2.37, indicating greater torque generation. Different nose cone and 

nacelle designs were also tested. It was found that the nose and nacelle should be designed 

for a smallest possible diameter and volume. But this can be hard to achieve as the generator 

will require adequate space.  

  

Figure 2.37 Contours of Static Pressure (Pa): a) in front of the rotor and b) Behind the rotor 

(Wang et al, 2007) 

Wang et al (2008) then developed a methodology to study the aerodynamics of a small 

domestic wind turbine with a specially designed shroud for use on building rooftops. A 

Rutland 913 WindCharger turbine was chosen from tests carried out in a wind tunnel. The 

pressure distribution and power outputs were measured and validated against a CFD 

analysis. BEM theory was used to optimise the blades and the DAWT was then re-evaluated 

for its performance in the CFD analysis. The shroud consisted of a converging inlet 

(concentrator) with large area ratio, a constant diameter test section and a diffuser with 

smaller area ratio than the inlet. The RNG k-ε turbulent model and Single Reference Frames 

(SRF) in GAMBIT and ANSYS Fluent was used for simulation of the virtual wind tunnel. 

The results showed that the wind speed was increased by a factor of 1.5 through the shroud 

alone, maximum power augmentation was about 2.2. In all cases there existed an optimum 

tip speed ratio for every incident wind speed tested. With the addition of the shroud, a 50% 

increase in power output was found in low speeds and 25% in higher wind speed above 

10m/s, Figure 2.38. The results from computational work agreed well with the experimental 

testing, any errors encountered fell within 5%. Figure 2.39 shows that optimum tip speed 

ratios were in the range of 4-5 for the DAWT in all computed wind speeds. At lower wind 

speeds the power coefficient was higher within the optimum tip speed range. And, for a 

large range of wind speeds, the range for the power coefficients remained quite narrow.  
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Figure 2.38 Contours: a) Static pressure (Pa) and b) Axial Velocity (m/s) (Wang et al, 2008)  

 

Figure 2.39 Computed tip-speed ratio’s and power coefficients. (Wang et al, 2008) 

Based on work by Abe et al (2005), Ohya et al (2008) and Ohya and Karasudani (2010), 

Kosasih and Jafari (2014) designed and built a DAWT using the 3-bladed Ampair 300W 

Turbine. The blades had NACA 63-210 aerofoil profiles.  The rotor diameter was 190 mm 

with length of 120mm with an L/D of 0.63, area ratio (outlet to inlet) of 1.61 and diffuser 

expansion angle of 12˚. Tip clearance was kept minimal to 2-3-mm. The wind tunnel 

dimensions were 450 mm x 450 mm x 1500 mm with wind speed achieving up to 25 m/s. 

The DAWT was tested and compared with manufacturer’s data and was then simulated in 

CFD software. Seen in Figure 2.40, the CFD model for the AMPAIR was modelled in a 

virtual wind tunnel with dimensions 4x10m and the rotor diameter was 1300mm.The 

maximum power achieved rom the bare turbine was 210W. It was found that as H/D and 

L/D were increased independently, more power was extracted. However, at increasing L/D 

ratio, smaller H/D ratios were found to increase power outputs because if both ratios 

a) b) 
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increased there as more flow separation and viscous losses from the diffuser surface. The 

maximum Cp for the bare turbine was 0.257 and with the diffuser the maximum Cp achieved 

was 0.31 for small H/D ratios and large L/D ratios.  

 

Figure 2.40 The AMPAIR 300: a) Actual rotor and b) CFD model (Kosasih and Jafari, 2014)  

2.6.3 Diffuser Action using VAWT’s 

Zanflorin and Letizia (2014) conducted a 2D study on 1.2kW 3-bladed H-Darrieus DAWT 

in ANSYS Fluent v.15. The URANS (Unsteady Reynolds Averaged Navier-Stokes) 

implicit model was used along with the SST (Shear Stress Transport) k-ω model due to its 

ability to solve cases with high adverse pressure gradients and simulate detailed vortices 

exhibited during dynamic tall at low tip-speed ratios. The diffuser dimensions were defined 

and it was found that the converging section prevented the flow from diverging towards the 

exit and realigned flow well before the approach to the rotor. The model was then placed 

on a dual-pitched roof of a building, Figure 2.41, with height 16.6m and an inlet velocity 

coefficient of 0.35 (typical to urban areas).  A 44% increase in power out was achieved at 

a speed of 6m/s and a 50% increase at a wind speed of 10.6m/s. To achieve the same results, 

the turbine installed without the diffuser, would need to be increase through a height of 1m.  

 

Figure 2.41 a) The red arrow indicates the location of the DAWT and b) Velocity contours for 

accelerated flow towards the top of the dual-pitched roof (Zanflorin and Letizia 2014) 

a) b) 

a) b) 
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There have also been studies on design DAWT’s based on the wind conditions in the built 

environment for use on existing buildings. One or two studies have been conducted recently 

that questioned the use of a HAWT inside a diffuser. Krishnan and Paraschivoiu (2015) 

conducted a 3D CFD analysis of a building integrated DAWT using a vertical axis rotor 

for the turbine. The most appropriate inlet geometry for the DAWT was assessed leading 

to a final design. The coefficient of power increased from 0.135 to 0.34 with the use of the 

shroud and the optimum diffuser inlet angle with reference to the flat roof tested was 5º as 

seen in Figure 2.42a). Although the study proved that the addition of the diffuser improved 

performance of the bare turbine, the power coefficient was below the Betz limit and the 

augmentation factor was very close to one. The air inlet condition was 6m/s and it can be 

seen from the final design in Figure 2.42b) (with the turbine’s optimum tip-speed ratio at 

0.38) that the maximum speeds in the turbine were not much higher than the air speed. It 

can be seen from literature that the use of the vertical axis turbine may not be able to 

succeed over the use of a horizontal axis turbine in DAWT design. 

  

Figure 2.42 a) Streamline flow for the 5º inlet diffuser angle showed the largest maximum 

velocity compared to 0º, 10º and 15º and b) streamline flow for the final design of the turbine 

(Krishnan and Paraschivoiu, 2015) 

Chong et al (2013) designed a novel Power-Augmentation-Guide-Vane (PAGV) shroud 

that covered a Sistan wind turbine. It was integrated into a wind-solar-rain harvester, seen 

in Figure 2.43. It was designed to aesthetically blend into the building and a mesh would 

cover the exposed rotors to prevent bird strike. In wind tunnel testing, under free-running 

conditions) rotor inertia and bearing friction were applied and it was found that the rpm of 

the rotor was increased by 75.16%. In a CFD study, torque was increased by 2.88 times 

and the power output increased 5.8 times at a wind speed of 3m/s. 

a) b) 
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Figure 2.43 Computer Aided Design of the PAGV showing its intended roof installation (Chong 

et al, 2013) 

Wong et al (2014) conducted a 2D study in ANSYS Fluent 14.0 on a DAWT with NACA 

0015 blades. Tip-speed ratio was set at 5.1 and velocity 0.091m/s from experimental data. 

The SST k-ω model was used with a sliding mesh. The original design for the shroud used 

four pairs of ODGV (Omni-Directional Guide Vanes) tilted at angles of 20˚ and 55˚ 

whereby the outer diameter of the ODGV was twice the rotor diameter of the bare VAWT. 

The new design divided the guide vanes into two segments ad were bent at an angle of 10˚. 

Torque qualities were significantly improved with the new design and the power coefficient 

increased by 31.65% compared to the original design and the cut-in speed was reduced. 

Compared to the bare VAWT, the power coefficient was increased by 147.1%. 

2.6.4 Diffuser Action in Building Design 

Figure 2.44a) shows a conceptual design for the use of a large scale diffuser effect for the 

built environment. The building is itself, a diffuser. The company, Norwin from Denmark 

set-up three 225kW, 29m diameter rotors between the Bahrain World Centre towers. Each 

turbine was installed on a dedicated steel frame fixed between the towers as seen in Figure 

2.44b) (Smith et al, 2012). Another example is The Strata in London which is topped with 

three 9m diameter wind turbines, Figure 2.44c). Using aerodynamic building designs 

almost as if they are diffusers themselves is a very good way of funnelling a larger mass 

flow of air in the built environment. This potentially means greater power extraction to 

cover more of a buildings electricity load.  
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Figure 2.44 a) Conceptual aerodynamic design for a building (Mertens, 2006), b) the Bahrain 

Tower and c) the Strata in London (Smith et al, 2012)  

Akesson (2012) produced a feasibility report on the potential to incorporate DAWT’s into 

bridges. E39 is a road that runs along the west coast of Norway with a number of fjords 

with ferry crossings along its entire length. The fjord crossings range from 1.5km to 25km 

in length and have depths reaching down to 1.3km. Typically, these fjords have suspension 

bridges, floating bridges and submerged floating tunnels. Based on the design of a 10kW 

DAWT with a maximum diameter of 3.1m, 215 turbines were installed per kilometre at 

1.5D spacing’s, as seen in the drawing in Figure 2.45. This translates to 80% of the length 

of the bridges installed with these turbines. Turbines were installed mainly on two types of 

bridges, suspension bridges and floating bridges. Turbines were installed in the former at 

heights of 50m and the latter at 10m. It is stipulated that the DAWT’s used cope with 

turbulent conditions much more successfully than HAWT’s typically chosen for this 

application. They are easier to integrate into the bridge infrastructure, are well protected. 

To give an example, at the Boknafjord Bridge the installed power is 14.5MW with local 

wind speeds between 6 and 8m/s. This innovative concept is in its early stages and while it 

successfully exploits the use of available wind energy, there are a number of structural 

challenges that need to be addressed. 

 
Figure 2.45 Computer Aided Design (CAD) depicting the intended installation of DAWT’s 

below the road of the bridge covering its width and length completely (Akesson 2012) 

a) b) c) 
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Watson et al (2007) conducted a CFD study on two diffusers with similar geometries but 

with different lengths on a building, seen in Figure 2.46. The model was simulated in 

ANSYS CFX using the SST k-ω model because flow separation could be accurately 

predicted than with the k-ε model. The building had a half-width of 5m and height 3m. The 

diffuser inlets in both cases were designed to allow for the smoothest flow possible. The 

velocity was 5m/s. It was found that the building accelerated air along the leading face but 

separated at the leading edge. The separation point however, was displaced into the inlet of 

the duct due to its placement at the leading edge. The design of the diffuser inlet depended 

heavily on being able to transfer the vertical component of the incoming wind to horizontal 

flow because it would adversely affect efficiencies. Compared to the free-standing diffuser, 

it was found that for low contraction angles there was a performance drop for the building 

mounted diffuser due to flow separation along the bottom of the diffuser. It was also found 

however, that with increasing rotor resistance, performance improved.  

  

Figure 2.46 In each case the area ratio was 1.9: a) Cp = 1.29 and b) Cp = 1.33 (Watson et al. 

2007)  

2.6.5 Summary 

From a review of literature on DAWT’s in the built environment, it was found that there 

are at least three main approaches to the use of diffusers in augmented power. These 

approaches involving the placement of wind turbines where wind is accelerated, building-

integrated DAWT’s and diffuser-based building design. Further work is required in 

assessing the real difference between the use of Horizontal- and Vertical- Axis Turbines in 

Diffusers. There haven’t been many experimental studies on the actual operation of a roof-

mounted DAWT. This would address a variety of other factors such as load bearing, fatigue 

and operational factors of DAWT’s in real-time electricity production. An important factor 

to consider is safety. It has been stipulated many times in literature that compared to 

b) a) 
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conventional WECS, DAWT’s are considered safer due to their smaller size, protecting 

shroud, lower rpm and larger number of blades Kosasih and Tondelli (2012). So bird and 

bat strikes are anticipated as highly unlikely which is especially favourable considering the 

implementation of DAWT’s into the built environment. There have not as yet been any 

studies in this area. 

2.7 Overall Summary 

In this chapter, a review of literature on DAWT’s has been presented. Research covering 

the computational and experimental studies on the development of DAWT’s in terms of 

diffuser analysis, design and geometries has been presented. In further reading, it was found 

that research on diffuser theory applied in the built environment is scattered despite the 

potential and suitability of the two concepts. Extended research even further, some 

commercial DAWT examples were found. These DAWT examples were also sporadic and 

varied largely in their design, performance and application. A critical analysis of research 

was thus conducted and different DAWT technologies were thus categorised. 

It has been found that a correlation exists between power coefficients and tip-speed ratios. 

Increasing the diffuser length-to-diameter ratio increases power coefficients as does the 

height to diameter ratio of flanged diffusers. At larger diffuser angles (i.e. smaller area 

ratios) it was found separately that pressure drops were larger across the diffuser with a 

large and rapid wake expansion. It has also been found that after the critical tip-speed ratio 

is achieved when power coefficients are highest, tip-speed ratios decrease. DAWT’s are 

usually designed for small-medium scale rotors with small power outputs. But 

augmentation factors have been achieved at 2+. Various turbulence models have been used 

in CFD simulations with the RNG model being the most commonly used due to its accuracy 

and reliability. Different diffuser geometries have been designed and tested either 

experimentally of through simulation. Some research further addresses the effect of 

optimising the blade design of a wind turbine rotor and increasing the number of blades to 

improve the performance of DAWT’s. Existing theories on the analysis of DAWT’s have 

been pursued in literature to improve their accuracy, understanding and application across 

all DAWT’s. The actuator disk theory continues to be the most practiced method of analysis 

but it has been advanced to include a better understanding and analysis of fluid 

characteristics within DAWT’s as seen in Section 2.2. 
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2.8 Research Gaps and Objectives 

A review of the literature covered various approaches to assessment and experiment to 

DAWT design, performance and analysis. Prospects for further research were identified in 

areas regarding diffuser design methodology and the study of DAWT’s in the built 

environment (predominantly roof-mounted). The required avenues of research were 

identified as follows:  

 Transient studies investigating the performance and response behaviour of a DAWT 

for varying wind speeds  

 Comparison of influential diffuser augmentation parameters, the relative influence 

of area and length-to-diameter ratios and diffuser geometries based on different 

cross-sectional profiles (Kosasih and Hudin, 2016) 

 Studies on urban wind conditions and atmospheric boundary layer applied to 

buildings with roof-mounted DAWT’s to understand inlet conditions for a roof-

mounted DAWT and the varying performance in different urban contexts (Yang et 

al, 2008) 

The most consistent approach to addressing these gaps is through CFD simulation 

techniques guided by literature. The optimum diffuser design and design methodology is 

intended to cover a wide range of winds, especially in the low wind speed range that is 

common to the built environment, thereby increasing the adaptability and locational use of 

DAWT’s. In order to achieve this, the following work will be carried out: 

 Comprehensive study of diffuser augmentation parameters, key design ratios and 

the effect of different diffuser aerofoil designs through a series of successive 

investigations using simulation to establish relative effect on performance of each 

DAWT and observe fluid flow characteristics through a diffuser (Jafari and 

Kosasih, 2014) and (Abe and Ohya, 2004) 

 Assessment of performance of DAWT’s in transient conditions to identify the effect 

on performance and flow conditions on the Rutland WindCharger DAWT with and 

without the diffuser (Kosasih and Hudin. 2016) and (Murakami and Mochida, 1989) 

 Development of Atmospheric Boundary Layer algorithms for CFD simulations to 

realistically assess urban wind patterns into diffuser inlet (Yang et al, 2008), (Aly, 

2014) and (Wright and Easom, 2003) 
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Chapter 3 Numerical Modelling using CFD 

3.1 Introduction 

In Chapter 1, Section 1.4, the research aims and objectives were identified. In order to 

address these objectives, a number of case studies were designed using a numerical model. 

These numerical investigations were carried out using Computational Fluid Dynamic 

(CFD) theory in computational software, ANSYS Fluent v.15. The theories in CFD are 

used to predict fluid profiles and heat and mass transfer with phase change by solving 

complex mathematical equations. Accurately analysing fluid flow can be very difficult 

when a number of physical design models are involved as any number of control variables 

are not guaranteed to remain constant. Simulating fluid flow using software saves on time, 

cost, material and experimental requirements. Flow is easier to visualise and compare using 

CFD simulations with a greater detail achievable in analysis. In the set-up of the numerical 

model as seen in Figure 3.1, the physical geometries for each case study in this research 

were designed in Computer Aided Design (CAD) software, Solid Edge v.16. Each case 

study was numerically defined in computational software for processing. This chapter 

describes the details in the pre-processing stages of all of the case studies investigated. All 

case studies were designed at full-scale. 

 

Figure 3.1 Views from processing CFD cases in ANSYS Fluent 

In the earlier part of this chapter, the aim, purpose and physical geometries for each of the 

case studies have been presented. Two significant physical geometries have been presented 

independently due to their consistent use in all or most of the studies. This is followed by 

a description of the development of the numerical model for each case. The approach to the 

numerical studies was based on investigating various DAWT design’s using diffuser theory 

and advancing this to the application of the optimised DAWT in the built environment. 
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Careful considerations were made in each study where all results were compared against a 

benchmark design in each case to quantify the performance gap.  This meant comparing 

the augmentation factors for all cases and observing the quantified differences in 

performance parameters (see Chapter 2 Section 2.2) These studies, as outlined in Figure 

3.2, were part of a developing methodology addressing the design of the optimum diffuser 

and its application in the built environment. In Figure 3.2, a reference has been made to the 

research objectives being addressed by each study as outlined in Chapter 2, Section 2.8. In 

the first study (S1), the CFD methodology was validated against a study from literature to 

verify the numerical model. This was then followed by a short study (S2) verifying the 

general geometry of a diffuser against a concentrator to prove that an expanding outlet is 

more beneficial in increasing power outputs. The next two studies, S3 and S4, directly 

addressed a logical approach in optimising diffuser design. Once this had been achieved, 

the final study (S5) tested the Optimised DAWT in different urban contexts to observe both 

the response to the different environments and the performance gap. The results (i.e. post-

processed data) for S2, S3, S4 and S5 are detailed in Chapter 5. The results for S1 are 

detailed in Chapter 7 as this study involved a comparison against results from literature. 

 

Figure 3.2 The sequence of parametric studies carried out in this research in line with research 

objectives detailed in Chapter 1, Section 1.4 
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3.2 Modelling the Physical Geometries 

For all of the case studies, the physical geometries were created in SolidEdge ST6 CAD 

software. Most of the physical geometries e.g. benchmark bare wind turbine and building 

test sections were based on real products and dimensions and were drawn to 1:1 scale. The 

geometries of the various diffusers were then designed using certain parametric design 

requirements and the dimension of the benchmark bare wind turbine. This section 

introduces two key geometries used in all or most of the case studies; the benchmark bare 

wind turbine and the test building.  

3.2.1 The Rutland WindCharger FM910-4  

The Rutland WindCharger FM910-4, Figure 3.3, was chosen as the benchmark bare wind 

turbine. It is a small horizontal axis wind turbine that was designed to be lightweight, 

operate quietly and produce power at low starting torques in low wind speeds. The cut-in 

wind speed is 2.6m/s with a rated power of 72W achievable at 16m/s. Suitable for 

installation in the built environment on roofs, streets and even boats, the FM910-4 was 

designed to rotate 360⁰  at its base with the help of a tail fin in order to match changing 

wind directions. The FM910-4 is representative of small-scale domestic turbines because 

of its power rating and its design inertial characteristics (Ayham and Sağlam, 2012). The 

turbine was purchased by Heriot-Watt University for use in experimentation. The 

dimensions were studied and replicated in a CAD model, see Figure 3.5.  

 

Figure 3.3 The Rutland WindCharger FM910-4 with the main features identified. A specific 

tower does not come with the turbine as its design and specifications are subject to end-user 

requirements 
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In all of the studies in this research the diffuser placement around the rotor of the benchmark 

bare wind turbine was consistently based on the blade tip clearance. The blade tip clearance 

is the distance between the rotor blade tip and the inner surface of the diffuser. Stated as a 

percentage of the turbine rotor diameter (Drotor), the blade tip clearance was set at 2% as 

recommended by Lilley and Rainbird (1956). While perhaps considered an outdated 

recommendation, the 2% tip clearance was based on the mathematical prediction of the 

formation of the boundary layer thickness that develops on the inner diffuser surface 

extending toward the blade tip. To prevent a build-up of this boundary layer, this clearance 

was recommended and has remained largely unchanged. For an increasing clearance, a 

build-up in blade tip vorticities could induce greater turbulence and potential loading on 

the blades themselves causing fatigue and possible damage. In theory, the blade tip 

clearance should be kept as small as possible, close to zero, to prevent this but for the 

practical purposes of access and manufacture a tip clearance was deemed necessary. This 

is in addition to maintaining the clearance as a control variable in all case studies so that its 

change did not affect the comparison of the various diffuser designs. The diameter of the 

FM910-4 rotor was 0.91m, so with a tip clearance of 2% the diffuser throat diameter (Dt) 

was set at 0.925m for all numerical studies as seen in equation (37). Figure 3.4 is a 

geometrical representation of the blade tip clearance and the determination of the diffuser 

throat diameter. 

𝐷𝑡 = 2(1.02 (
𝐷𝑟𝑜𝑡𝑜𝑟
2

)) (37) 

 

Figure 3.4 Schematic for the representation of a blade-tip clearance of 2%. Drotor and Dt refer to 

the diameter of the wind turbine rotor swept area and the diffusers throat diameter respectively
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Figure 3.5 Engineering drawing with dimensions for the Rutland WindCharger FM910-4 (Dimensions in mm)
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3.2.2 The Test Building  

Figure 3.6 shows the Heriot-Watt University Campus in Dubai, United Arab Emirates. The 

encircled section of the building campus is the west wing and was chosen as the test area 

for numerical studies. The campus building has a contemporary, cuboidal geometry and 

dimensions that are characteristic of buildings for utility, residential and commercial 

purposes common to most urban environments around the world that integrate wind 

turbines [(Abohela et al, 2011), (Smith et al, 2012)]. The building dimensions (see Figure 

3.8) were replicated in a CAD model. The case studies that required the use of the building 

test section involved a comparison between roof-mounted DAWT’s and the benchmark 

bare wind turbine. All DAWT’s in this research were modelled to scale as they were based 

on the FM910-4, their dimensions in relation to the building dimensions were very small, 

hence the choice of a test section. So in order to reduce the case sizes, reduce computational 

time and simplify visualisation of results, the test section was chosen as a sample building, 

highlighted in Figure 3.7. The building test section had two characteristic leading edges, 

one of which was in a depression of the front of the building. The ‘X1’ and ‘X2’ positions 

were each used as the locations for the FM910-4 in the S1 and S5 studies respectively. For 

the purposes of a comparative and relative study if the different cases within S1 (see Section 

3.3.1) and S5 (see Section 3.3.5), the effects of these locations were made independent of 

the analysis of results and were kept as a control for each case in S1 and S5.  

 

 

 

 

Figure 3.6 The Heriot-Watt University Dubai Campus Building. The encircled area was chosen 

as the building test section. The ‘X’s mark the location of the FM910-4 

 

Figure 3.7 The building test section highlighted in purple 

X1 X2 
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Figure 3.8 Engineering drawing with dimensions for the Heriot-Watt University Building in Dubai, UAE. The two ‘X’s’ refer to locations of the FM910-4
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3.3 The Numerical Model 

The FLUENT commercial code was used to simulate fluid (air) flow that was assumed 

incompressible. Temperature and time-dependency were not considered here and it was 

assumed that the surrounding domain reflected constant wind speed conditions. In other 

words, it was assumed that unless specified, there was uniformity in wind distribution 

throughout each domain in each study. The numerical studies in this research often 

involved a comparison of various cases for example, different diffuser designs. In order to 

save on computational time and load, varying wind speeds were not prioritised. All 

simulations performed were carried out under steady state conditions with the governing 

equations based on continuity and momentum. This section provides a technical description 

of each of the numerical simulations that were set-up in terms of the numerical model used 

to compute air flow, the domain for computation, the meshing and solution controls. Each 

CAD model was uploaded to ANSYS Fluent v.15 and then completed each of the five 

major steps seen in Figure 3.9 defined by ANSYS. The results once converged were 

analysed, see Chapter 5.  

 

Figure 3.9 The major steps completed in the numerical solver, ANSYS Fluent v.15 

The numerical methodology was first verified against an existing methodology proposed 

by Wang et al (2008) for the simulation of virtual wind tunnels. Once verified (see Chapter 

6, Section 6.2), the model definition in terms of the turbulence model and the choice of 

blockage ratio were continued for most studies, only changing where necessary.  
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The numerical solver was a pressure-based type whereby the formulation and evaluation of 

velocity was absolute. Both of these quantities were fundamental to the analysis of all cases. 

Defining each case set-up in the numerical solver, the solution had to be initialised. This 

prepares each solution with the initial values and conditions to compute from: 

 Initialisation Methods: Standard Initialisation 

 Compute from: Inlet (this defines the instructed direction of fluid flow) 

 Reference Frame: Relative to Cell Zone 

 Initial Values 

o Gauge Pressure (Pa): 0 

o X-velocity (m/s): 0 

o Y-velocity (m/s): Defined according to Study Requirements 

o Turbulent Kinetic Energy (m2/s2): 0.3105381 (based on the RNG 𝑘 − 𝜀) 

o Turbulent Dissipation Rate (m2/s3): 55.7846 (based on the RNG 𝑘 − 𝜀) 

Each case was run for a total of 10,000 iterations. With convergence achieved, post-

processing the results began. Convergence refers to the point where a solution is achieved 

because all iterations produce identical results rendering any further solving unnecessary. 

This was prompted by an observation of the residuals streamed in the solver. Table 3.1 

provides a list of the reference values that were kept fixed for each of the studies. The 

importance of showing these values here is to highlight the consistency of the physical 

conditions for each case defined by these references. The importance of establishing these 

reference values was in calibrating all results to ensure they can be reliably and realistically 

compared. This section first introduces the governing equations and turbulence model 

employed. This is followed by a description of the mesh, definition of the computational 

domains and the definition of the boundary conditions for all studies.     

Table 3.1 Reference values used in the numerical solver, ANSYS Fluent v.15  

Area (m2) 1 

Density (kg/m3) 1.225 

Enthalpy (J/kg) 0 

Length (m) 1 

Pressure (Pa) 0 

Velocity (m/s) 1 

Viscosity (kg/ms) 1.7894e-05 

Ratio of Specific Heats 1.4 

Gravity: z-direction:  -9.81m/s2 
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3.4 Governing Equations 

The governing equations refer to equations that describe fluid flow and heat transfer. They 

represent the laws of the conservation of physics as follows (Versteeg and Malaskera, 

1995): 

 The mass of a fluid is conserved 

 The rate in change of momentum is equal to the sum of all forces on a fluid particle 

– Newton’s 2nd Law 

 The rate of change of energy is equal to the sum of the rate of work done on and the 

addition of heat to a fluid particle – 1st law of Thermodynamics 

The fluid element seen in Figure 3.10 is considered the smallest point within fluid where 

the effects of properties such as temperature (T), pressure (P), velocity (V) and density (ρ) 

are not influenced by the individual molecules within the fluid. The faces N, S, E, W, T and 

B stand for North, South, East, West, Top and Bottom respectively. The centre of this fluid 

element is located at (x, y, z). The fluid flow equations are derived from an understanding 

of the changes in mass, momentum and energy across the boundaries of the fluid element 

due to flow and/or the effects of other forces or sources. All of the aforementioned fluid 

properties are thus written as T(x, y, z), P(x, y, z), V(x, y, z) and ρ(x, y, z). 

 

Figure 3.10 The representation of a small fluid element (Versteeg and Malaskera, 1995) 

3.4.1 Mass Conservation and the Continuity Equation 

The conservation of mass is also known as the continuity equation states that the mass 

entering and leaving a controlled volume is equal irrespective of the effect of any force or 

process taking place on the control volume. In other words, there is no net change in mass 

of the controlled volume and it cannot be destroyed. The general form of the continuity 

equation is a partial differential equation in the form of, 
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𝜕𝜌

𝜕𝑡
+ 𝛻(𝜌�⃗� ) = 𝑆𝑚 

(38) 

Where, �⃗�  refers to a vector form of velocity in terms of x, y and z. 𝑆𝑚 is the Source term 

added as a sum of user-defined source terms or compressible effects for example 

vaporisation effects of liquid droplets. Equation 38 is valid for compressible and 

incompressible fluids (Versteeg and Malaskera, 1995).   

3.4.2 Momentum Conservation Equation 

As mentioned previously, Newton’s 2nd law states that the rate of change in momentum of 

a fluid particle is equal to the sum of forces on the particle. The rate of x-, y- and z-

momentum per unit volume of the fluid particle is given by, 

𝜌
𝐷𝑢

𝐷𝑡
, 𝜌

𝐷𝑣

𝐷𝑡
, 𝜌

𝐷𝑤

𝐷𝑡
 

(39) 

Where, u, v and w refer to the velocity in the x-, y- and z-directions. There are two types of 

forces acting on fluid particles; surface and body forces. The effects of the body forces are 

usually written as source terms and as separate terms for surface forces in the momentum 

equation. The source terms are written as 𝑆𝑚𝑥 where in this case it is the x-momentum per 

unit volume per unit time. The stresses on a fluid element are defined in terms of pressures 

(P) and viscous stress components (τ). In computing pressure and viscous stress 

components on the fluid element, the x-, y- and z-momentum components of the general 

momentum equation can be expressed as follows: 

𝜌
𝐷𝑢

𝐷𝑡
=
𝜕(−𝑃 + 𝜏𝑥𝑥)

𝜕𝑥
+
𝜕𝜏𝑦𝑥

𝜕𝑦
+  
𝜕𝜏𝑧𝑥
𝜕𝑧

+ 𝑆𝑚𝑥 (40) 

𝜌
𝐷𝑣

𝐷𝑡
=
𝜕𝜏𝑥𝑦

𝜕𝑥
+
𝜕(−𝑃 + 𝜏𝑦𝑦)

𝜕𝑦
+  
𝜕𝜏𝑧𝑦

𝜕𝑧
+ 𝑆𝑚𝑦 (41) 

𝜌
𝐷𝑤

𝐷𝑡
=
𝜕𝜏𝑥𝑧
𝜕𝑥

+
𝜕𝜏𝑦𝑧

𝜕𝑦
+  
𝜕(−𝑃 + 𝜏𝑧𝑧)

𝜕𝑧
+ 𝑆𝑚𝑧 

(42) 

Where, for example, the x-momentum of a fluid particle is equal to the total force in the x-

direction on the element due to surface stresses plus the rate of increase of momentum due 

to sources. The negative pressure term is due its definition as a compressive normal stress 

as opposed to the normal viscous stress which is by convention assigned a positive normal 

stress (Versteeg and Malaskera, 1995). 
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3.4.3 Navier-Stokes Equations for a Newtonian fluid  

The governing equations for a Newtonian fluid as mentioned above contain new unknowns, 

the viscous stress components. In order to achieve this, another model was proposed to 

rewrite the conservation equations in a more useful form. Viscous stresses are typically 

functions of the local deformation rate (strain rate). In 3D-flows, the local deformation rate 

is composed of the linear deformation rate and the volumetric deformation rate. A main 

assumption here is that al liquids (and gases) considered are isotropic (identical in all 

directions). There are three linear elongating deformation components that describe the rate 

of linear deformation of a fluid element: 

𝑒𝑥𝑥 =
𝜕𝑢

𝜕𝑥
, 𝑒𝑦𝑦 =

𝜕𝑣

𝜕𝑦
, 𝑒𝑧𝑧 =

𝜕𝑤

𝜕𝑧
 (43) 

There are six shearing linear deformation components: 

 

The volumetric deformation is, 

𝜕𝑢

𝜕𝑥
+
𝜕𝑣

𝜕𝑦
+
𝜕𝑤

𝜕𝑧
= 𝛻�⃗�  (47) 

In a Newtonian fluid, the viscous stresses are proportional to the rates of deformation. In 

incompressible fluids the mass conservation equation, ∇�⃗� = 0, and viscous stresses are 

twice local rate of linear deformation multiplied by dynamic viscosity. There are nine 

viscous stress components of which six are independent, 

𝜏𝑥𝑥 = 2𝜇
𝜕𝑢

𝜕𝑥
+ 𝜆𝛻�⃗� , 𝜏𝑦𝑦 = 2𝜇

𝜕𝑣

𝜕𝑦
+ 𝜆𝛻�⃗� , 𝜏𝑧𝑧 = 2𝜇

𝜕𝑤

𝜕𝑧
+ 𝜆𝛻�⃗� ,  (48) 

𝜏𝑥𝑦 = 𝜏𝑦𝑥 = 𝜇 (
𝜕𝑢

𝜕𝑦
+
𝜕𝑣

𝜕𝑥
) (49) 

𝜏𝑦𝑧 = 𝜏𝑧𝑦 = 𝜇 (
𝜕𝑣

𝜕𝑧
+
𝜕𝑤

𝜕𝑦
) (50) 

𝜏𝑥𝑧 = 𝜏𝑧𝑥 = 𝜇 (
𝜕𝑢

𝜕𝑧
+
𝜕𝑤

𝜕𝑥
) 

(51) 

 

𝑒𝑥𝑦 = 𝑒𝑦𝑥 =
1

2
(
𝜕𝑢

𝜕𝑦
+
𝜕𝑣

𝜕𝑥
) (44) 

𝑒𝑥𝑧 = 𝑒𝑧𝑥 =
1

2
(
𝜕𝑢

𝜕𝑧
+
𝜕𝑤

𝜕𝑥
) 

(45) 

𝑒𝑦𝑧 = 𝑒𝑧𝑦 =
1

2
(
𝜕𝑣

𝜕𝑧
+
𝜕𝑤

𝜕𝑦
) (46) 
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Substituting equations (48)-(51) into (40)-(42) gives rise to the Navier-Stokes equations: 

𝜌
𝐷𝑢

𝐷𝑡
=
−𝜕𝑃

𝜕𝑥
+
𝜕

𝜕𝑥
[2𝜇

𝜕𝑢

𝜕𝑥
+ 𝜆𝛻𝑉⃗⃗⃗⃗  ⃗] +

𝜕

𝜕𝑦
[𝜇 (

𝜕𝑢

𝜕𝑦
+
𝜕𝑣

𝜕𝑥
)] +  

𝜕

𝜕𝑧
[𝜇 (

𝜕𝑢

𝜕𝑧
+
𝜕𝑤

𝜕𝑥
)]

+ 𝑆𝑚𝑥 

(52) 

𝜌
𝐷𝑣

𝐷𝑡
=
−𝜕𝑃

𝜕𝑦
+
𝜕

𝜕𝑥
[𝜇 (

𝜕𝑢

𝜕𝑦
+
𝜕𝑣

𝜕𝑥
)] +

𝜕

𝜕𝑦
[2𝜇

𝜕𝑣

𝜕𝑦
+ 𝜆𝛻�⃗� ] +  

𝜕

𝜕𝑧
[𝜇 (

𝜕𝑣

𝜕𝑧
+
𝜕𝑤

𝜕𝑦
)]

+ 𝑆𝑚𝑦 

(53) 

𝜌
𝐷𝑤

𝐷𝑡
=
−𝜕𝑃

𝜕𝑧
+
𝜕

𝜕𝑥
[𝜇 (

𝜕𝑢

𝜕𝑧
+
𝜕𝑤

𝜕𝑥
)] +

𝜕

𝜕𝑦
[𝜇 (

𝜕𝑣

𝜕𝑧
+
𝜕𝑤

𝜕𝑦
)] +  

𝜕

𝜕𝑧
[2𝜇

𝜕𝑤

𝜕𝑧
+ 𝜆𝛻�⃗� ]

+ 𝑆𝑚𝑧 

(54) 

For the development of the finite-volume method, the Navier-Stokes equations are then re-

written as follows: 

𝜌
𝐷𝑢

𝐷𝑡
=
−𝜕𝑃

𝜕𝑥
+ 𝛻 (𝜇

𝜕𝑢

𝜕𝑥
) + 𝑆𝑚𝑥 

(55) 

𝜌
𝐷𝑣

𝐷𝑡
=
−𝜕𝑃

𝜕𝑦
+ 𝛻 (𝜇

𝜕𝑣

𝜕𝑦
) + 𝑆𝑚𝑦 (56) 

𝜌
𝐷𝑤

𝐷𝑡
=
−𝜕𝑃

𝜕𝑧
+ 𝛻 (𝜇

𝜕𝑤

𝜕𝑧
) + 𝑆𝑚𝑧 

(57) 

3.4.4 The Turbulence Model 

There are models that can approximate the evolution of turbulent flows. The Boussinesq 

approximation was introduced to eddy viscosity. It offers a low cost of computation and is 

employed in most of the common turbulence models. The Spalart-Allmaras (S-A) model is 

a one equation model that solves the modelled transport equation for turbulent viscosity 

(𝑣𝑡). This model is typically used in aerospace applications boundary layers are often 

subjected to adverse pressure gradients. The RANS equations were introduced in an attempt 

to close turbulence equations using viscosity terms where the turbulent kinetic energy (𝑘) 

is the most common variable in predicting turbulence fluctuations (Wasserman, 2016). 

Large Eddy Simulations (LES) were not considered here as they have not been commonly 

used in DAWT analysis as found in literature. LES has been increasingly used for bare 

wind turbine simulation where wake vorticities are quite large and important for issues such 

as yaw control and therefore need to be simulated accurately (Archer and Vasel-Be-Hagh, 

2019). The added diffuser geometry inevitably changes the flow pattern in the wake of the 

turbine rotor inside it considerably reducing these vorticities. 
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The 𝑘 − 𝜀 theory is commonly used as seen for in literature for numerical studies on 

DAWT’s (see Table 2.1) to predict mean flow characteristic for turbulent flows. Within the 

𝑘 − 𝜀 theory there are three models; Standard, Realisable and the Renormalisation Group 

(RNG). The Standard model solves two variables, 𝑘 and 𝜀, the turbulent dissipation rate. 

The Realisable 𝑘 − 𝜀 develops on the standard theory to include the effect of mean flow 

distortion on turbulent dissipation. The 𝑘 − 𝜀 theory is typically used for external flows 

over complex geometry. The Realisable theory is usually recommended for rotational 

effects, recirculation and streamlined curvatures as well as improved boundary layers 

where there are strong adverse pressure gradients and/or separation. A further advancement 

on the 𝑘 − 𝜀 theory was the RNG theory that was originally intended to solve for 𝜀 using 

Navier-Stokes equations. This often results in lower levels of turbulence and an 

underestimate of 𝑘. While producing flows that are less viscous, the prediction of turbulent 

flow is often considered more realistic especially for flow over complex geometries 

(Wasserman, 2016). 

The 𝑘 − 𝜔 theory is another two-equation model used to close the RANS equations where 

𝜔 is the dissipation rate of turbulent kinetic energy into internal energy. This model is able 

to accurately model near-wall interactions better than 𝑘 − 𝜀 theory. The over-prediction of 

shear stresses of adverse pressure gradient boundary layers causes the model to inaccurately 

predict free stream flows. This model is also sensitive to inlet boundary conditions.  The 

Shear Stress Transport (SST) 𝑘 − 𝜔 model is an improvement on the original model where 

it can be applied in viscous-affected regions. This model is often recommended for 

aerospace applications where flows are too complex for the S-A model (Wasserman, 2016). 

For this research, the 𝑘 − 𝜀 theory was chosen as the main turbulence model. This was 

employed in all studies. This model was used in the reference literature study by Wang et 

al (2008) for S1 and so was validated for use in subsequent studies. A further reason in 

using this model was the recommended use of this theory for external flows over complex 

geometry as was often the case in this research.  

Specifically, the Standard RNG (Renormalisation Group) 𝑘 − 𝜀 Model was selected in 

ANSYS Fluent for this research. This is different from the Standard 𝑘 − 𝜀 Model because 

the RNG method provides a theory on the Kolmogorov equilibrium range of turbulence 

which includes the inertial range of small-scale eddies. For the RNG method, the three-

dimensional Navier-Stokes equations need an accurate solution with turbulent flow in the 

range of 𝑅𝑒9 4⁄ . If the Reynolds numbers is too high, the computational demands increase 
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at a disadvantage. The RNG method prevents this by eliminating the inertial range eddies 

to produce a set of equations for averaged flow quantities. This also means that Navier-

Stokes equations can be computed accurately on coarse meshes even at high Reynolds 

numbers (Yakhot et al, 1992). For flow with momentum involving turbulent stresses, the 

Reynolds Averaged Navier-Stokes equations are: 

𝜕�̅�𝑖
𝜕𝑡
+
𝜕

𝜕𝑥𝑗
(�̅�𝑖�̅�𝑗) = −

1

𝑝

𝜕�̅�

𝜕𝑥𝑖
+
𝜕

𝜕𝑥𝑖
[𝑣𝑒𝑑𝑑𝑦 (

𝜕�̅�𝑖
𝜕𝑥𝑖

+
𝜕�̅�𝑗

𝜕𝑥𝑖
)] (58) 

The effective viscosity is calculated using the following equation: 

𝑣𝑒𝑑𝑑𝑦 = 𝑣𝑜 [1 + √
𝐶𝜇

𝑣𝑜

𝑘

√𝜀
]

2

 (59) 

But this requires the values of 𝑘 and 𝜀 which are found using the following equations: 
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and 
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𝛼 is the inverse Prandtl number for turbulent transport. The turbulent viscosity is given as 

 𝑣𝑡 = (𝑣𝑒𝑑𝑑𝑦 − 𝑣𝑜) and, 

𝑅 = 2𝑣𝑜𝑆𝑖𝑗
𝜕�̅�𝑖̅̅ ̅̅̅

𝜕𝑥𝑖

𝜕�̅�𝑖̅̅ ̅̅̅

𝜕𝑥𝑖
 

(62) 

In the RNG 𝑘 − 𝜀 model, this is written as: 

𝑅 =
𝐶𝜇𝜂

3(1 − 𝜂 𝜂𝑜⁄ )

1 + 𝛽𝜂3
𝜀2

𝑘
 (63) 

Where 𝜂 = 𝑆𝑘 𝜀⁄  and 𝑆2 = 2𝑆𝑖𝑗𝑆𝑖𝑗 is the magnitude of rate-of-strain. In the RNG theory the 

constants are given the following values; 𝐶𝜀1 = 1.42, 𝐶𝜀2 = 1.68, 𝛼 = 1.00 (Yakhot et al, 

1992). These constants were used in ANSYS Fluent v.15 for all studies in this research 

along with the following solver conditions that were selected: 

 Model: Viscous – RNG 𝑘 − 𝜀, Standard Wall function 

 Model: k-epsilon (2-equation): 

o Cmu: 0.0845 

o 𝐶𝜀1: 1.42 

o 𝐶𝜀2: 1.68 

o Near-wall Treatment: Standard Wall Functions 

 User-Defined Functions: Turbulent Viscosity: None 
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3.5 Modelling the Case Studies 

3.5.1 S1 - Validation of CFD Methodology and Evaluation of Benchmark 

Performance Gap 

3.5.1.1 Aim and Purpose 

In the first part, this study’s aim was to validate the numerical methodology used in another 

similar study by Wang et al (2008) where a numerical approach to virtual wind tunnels for 

‘shrouds’ (i.e. DAWT’s), see Chapter 2 Section 2.6.2, was proposed. Advancing this theory 

for further DAWT investigations, it was first necessary to validate the methodology used. 

Verifying a tested approach in this way would ensure the reliability of its use in subsequent 

investigations. In the second part, an investigation was carried out to adapt the shroud 

design from Wang et al (2008) and apply it in a case to understand the performance gap 

between an isolated and roof-mounted DAWT’s. The air flow characteristics were studied 

in each case as well as the change in wind speeds and augmentation factor.  

3.5.1.2 Case Study Description 

The results in S1 were split into two parts, see Figure 3.11. The results for Part 1 (see 

Chapter 6 Section 6.2) refer to the case of the isolated free-stream DAWT that was 

compared against results from the study by Wang et al (2008). Part 2 of this study (see 

Chapter 5, Section 5.2) outlines the results from the evaluation of the performance gap 

between the shroud in isolated free-stream and when mounted on the roof of the building 

test section.   

 

Figure 3.11 The approach used in S1 
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Figure 3.13 is an engineering drawing for the designed shroud used in this study. It was 

based on the shrouds tested by Wang et al (2008), Figure 3.12. The shroud was made of 

three components: a converging inlet, a test section with constant wall thickness and 

diameter and a diffuser at the outlet. The test section was originally designed to extend the 

constant throat diameter over an increasing length to create a large pressure drop across the 

shroud. A converging inlet was intended to rapidly accelerate air flow over a short distance 

relative to the length of the shroud. The diffuser was to encourage an expansion of air flow 

to the surroundings. In accounting for the benchmark bare wind turbine (FM910-4) 

dimensions and a 2% tip clearance, the shroud in this study had dimensions smaller than 

the original design, Figure 3.12.  

 

S1 Shroud Dimensions: 

Throat Diameter, Dt : 1.05m 

Shroud Length, L: 3.03m 

L/D: 2.88 

Figure 3.12 Schematic for the Shroud as designed by Wang et al (2008). On the right, a summary 

of the dimensions used in S1 

Details for the shroud’s aerofoil profiles for the inlet (NACA 55112) and outlet 

(NACA9610) can be found in Appendix A. Figure 3.14 shows a section of the Heriot-Watt 

Building Test Section that was used in this study. Positioning the shroud close to the leading 

edge of the building test section allowed the immediate change in wind flow along the face 

of the building to be directed into the inlet of the shroud. The benchmark bare wind turbine 

chosen in this research was originally chosen based on the one used in the study by Wang 

et al (2008) in order to maintain geometrical similarity in validating the numerical 

methodology. The shroud in this study consisted of three components. The results for this 

study led to the question of the effectiveness of the converging inlet and the diverging outlet 

in their relative contributions to performance. This inspired the purpose and aim for the 

subsequent study, S2.    
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Figure 3.13 Engineering drawing with dimensions for the Shroud (Dimensions in mm) 
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Figure 3.14 Engineering drawing with dimensions for the Shroud and building test section case in S1 (Dimensions in mm) 
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3.5.2 S2 - Comparison Study between a Diffuser and a Concentrator 

3.5.2.1 Aim and Purpose 

Diffusers are designed to create a pressure differential over a given distance to cause a 

suction effect that accelerates and pulls in free-stream air flow to a wind turbine rotor. The 

design of a diffuser usually involves a converging inlet and diverging outlet where the 

turbine rotor is placed at the smallest diameter where air flow is predicted to be the fastest 

as seen in Figure 2.2 (Chapter 2 Section 2.2). In order to verify this theory, a study was 

performed with the purpose of comparing a diffuser and concentrator with equivalent 

dimensions and aerofoil cross-sectional profiles. The aim was to observe and evaluate the 

flow characteristics and performance between a diffuser and a concentrator and compare 

these against a standard horizontal axis bare wind turbine to evaluate the relative 

effectiveness of both designs. This study served as an initial step in the design of the 

optimum diffuser with the purpose of verifying a diffuser’s geometry in terms lift is 

produced at the inlet to encourage an acceleration of air into the diffuser.  

3.5.2.2 Case Study Description 

The three models designed for this study can be seen in Figure 3.15 and Figure 3.17. The 

building test sections were kept constant in all cases with each turbine assembly placed at 

the centre of the building roof. All numerical studies in this research involved a comparison 

of different cases involving consistent geometries. This was the case for S2. But, an 

additional focus of interest in S2 was to observe the change in flow, such as recirculation, 

over the roof surface of the building to the rotor in each case. The inlet wind speed was set 

at 4m/s and chosen to observe recirculation over the roof surface in low wind speed 

climates. In comparison to the size of each turbine assembly, the building test section was 

designed on a smaller scale than otherwise used in the rest of the numerical investigations. 

A standard 3-bladed version of the roof-mounted HAWT with 0.91m diameter and height 

1.5m was designed based on the benchmark bare wind turbine (FM910-4) and tested. The 

turbine used does not exist as a product and was arbitrarily designed because it was a control 

feature in this study and there were no experimental implications thereafter. A 2% blade 

tip clearance was nonetheless employed.  

A concentrator is essentially a diffuser in the reverse, i.e. the diffuser’s converging inlet is 

now at the outlet thereby creating different inlet profiles. Both devices were predicted to 

increase wind speeds to the rotor from ambient. The concentrator was expected to be less 
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efficient than the diffuser because the inlet of the concentrator was not expected to produce 

a larger lift and pressure differential at the inlet to draw in more air than the diffuser. The 

results for this study can be found in Chapter 5 Section 5.3. 

Three independent cases were computed to compare the velocity and pressure profiles 

across the turbine assembly in each case and compare the power augmentation against the 

bare wind turbine rotor. In all cases, the turbine was kept constant, in the same location and 

orientation. A diffuser with NACA 0012 cross section was designed with an area ratio of 

0.15 (𝐴𝑡 𝐴𝑒⁄ ) and length 2.7m (L/D 1.15). The diffuser and concentrator were geometrically 

identical with the turbine’s rotor at the throat at the smallest diameter. The aerofoil cross-

sectional profiles for both the diffuser and concentrator can be seen in Figure 3.16b). 

 

  Figure 3.15 Engineering schematics for each of the three cases in S2 

a)  b)  

  

Figure 3.16 a) Close-up of DAWT and b) Aerofoil cross-section as used in both the HAWT w. 

Concentrator and DAWT cases 
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Figure 3.17 Engineering drawing with dimensions for each of the case study geometries in S2
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3.5.3 S3 - Aerofoil Studies 

3.5.3.1 Aim and Purpose 

This study represented the first major step in the design of the optimum diffuser. The aim 

was to compare the relative contribution to augmented power for a select set of diffusers 

each with a different aerofoil profile. The purpose in this study was to identify an aerofoil 

with the best power augmentation capabilities that would then be subject of further 

investigation in the next study, S4. 

3.5.3.2 Case Study Description 

The fundamental purpose of an aerofoil is to generate lift, as seen in Figure 3.18a). This is 

possible due to the geometrical nature of the aerofoil. For oncoming wind flow, i.e. from 

the left in Figure 3.18a), an area of high pressure is created below the aerofoil with an area 

of low pressure created above it. This happens as air is forced either side of the aerofoil 

upon approach. This pressure differential essentially accelerates air flow under the aerofoil 

and it is this advantage that is employed in diffusers. Figure 3.18b) shows the forces acting 

on an aerofoil for an oncoming air velocity, V∞ (m/s) where, α is the angle of attack of the 

oncoming air, L is Lift, D is Drag, F is the resultant force, c is the chord length and M is 

Moment. In this study, the chord length was also considered the length of each of the 

diffusers and was calculate based on a L/D ratio of 1.5 as recommended by Kosasih and 

Hudin (2015). For a diffuser throat diameter (Drotor) of 0.925m, the length of each of the 

diffusers (L) was 1.388m. The area ratio (At/Ae) for each diffuser was set at 0.5. The 

placement and orientation of each diffuser around the benchmark bare wind turbine was 

thus fixed according to the area and length-to-diameter ratios.  

a) b) 

 
 

Figure 3.18: a) The generation of lift based on pressure differential caused by an aerofoil with air 

flow from the left (Hansen, 2008) and b) definition of Lift (L) and Drag (D) forces on an aerofoil 
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The curve/reflex and thickness of an aerofoil typically defines it according to its purpose. 

The chord line is the shortest distance between the leading and trailing edge of the aerofoil. 

The leading edge is the part of the aerofoil that makes first contact with oncoming air flow. 

This is from the left in Figure 3.18 and Figure 3.19. The mean camber line describes the 

amount of curve/reflex from the chord line.  

Aerofoils are divided into three types; high-lift, high-speed and general purpose. High-lift 

aerofoils are typically used on aircraft with short field operations where a high Cl is given 

priority over the need for speed. They have a high thickness-to-chord ratio (t/c), a 

pronounced camber and well-rounded loading edges. In contrast, general-purpose aerofoils 

employ a lower t/c ratio for lower drag and lift, lower camber and sharper leading edges. 

These aerofoils are usually designed for speed more than high-lift aerofoils but for speeds 

not so high as to cause the effects of compressibility which would occur at high Mach 

numbers. High-speed aerofoils are typically used in high-speed aircraft whereby there is a 

need for a very low t/c, almost no camber and sharp leading edges (Nandy, 2015). Figure 

3.19 shows the aerofoils chosen for this study. Applying these aerofoil principles to the 

design of a diffuser, the profiles shown were inverted versions from their original 

orientation with respect to their chord lines. This was done to ensure that their maximum 

reflex curves became the inner profile of each diffuser in this study. 

 

Figure 3.19 The diffuser aerofoil profiles used in S3 
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In regard to the application of a DAWT, all three types of aerofoil were thus considered 

and tested. The quantity of general-purpose aerofoils was notably much larger. This was 

due to the greater flexibility in the manipulation of thickness and curve/reflex. The FX69-

PR281 was the only high-lift aerofoil chosen in this series. With a deep camber, this aerofoil 

was designed to produce high lift at low wind speeds with a maximum lift to drag ratio of 

41.14 at an angle of attack, 𝛼, of 7°. The Selig S4180 was chosen among the high-speed 

aerofoils in contrast to the FX69 PR281 due to its thin wing, low camber and low drag. It 

also has the smallest chord thickness. All aerofoils were thus compared against the Selig 

S4180 for their relative thickness, see Table 3.2. In the remaining aerofoils in this series for 

general-purpose aerofoils, three were designed from the NACA 4-series and two from the 

NACA 5-series aerofoils. The NACA 0012 was the only symmetrical aerofoil chosen. Its 

equal camber was intended for stability purposes. The NACA 5112 and the NACA 9610 

were similar in their qualities in terms of high drag and low lift. Both were chosen in order 

to observe the extent of flow separation due to their reflex trailing edges. The NACA 25112 

and the Gottingen GOE 789 were both chosen for their deep camber, high lift and low speed 

qualities with the former designed as a thin wing section and the latter a thick wing section.  

Table 3.2 Data for the aerofoils chosen in S3 (Aerofoil Tools, 2018), c is the ‘chord length’ and 

t/c is the ‘thickness-to-chord’ ratio and refers to the max. camber position for each aerofoil 

Aerofoil 
Relative 

Thickness 

Max. Real 

Thickness (mm) 

@ c (%) 

Max. Camber (%) 

@ t/c (%) 

Lift Co-efficient, 

Cl 

S4180 1.00 91.00 @ 26.1 4 @ 39.4 1.26 

NACA 9610 1.02 92.82 @ 28 9.5 @ 60 1.32 

NACA 0012 

1.22 

111.02 @ 30 0 @ 0 1.468 

NACA 6412 111.02 @ 30.1 6 @ 39.6 1.68 

NACA 

25112 

111.02 @ 29.5 2 @ 27.2 0.3 

NACA 

55112 

111.02 @ 29 5 @ 25 0.75 

GOE 789 2.04 185.64 @ 30 6 @ 40 1.789 

FX69 PR281 2.87 261.17@ 22.2 5.6 @ 50 2.154 

This study was carried out using the benchmark bare wind turbine whereby each aerofoil 

was ‘shrouded’ around the turbine in such a way as to ensure that the smallest diameter 

created using these aerofoils was located at the rotor accounting for the 2% blade tip 

clearance. Figure 3.20 and Figure 3.21 show the cross-section of each of the diffusers 

designed according to each of the chosen aerofoils with L/D=1.5, recommended by Jafari 

and Kosasih (2015). The results for this study can be found in Chapter 5, Section 5.4. 
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Figure 3.20 Engineering drawing for each of the aerofoil DAWT designs used in S3 with dimensions 
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Figure 3.21 Schematics for the side, front and 3D views for each of the aerofoil DAWT designs used in S3 
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 3.5.4 S4 - Area Ratio and Length-to-Diameter Ratio Studies 

3.5.4.1 Aim and Purpose 

Following the work of S3 where an aerofoil was identified with the best augmentation 

capabilities among the series of aerofoil selected, another key investigation was conducted 

to contribute to the design development of the optimum diffuser. The chosen aerofoil was 

tested at different area (At/Ae) and length-to-diameter (L/D) ratios. The purpose if this study 

was to understand the effect of changing these design ratios and identifying a combination 

that would allow for the best augmentation capabilities, in accordance with research 

objective 3 (Chapter 1, Section 1.4). The aim was to select a number of fixed ratios and 

design a series of individual case studies, identical in their numerical methodology whereby 

fifteen DAWT’s each with a different At/Ae and L/D ratio combination were tested. 

3.5.4.2 Case Study Description 

Typically, the larger the area ratio and the smaller the length-to-diameter ratio results in a 

DAWT with the best augmentation capabilities, the range for each ratio was in part chosen 

based on the recommendations by Jafari and Kosasih (2015) and Igra (1981). However, as 

per literature it has been unclear as to the quantifiable difference in performance when the 

area ratio is increased and/or the length-to-diameter ratio is decreased. The At/Ae and L/D 

ratios were chosen with the intention of observing the change in performance of each 

DAWT based on a reducing diffuser exit area while increasing the length of the diffuser. 

The numerical range for each ratio was therefore chosen in such a way as to methodically 

progress each DAWT geometry so that the trend in performance could be directly attributed 

to the change in the At/Ae and L/D ratios.  

The aerofoil chosen from the results in S3 was the FX69 PR281. The justification for this 

result can be found in Chapter 5 Section 5.4. The FX69 PR281 was re-designed for a range 

of At/Ae and L/D ratios as seen in Table 3.3. In order to maintain the same profile (as defined 

by the characteristic mean camber, thickness and lift co-efficient, Table 3.2) the diffusers 

inevitably reduced in size for decreasing L/D ratios. While maintaining consistency in both 

the position of the rotor and the tip clearance, each diffuser was carefully designed to meet 

the requirements of these ratios. Figure 3.22 provides a pictorial depiction of the telescopic 

progression of each DAWT with respect to both design ratios. Figure 3.23 provides the 

dimensions for each DAWT. In accounting for the consistency in the use of the benchmark 

bare wind turbine (FM910-4) and the 2% tip clearance, this fixed dimension established a 

constant diffuser throat diameter (Dt) upon which different area and length-to-diameter 



96 

ratios were applied. Figure 3.24, Figure 3.25 and Figure 3.26 provide a geometrical view 

of each of the DAWT’s designed. With the increase in the At/Ae ratio and the maintenance 

of a constant Dt, the location of the rotor was located further into the diffuser. Dt continued 

to remain the point of the smallest cross section in the diffuser at which the rotor should be 

located as recommended by Igra (1981), see Chapter 2 Section 2.2. Results can be found 

in Chapter 5 Section 5.4.  

 

Figure 3.22 Systematic overview of diffuser aerofoil profiles in S4. Refer to Table 3.3 for the 

labelling A-C and 1-5 

Table 3.3 Name designations for each of the DAWT’s in S4 based on At/Ae and L/D 

L/D 
At/Ae 

0.25 0.5 0.75 

0.5 A1 B1 C1 

1 A2 B2 C2 

1.5 A3 B3 C3 

2 A4 B4 C4 

2.5 A5 B5 C5 
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Figure 3.23 Engineering drawings with dimensions (mm) for each of DAWT’s in S4 
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Figure 3.24 Engineering schematics for At/Ae 0.25 DAWT’s in S4 
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Figure 3.25 Engineering schematics for At/Ae 0.5 DAWT’s in S4 
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Figure 3.26 Engineering schematics for At/Ae 0.75 DAWT’s in S4
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3.5.5 S5 - Atmospheric Boundary Layer Studies 

3.5.5.1 Aim and Purpose 

It was important to conduct a study where wind turbines are subject to different boundary 

layer conditions in order to provide an accurate account of their performance in different 

urban contexts. The aim of this study was to test the Optimum DAWT from the results of 

S4 and the benchmark bare wind turbine in the built environment to investigate the 

performance gap between both. This was then advanced to identify the performance gap 

between the Optimum DAWT in free-stream and building-integrated. The intention of this 

study was based on the need to improve wind generation in the built environment. The 

purpose was thus to investigate the change in DAWT performance and measure the amount 

of power improved against the benchmark bare wind turbine.  

3.5.5.2 The Atmospheric Boundary Layer (ABL) 

In the built environment, wind generation is subject to atmospheric conditions that give rise 

to the Atmospheric Boundary Layer (ABL). The ABL describes the nature of air in the 

Earth’s lower troposphere where the Earth’s surface strongly influences air temperature, 

moisture and turbulence. A neutral atmospheric model was considered in this study where 

wind conditions with possible cloud cover are considered. A stable ABL was considered in 

this study as opposed to an unstable-stratified ABL model, a Convective Boundary Layer 

(CBL), because it takes into account the effect of earth surface heating due to the sun 

(Garratt, 1994), a factor not relevant to the current study. 

Figure 3.27 shows a typical wind velocity profile in a neutral ABL. Simulating the ABL in 

CFD requires the use of user-defined functions (UDF) that are essentially mathematical 

equations describing the vertical velocity profile for wind.  

 

Figure 3.27 A wind velocity profile. ‘z’ refers to the height of the boundary layer profile with 

each of the blues arrows representing a measurable velocity, V 
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Figure 3.28 is an example of a computational domain typically set-up for the purpose of 

ABL study. The UDF when applied in an inlet boundary condition (see Section 3.9.1) 

calculates a velocity profile simulating real life atmospheric conditions. In Figure 3.28, an 

urban environment was simulated where the effects of the buildings would in reality affect 

the ABL profile causing changes in wind speed and direction. Measuring the real ABL to 

visualise the effect of the urban environment on changing wind profiles is a difficult task 

but has been done previously with general agreement on prediction of the profile based 

according to different urban contexts (Tominga et al, 2008). With knowledge of the 

expected ABL profile in CFD, a controlled investigation can be conducted whereby real 

wind patterns can be predicted and compared between different scenarios. 

 

Figure 3.28 An example computational domain for the CFD simulation of ABL flow using a 

model of the built environment (Blocken et al, 2007) 

3.5.5.3 Case Study Description 

From the results in S3 and S4, the optimised DAWT was generated. In compliance with 

research objective 4 (see Chapter 1 Section 1.4) and a key intention of this research, the 

Optimum DAWT was intended to be tested in the built environment as a roof-mounted 

system to observe the change in performance from both free-stream conditions and against 

the benchmark bare wind turbine. In order to closely simulate the DAWT in the real built 

environment, the ABL theory was employed in simulation. A set of four different urban 

contexts were tested. Within each of these four contexts, the Optimum DAWT was 

compared against the benchmark bare wind turbine as seen in Figure 3.30. The choice of 

the position for the DAWT and benchmark bare wind turbine was based on the initial 

installation of the FM910-4 on the rooftop of the Heriot-Watt campus building in Dubai, 

UAE as seen in Figure 3.29. The initial aim in installing the turbine at this location was to 
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physically observe its rotational stability based on the effects of changing wind speeds and 

changing directions. 

 

Figure 3.29 Rooftop view of the FM910-4 during initial installation at the front of the building 

The power law equation (64) is used to describe the wind velocity profile. This equation 

relates wind velocity (V) to an increasing distance (z) from the Earth’s surface using a 

power law exponent (𝛼) that describes the atmospheric stability based on different urban 

contexts. 𝑉𝑟 and 𝑧𝑟 are related as the reference velocity at reference height. This is 

determined from knowledge of the local meteorological data. 

𝑉 = 𝑉𝑟 (
z

𝑧𝑟
)
𝛼

 (64) 

The case geometries as seen in Figure 3.30 were subjected to four different urban contexts 

as defined by the value of 𝛼.  Values for the power law exponent are empirical and can be 

found from accepted references in ABL theory. Taken from Bechrakis and Sparis (2000) 

Table 3.4 provides a summary of some of these power law exponents along with the 

associated description for each atmospheric description according to the terrain. For the 

purpose of this study, the four power exponents were selected as highlighted in Table 3.4. 

The results for this study can be found in Chapter 5 Section 5.5. 

Table 3.4 Summary of power law exponents according to terrain (Bechrakis and Sparis, 2000) 

Terrain Description Power Law Exponent, 𝜶 

Smooth, hard ground, lake/ocean 0.10 

Short grass on untilled ground 0.14 

Level country, foot-high grass 0.16 

Tall row crops, hedges 0.20 

Many Trees, occasional buildings 0.22-0.24 

Wooded country, small town, suburbs 0.28-0.30 

Urban Areas with tall buildings 0.4 
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Figure 3.30 Engineering drawing with dimensions for each ABL case in S5 
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3.6 The Computational Domains 

The computational domains in all case studies in this research were intended as virtual wind 

tunnels. These virtual wind tunnels were defined as enclosures for the computational 

domains. Figure 3.31 shows an example enclosure taken from S3 where EL, EW and EH are 

the enclosure’s length, width and height respectively. As references for the numerical 

solver, each of the faces of the enclosure was defined. ‘Ground’ and ‘Symmetry’ are 

impermeable, identical ‘walls’ that do not affect computations except to serve as 

boundaries. ‘Ground’ was particularly defined in reference to the direction of gravity.  

 

Figure 3.31 Schematic representation of the definition of the computational domain 

3.6.1 The Blockage Ratio 

The dimensions of the enclosure in all case studies were carefully defined according to a 

blockage ratio. The ratio between the maximum cross-sectional areas of the object within 

the enclosure and the (𝐷𝐴𝑊𝑇𝐴,𝑚𝑎𝑥) enclosure itself (𝑊𝑇𝐶𝑆𝐴) as seen in Figure 3.32 and 

equation (65): 

𝐵𝑅 =  
𝐷𝐴𝑊𝑇𝐴,𝑚𝑎𝑥
𝑊𝑇𝐶𝑆𝐴

 (65) 

a) b) 
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Figure 3.32 Depiction of the blockage ratio: a) Example taken from S3 and b) Example taken 

from S2 

Based on the validated numerical set-up of S1, the blockage ratio was set at a recommended 

13.5% based on the virtual wind tunnel approach. This blockage ratio was thus set for S1 

to S4. In the study by Wang et al (2008) the choice of the blockage ratio was based on real 

wind tunnel experimental data. In re-arranging equation (65) in terms of the wind tunnel 

cross-sectional area, WTCSA, it was possible to identify the enclosure maximum cross-

sectional area. However, the shape of the enclosures cross-sectional area was then based 

on the real wind tunnel, the HM170 (see Chapter 4, Section 4.2 for further details) that 

would be used in a study validating results from simulations and experiments (see Chapter 

6, Section 6.3). The HM170 had a square-based cross-sectional area and so using the 

calculated WTCSA, EW and EH could be determined. Since EW and EH were therefore 

identical, the real dimension for the length of the HM170 test section was taken so that a 

ratio could be identified between the wind tunnel cross-sectional area and its length, i.e. 

EW:EL or EH:EL. This could be replicated in the numerical solver. This was calculated as 

ratio of 1.44. In order to visualise this approach, an example calculation has been presented 

below using the example in Figure 3.31 for the FX79-PR281 case in S3. 

Firstly, re-arranging equation (65): 

𝑊𝑇𝐶𝑆𝐴 = 
𝐷𝐴𝑊𝑇𝐴,𝑚𝑎𝑥

𝐵𝑅
 (66) 

The maximum cross-sectional area of the DAWT had to be calculated. This was based on 

identifying the maximum diameter of the DAWT which in this case was 1.482m.  
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Calculating the DAWT maximum diameter was based on the addition of the throat diameter 

of the DAWT (= rotor diameter, Dr + 2(blade tip clearance)) and the distance occupied by 

the diffuser cross-section multiplied by two (= 2x) as seen in Figure 3.33. 

 

Figure 3.33 The determination of the DAWTA,max using the FX69 PR281 case from S3 

Substituting known values into equation (66) for the blockage ratio and the maximum 

DAWT cross-sectional area, the wind tunnel cross-sectional area is thus calculated. 

𝑊𝑇𝐶𝑆𝐴 = 
𝜋 (
1.482
2 )

2

0.135
= 12,770𝑚2 

(67) 

From this the enclosure dimensions can also be calculated: 

𝐸𝑊 = 𝐸𝐻 = √𝑊𝑇𝐶𝑆𝐴 = √12,770 = 3.57𝑚 (68) 

𝐸𝐿 = 1.44𝐸𝐻 = 1.14𝐸𝑊 = 5.14𝑚 (69) 

With the dimensions now identified, these were used to define the enclosures in S1-S4 

based on the blockage ratio of 13.5%. This was modified in S5, where for the purpose of 

the atmospheric boundary layer (ABL) study the blockage ratio had to be re-defined. In 

Section 3.6.2 the enclosures defined for all case studies have been presented.  
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3.6.2 The Enclosures 

For S1, the enclosure in Figure 3.34 had the following dimensions. EL = 10m, EW = 1.57m 

and EH = 3.40m. With the addition of the building test section, the cross-section of the 

enclosure changed shape from Figure 3.34 where the dimensions no longer held the same 

ratio but conformed to the blockage ratio. The dimensions for Figure 3.35 were EL = 171m, 

EW = 88.5m and EH = 55.3m. EL was large enough to ensure no reverse flow. 

 

Figure 3.34 Enclosure for S1 – Shroud  

 

Figure 3.35 Enclosure for S1 – Shroud and Building 
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Figure 3.36 and Figure 3.37 were taken from S1 as examples of the location of the various 

geometries within the enclosures. Figure 3.36 shows the isolated Shroud as is the case for 

the DAWT’s in S3 and S4. It was imperative that these models be placed at the centre of 

the virtual wind tunnels in order to prevent any asymmetrical flow in the domain. In the 

cases where a building test section was involved, in order to simulate close to real 

conditions, the ‘Ground’ of the enclosure was taken literally whereby air flow simulated in 

the domain would not be forced under the building leading to unrealistic representation. 

The red arrows represent equal dimensions in Figure 3.36 and Figure 3.37. 

 

Figure 3.36 Front, Top and Side views of the enclosure from S1 – Shroud Only

 

Figure 3.37 Front and Side views of the enclosure from S1 – Shroud and Building 
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The enclosures in S2 were identical in terms of their dimensions in the DAWT and HAWT 

with Concentrator cases. The enclosure dimensions were EL = 15m, EH = 8m and EW = 

10m and for the HAWT case, they were EL = 14.8m, EH = 7.9m and EW = 9.5m. In S3, the 

enclosure dimensions were very similar see Figure 3.38. The difference lent itself to the 

change in the DAWTA,max in each case. The enclosures had a square-based cross-section, so 

EW=EH. This ranged from 2.701m (S4180) to 3.57m (FX69 PR281). This was because the 

increase in aerofoil thickness led to an increase in DAWTA,max. The enclosure lengths, EL, 

were therefor between 3.88m (S4180) and 5.14m (FX69 PR281). 

 

Figure 3.38 Enclosures for each of the cases in S3 
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Figure 3.39 provides a sample of the enclosures for At/Ae 0.25 set of cases in S4. For the 

enclosures in Figure 3.39, the enclosures were identical. This was because DAWTA,max was 

constant in these cases, see Figure 3.23. The dimensions were EL = 6.42m, EW = EH = 

4.46m. For the At/Ae 0.5 cases in S4, the enclosure dimensions were in the following ranges; 

2.20m ≤ EL ≤ 3.29m and 3.07m ≤ EW = EH ≤ 4.58m from L/D 0.5 to 2.5. For the At/Ae 

0.75 cases, the enclosure dimensions were in the ranges; 3.85m ≤ EL ≤ 7.24m and 2.68m ≤

 EW = EH ≤ 5.03m from L/D 0.5 to 2.5.  

 

Figure 3.39 Enclosures for the At/Ae 0.25 cases in the S4 

3.6.3 Definition of the Enclosure for an ABL 

In S5, a homogenous atmospheric boundary layer was simulated. In this study two cases 

were tested, the benchmark bare wind turbine and the Optimised DAWT each roof-

mounted on the building test section. Figure 3.40 depicts the computational domain for the 

case with the optimised DAWT. The enclosure dimensions were based on recommended 

guidelines for CFD simulations in the built environment where it was first necessary to 

assign H as the height of the building test section (Franke et al, 2007). Studies have been 

performed on simulating the built or urban environment using ABL theory. The aim in 

simulating the ABL was to investigate the change (if any) in the performance of the 

Optimised DAWT in response to a change in the velocity profiles characteristic if different 

urban terrains. 



112 

For the purpose of understanding the integration of DAWT’s into the built environment, 

defining S5 carefully was imperative. The blockage ratio was set at 3% and is 

recommended not to exceed this for ABL simulations (Franke et al, 2007). In knowing the 

cross-sectional area of the building and its roof-mounted turbine arrangement, it was 

possible to calculate the cross-sectional area of the ABL enclosure (essentially a very large 

wind tunnel). Figure 3.41 displays the guidelines for the dimensions of the enclosure in 

terms of H. With H equal to 21.375m based on real dimensions, see Figure 3.20, the 

enclosure dimensions for both the cases in this study were calculated as: EL = 512.9m, EW 

= EH = 138.6m for the optimised DAWT case and EL = 507.8m, EW = EH = 137.0m for the 

case with the benchmark bare wind turbine. In both cases, EW = EH = 6H. 

 

Figure 3.40 The enclosure for S5 defined by the recommendations for ABL studies 

 

Figure 3.41 Enclosure views with dimensions for S5 relative to the building test section height, 

H: a) Front view and b) Side view  
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3.7 Mesh Generation 

The ‘mesh’ refers to the discretisation of the computational domain. This is when the 

computational domain of any case in the numerical solver is divided in a discrete number 

of connecting cells in 2D or 3D (see Figure 3.42) depending on the geometry of the domain. 

The equations as defined by the numerical model are solved through each of the cells in the 

domain with information being passed across the boundary of each cell. The number of 

iterations confirms the number of times the calculations based on the numerical model are 

applied through each cell. When a solution has been reached by the solver, the case comes 

to a ‘convergence’. The mesh holds particular importance in the solving process whereby 

the shape and size and progression of the cells in the domain affect the way in which the 

solver processes the calculations based on the defined model.  

a) b) 

  

Figure 3.42 Schematic representation of a mesh: a) 2D and b) 3D (Bakker, 2002) 

 Cell: A control volume that the domain is split up into 

 Node: A grid point 

 Cell Centre: Centre of a cell 

 Edge: Boundary of a face 

 Zone: A grouping of nodes, faces and cells: 

o Wall boundary zone 

o Fluid cell zone 

 Domain: A group of nodes, faces and cell zones 

To fully conform to the numerical methodology employed by Wang et al (2008), a 

tetrahedral mesh was applied across all computational domains. Hexahedral and tetrahedral 

meshes are commonly used. For curved geometries, a tetrahedral mesh is more accurate 

where high rates of strain in the geometry exist. The quadratic versions of both meshes 

produce accurate results depending on their application (Wang et al, 2004). Due to the 

curved geometries used in the numerical studies in this research, a quadratic tetrahedral 

mesh was employed. A tetrahedron has four vertices and six edges and when discretising 
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this is the 3D version of the triangle mesh applied in 2D. In the options for ‘patch 

conforming’ over the surface areas of each computational domain, a program controlled 

triangle surface mesh was employed. All meshes used were unstructured with the assembly 

meshing kept at ‘none’. This refers to the way in which the mesh is applied across the 

computational domain at a part-level according to the number of bodies and parts defined 

(ANSYS, 2011).   

The mesh statistics for each study including the enclosure has been outlined with details 

provided for the number of nodes and elements generated. Many of the case studies in this 

research often had large mesh sizes in the magnitude of 1e06. While the computing time 

increases with respect to the increase in case size, it was imperative that the mesh skewness 

remained below 0.9 as recommended for tetrahedral meshes (Bakker, 2002). This was 

achieved and a fine tetrahedral mesh was applied in the cases in S2, S3, S4 and S5 with 

medium smoothing (see Section 3.5 for details of each study). A medium tetrahedral mesh 

with medium smoothing was applied in S1. It was following this study that the mesh 

resolution of the remaining studies was increased. Figure 3.43 provides a mesh perspective 

of an example DAWT and enclosure taken from S3. The enclosures in all studies were 

standard quadrilateral which meant an equal size and distribution of elements was possible 

as seen in Figure 3.43c). 

a) b) c) 

 

Figure 3.43 Mesh examples from S3 – FX69 PR281: a) Close-up of a DAWT test case, b) Top 

view of mesh sample with enclosure and c) Full mesh including enclosure and DAWT  

Figure 3.44 shows a close-up view of the mesh for the benchmark bare wind turbine. Mesh 

refinement in Figure 3.44 occurred at the joints between the blade and nose cone and the 

thinner edges of each blade and at particularly curvy parts of the diffuser such as at the 

leading edge to be able to accurately replicate the original geometry with no or very limited 

distortion. Significant, visible mesh refinement also occurred in the studies that involved 

the use of a building test section due to the building test section size in relation to the 

DAWT in S1, S2 and S5 where the change in cell size was based on a default growth rate 
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of 1.20 recommended by the software based on geometry dimensions. This growth rate 

refers to the relative increase or decrease in the area occupied by each successive element 

applied in covering geometries. The meshing information for each study in terms of 

element sizing and inflation were defined in the numerical solver, ANSYS Fluent v.15 as 

follows: 

Sizing: 

 Relevance Centre: Fine, Medium or Coarse – Specific according to study 

 Smoothing: Low, Medium or High – Specified according to study 

 Span Angle Centre: Fine 

o Curvature Normal Angle : Default (18.0⁰ ) 

 Min. Edge Length: 1.3276e-005m 

Inflation: 

 Inflation Option: Smooth Transition 

o Transition: 0.272 

o Max. Layers: 5 

o Growth Rate: 1.20 

 

Figure 3.44 Mesh views of the benchmark bare wind turbine 
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3.7.1 S1 

In this study, a mesh with a medium relevance centre was chosen with medium smoothing 

with the resultant nodes and elements in Table 3.5. In reference to Figure 3.45, the 

minimum element size was 0.7.35e-003m with the maximum and face size at 0.735m and 

the maximum element size at 1.47m.  

Table 3.5 Mesh Statistics for S1  

 Shroud  Shroud and Building Test 

Section 

Nodes 375,099 856,165 

Elements 2,032,854 4,659,244 

 

Figure 3.45 Mesh examples from S1 - Shroud: a) 3D perspective, b) Side View and c) Mesh 

picture of the full domain including enclosure 
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Figure 3.46 shows the case of the Shroud and building test section in S1. In contrast to the 

Shroud case in Figure 3.45, the maximum element and face size was set to 20m in order to 

reduce the element number. The minimum element size was 0.134m. The large cell towards 

the rear of the building was kept as such because reducing its size did not affect the results 

and would have increased computational time unnecessarily. The mesh generated at the 

area of interest at the Shroud and leading edge of the test section was heavily refined. 

 

Figure 3.46 Mesh examples from S1 – Shroud with Building: a) 3D perspective, b) Front and 

Side Views and c) Mesh picture of the full domain including enclosure 

3.7.2 S2 

Figure 3.47 depicts mesh samples from the HAWT with concentrator case in S1. Table 3.6 

details the nodes and elements for each case in this study. The minimum element size was 

0.14m with the maximum element and face size at 15m. 

Table 3.6 Mesh Statistics for S2  
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 Nodes Elements 

HAWT 146,589 792,529 

HAWT w. Concentrator 192,780 1,032,503 

DAWT 192,323 1,029,623 

 

Figure 3.47 Mesh examples from S1 – HAWT w. Concentrator: a) Close-up of HAWT, b) Top, 

radial view of mesh sample with enclosure and c) Mesh picture of the full domain including 

enclosure 

3.7.3 S3 

The mesh statistics in Table 3.7 quote the total number of nodes and elements for the entire 

computational domain for each DAWT case in S3, such as in Figure 3.43c). Figure 3.48 

does not include either the benchmark bare wind turbine or the enclosures so as to focus on 

discretising each diffuser in this study. A fine tetrahedral mesh with applied with medium 

smoothing where the minimum element size was between 1.10e-003m (S4180) and 1.41e-
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003m (FX69 PR281). The maximum face sizes were likewise between 0.110m (S4180) 

and 0.141m (FX69 PR281). The maximum element sizes were between 0.220m (S4180) 

and 0.283M (FX69 PR281). The reason for these ranges was based on the thickness of each 

diffuser, where the S4180 had the smallest thickness and the FX69 PR281 had the highest 

chord thickness.  

Table 3.7 Mesh Statistics for S3  

Aerofoil Nodes Elements 

S4180 848,257 4,607,023 

NACA 9610 1,180,616 6,435,350 

NACA 0012 1,034,609 5,619,608 

NACA 6412 588,637 3,180,935 

NACA 25112 780,100 4,237,262 

NACA 55112 1,000,743 5,441,454 

GOE 789 532,533 2,874,368 

FX69 PR281 798,238 4,338,805 

Ave. 845,467 4,591,851 

 

Figure 3.48 Mesh views for each DAWT case from S3  
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3.7.4 S4 

Figure 3.49 depicts the At/Ae 0.25 cases from S4. For this set of cases, the minimum element 

size from L/D 0.5 – 2.5 was 1.65e-003m – 1.82e-003m. This was reflected in the maximum 

face size at 0.165m-0.184m. The maximum element sizes were between 0.33m and 0.364m. 

These results were similar to At/Ae 0.5 where the minimum element size was between 

1.17e-003m and 1.87e-003m with the maximum face size between 0.117m and 0.187m. 

The maximum element size from smallest to largest L/D ratio was 0.234m – 0.373m for 

At/Ae 0.5. Foe the At/Ae 0.75 however, the maximum element size was larger from 1.01e-

003m to 2.02e-003m, with the maximum face size 0.101m-0.202m. The maximum element 

size grew from 0.201m to 0.405m. 

Table 3.8 Mesh Statistics for S4  

DAWT Nodes Elements DAWT Nodes Elements DAWT Nodes Elements 

A1 606,433 3,285,798 B1 832,670 4,525,406 C1 1,013,778 5,525,624 

A2 616,805 3,342,044 B2 691,052 3,747,654 C2 837,815 4,552,979 

A3 634,641 3,440,309 B3 798,238 4,338,803 C3 522,142 2,910,190 

A4 635,679 3,449,791 B4 713,147 3,874,029 C4 609,319 3,307,450 

A5 654,858 3,551,789 B5 656,227 3,565,169 C5 635,893 3,454,105 

Ave. 629,683 3,413,946 Ave. 738,267 4,010,212 Ave. 723,789 3,950,069 

 

Figure 3.49 Mesh views for each DAWT case from S4 – At/Ae 0.25  
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3.7.5 S5 

In this study there were two computational domains each subjected to four different inlet 

boundary conditions in order to simulate different atmospheric boundary layers. The 

number of nodes and elements were thus the same for both of these domains, seen in Table 

3.9. For the case in Figure 3.50, the minimum element size was 8.016e-002m for all alphas 

with the maximum face size at 8.016m. The maximum element size was 16.03m. 

Table 3.9 Mesh Statistics for S5  

  Nodes Elements 

Without 

Diffuser 

α0.142 38,828 203,285 

α0.22 38,818 203,159 

α0.30 38,818 203,159 

α0.40 38,818 203,159 

With 

Diffuser 

α0.142 187,759 957,712 

α0.22 187,759 957,712 

α0.30 187,759 957,712 

α0.40 190,431 971,771 

 

 

Figure 3.50 Mesh view of the entire domain for the benchmark bare wind turbine and building 

test section from S5 

In Figure 3.51, the minimum element size was 8.015e-002m, the maximum face size was 

8.015m and the maximum element size was 16.03m. Since both computational domains 

were almost identical except for the addition of the diffuser in Figure 3.51, it was expected 

that only the number of nodes and elements would increase. Unlike S1 and S2, in this study 

the building test sections in both cases were discretised separately from the DAWT and 

benchmark bare wind turbine. This was to ensure both building test sections could be 
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discretised identically and independent of the roof-mounted turbines and to reduce the 

number of elements to reduce computational time since this case was geometrically larger 

than the domains in S1 and S2. 

 

Figure 3.51 Mesh view of the entire domain for the Optimum DAWT and building test section 

from S5 
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3.8 Grid Verification Study 

A grid adaptation study was performed using the B3 DAWT case (see Section 3.5.4) and 

applying the same boundary conditions as used throughout the studies. A progressively 

coarser mesh was achieved by calculating a 70% increase in max cell (element) size from 

Extra Fine to Extra Coarse, Table 3.11. Five different mesh sizes were chosen as seen in 

Table 3.10. Figure 3.52 depicts the observed linear change in nodes and elements.  Data 

measurements for velocity and pressure were computed and compared in order to observe 

the closeness of the results. El refers to the enclosure length.  

Table 3.10 Mesh Statistics for the grid verification study  

Mesh Type Extra Fine Fine Medium Coarse Extra Coarse 

Nodes 805,355 798,238 427,528 398,601 398,601 

Elements 4,381,459 4,338,803 2,318,152 1,075,510 1,075,510 

 

Figure 3.52 Trend in nodes and elements with the progression in mesh refinement  

Table 3.11 Each mesh type with a successive 70% increase in element size   

Mesh Type Max. Element Size (m) 

Extra Fine 0.198 

Fine 0.283 

Medium 0.483 

Coarse 0.821 

Extra Coarse 1.396 

On the approach to the rotor at the diffuser throat area, At in Figure 3.53, the velocity and 

pressure trends were almost identical. However, once passing the diffuser throat area the 

velocity and pressure trends diverged slightly with the Fine Mesh and the Medium meshes 
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evaluating smaller velocities and more negative pressures. The pressure trends in Figure 

3.53b) converged after El = 2.50m. In Figure 3.53a) velocity recovery to ambient was less 

close but nonetheless followed a similar profile for each of the meshes. In diffusers, the 

region behind the rotor experiences turbulent flow where air is discharged to the 

atmosphere at the diffuser exit. While this was the case in Figure 3.53b), the instability seen 

in Figure 3.53a) beyond At could be attributed to a variation in computed turbulence where 

an increasing cell size resulted in an over-estimation of velocity.  

a) 

 

b) 

 

Figure 3.53 Results from the grid verification study: a) Velocity variation and b) Pressure 

variation  
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The areas where the data in Figure 3.53 showed some divergence were before the rotor, at 

the rotor (at At) and after the rotor. These positions were at 1.8m, 2.025m and 2.25m along 

the enclosure respectively. Discrete velocity and pressure data points were measured in 

order to compare results. These can be seen in Table 3.12 and Table 3.13. ‘SD’ stands for 

the standard deviation in measured velocity and pressure from their computed averages. 

The maximum variation in computed results from mean was 21% for velocity 

measurements located behind the rotor. The average percentage errors computed between 

velocity measurements from Extra Fine to Fine was +1.17%, Fine to Medium: -2.33%, 

Medium to Coarse: +5.66% and Coarse to Extra Coarse: -0.07%. The closeness in the 

agreement of results improved with decreasing mesh size. In the region after the rotor, the 

velocity computed was very small for the Extra Fine mesh. It was expected to be closer to 

the results of the Fine mesh. Accounting for the identical geometries and set-ups of all five 

cases and that the mesh was the only variable that was changed, the anomaly in the 

measurements for the Extra Fine mesh may have been due to a variation in the discretising 

of the elements between the rotor blades and the inner diffuser wall. This affected the 

computed velocity behind the rotor. A similar observation was found for the Medium mesh.  

Table 3.12 Quantifying standard deviation between velocity measurements across mesh type 

EL (m) Extra Fine Fine Medium Coarse Extra Coarse % SD 

Velocity (m/s) 

1.800 6.52 6.68 6.54 6.71 6.71 1.2 

2.025 12.26 12.41 12.13 12.85 12.84 2.7 

2.250 2.89 8.32 4.30 7.82 7.81 21 

 

Table 3.13 Quantifying standard deviation between pressure measurements across mesh type 

EL (m) Extra Fine Fine Medium Coarse Extra Coarse % SD 

Pressure (Pa) 

1.800 28.46 27.23 28.24 27.12 27.12 2.9 

2.025 -37.87  -40.37  -34.22 -46.30 -46.07 11 

2.250 -75.67 -56.15  -74.92  -57.16  -57.54  14 

Since the results for the Fine, Coarse and Extra Coarse meshes showed better agreement 

than with the Medium and Extra Fine meshes, the velocity and pressure profiles followed 

a similar pattern. A curved geometry can affect the way elements are mapped and assigned. 

Increasing and decreasing element size was found to affect the measurements of velocity 

and pressure behind the rotor where computed on-laminar flow leads to slight divergence 

in measurements. The profiles recovered, but the Fine, Coarse and Extra Coarse meshes 
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showed the closest agreement in results. A fine mesh is better than a coarse mesh in terms 

of accurately mapping geometry especially. The Fine mesh was therefore chosen for 

subsequent numerical studies. Figure 3.54 shows views of each of the generated meshes in 

this study. 

 

Figure 3.54 Mesh pictures of each of the cases in the grid verification study 
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3.9 Boundary Conditions 

In the set-up of the numerical model, the boundary conditions were defined according to 

an absolute velocity inlet and a pressure-based outlet. In S1, S3 and S4 the velocity was set 

at 9.1m/s. For S5, the context of the optimised DAWT case was based on a real location at 

Heriot-Watt University Campus in Dubai (UAE). The inlet wind speed was set according 

to the local yearly average wind speed, 5m/s (see Chapter 4, Section 4.4.2) and subjected 

to the formation of the ABL. The defining parameters for the boundary conditions in 

ANSYS Fluent v.15 were as follows: 

 Velocity Magnitude: 9.1m/s for S1, S3 and S4. 5m/s for S5, see Section 3.5.1 

 Supersonic/Initial Gauge Pressure (Pascal): 0 

 Turbulent Intensity (%): 5 (kept uniform – control variable) 

 Turbulent Viscosity Ratio: 10 (kept uniform – control variable) 

 Reference Frame: Absolute 

 Velocity Specification Method: Magnitude, Normal to Boundary 

 Backflow Direction Specification Method: Normal to Boundary 

3.9.1 Formation of the Atmospheric Boundary Layer 

The definition of the inlet velocity for S5 involved creating a user-defined equation (UDF) 

that would describe the initial velocity profile, the ABL profile, as seen in Figure 3.55 

where the dark blue arrows represent the inlet velocity conditions as used in S1, S2, S3 and 

S4. The UDF was written using C++ code. Figure 3.56 shows an example of the UDF 

written and uploaded as a UDF in the numerical solver for the velocity boundary condition. 

Figure 3.56 provides the example using alpha 0.22. For the cases in S5 where a different 

alpha value was tested, the UDF was adjusted for the power law exponent as seen in Figure 

3.56. The UDF was otherwise kept consistent and identical through all cases in this study. 

In reference to Figure 3.55, wind flow was set in the positive y-direction and the ABL 

profile varied in the domain height in the positive z-direction. The profile shown in Figure 

3.55 is for velocity where the increasing length of the light blue arrows represents an 

increasing wind velocity. Equation (64) was defined using velocity in the y-direction in 

terms of the z-direction distance. The power law exponent would then define the shape and 

curve of the resulting ABL profile.  
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Figure 3.55 Formation of the ABL profile within the enclosure for S5, side view 

 

Figure 3.56 Example of the UDF code written for purpose of simulating the ABL in S5 where in 

this case the power law exponent was α0.22 
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3.10 Computational Uncertainties and Error 

With continued progress in the abilities of CFD as a tool for approximating and predicting 

fluid flow, the accuracy of simulations can be improved bringing experimental reality 

closer to simulated reality. However, this cannot be completely relied upon which is why 

on par with the progress in CFD methodologies, validation techniques are also progressing 

in order to verify the reliability of using CFD as fluid prediction tools. The CFD code has 

been used to solve turbulent flow at a discrete number of points as defined by the 

requirements of a given study and the software user. This can fundamentally lead to levels 

of errors and uncertainties in results. 

Wright and Easom (2003) conducted a verification and validation study on CFD models 

comparing three types of 𝑘 − 𝜀 models; the standard, non-linear and RNG models for 

simulating flow over a building, the ‘cube’. The results can be seen in Figure 3.57 where 

the simulated data was compared against experimental data. It was found that the standard 

model proved to be the most inadequate as it over-predicted peak pressure by 

approximately 50% and over-predicted turbulent kinetic energy. The most accurate 

predictions of flow were with the non-linear 𝑘 − 𝜀 theory.  

The RNG 𝑘 − 𝜀 theory also produced close to accurate predictions especially in the re-

circulation zone of flow over the roof of the cube and the formation of a shorter wake 

beyond this zone. However, the pressure distribution over the roof of the cube could not be 

accurately predicted by any model with errors incurred between 20% and 30%. This was 

addressed by conducting a grid refinement in the model using the RNG 𝑘 − 𝜀 theory and 

the non-linear 𝑘 − 𝜀 theory. The result was a 10% improvement for the roof pressure 

distribution. Overall, both the non-linear and RNG 𝑘 − 𝜀 theoies were recommended over 

the standard 𝑘 − 𝜀 theory. 

a) b) 
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c) 

 

Figure 3.57 Results from a comparison study between simulated and experimental data: a) mean 

pressure co-efficient’s for the leeward face of the cube, b) side view and c) roof of the cube 

(Wright and Easom, 2003) 

In order to address the improvement in the standard 𝑘 − 𝜀 theory, Parenete et al (2017) 

used a modified approach to solving the RANS equations for ABL flows. The standard 𝑘 −

𝜀 theory was altered to include new source terms for both 𝑘 and 𝜀 to allow the inlet profile 

to any domain to be specified. Numerical simulations were performed for a neutral ABL in 

a wind-tunnel and as a full-scale model and for flow around a bluff-body. The results 

achieved homogeneity in the velocity and turbulent quantities throughout the empty 

computational domains modelled. In another similar study testing the effectiveness of the 

𝑘 − 𝜀 model, Hargreaves and Wright (2007) postulated that the inlet boundary layer profile 

is often subject to a decay on its approach to the buildings/obstacles in the domain. They 

referred to the approaching wind flow as ‘along the fetch’. Adapting the work by Richard 

and Hoxley (1993), Hargreaves and Wright (2007) modified the law of the wall by applying 

shear stress to the upper extremities of the domain. While this was able to reduce the decay 

of the inlet velocity and turbulence profiles, it was recommended that if a commercial code 

is to be used then the fetch should be made as small as possible to maintain the inlet profile 

but not too small as to be affected at the inlet the buildings/obstacles within the domain. 

Balogh et al (2012) conducted an experiment verifying and comparing the performance of 

different commercial codes, OpenFOAM and Fluent 13.0 by conducting a RANS 

simulation of ABL flow over a complex terrain. An enhance version of the 𝑘 − 𝜀 model 

was applied with a wall function formulation. It was found that OpenFOAM performed 

better with improved memory requirements than Fluent 13.0. The results from both 

commercial codes were compared against experimental data nonetheless with close 

agreement in results. Wang et al (2008) used the RNG 𝑘 − 𝜀 theory to simulate air flow 
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through a shroud where a 5% error the difference in simulated and experimental wind 

tunnel data was achieved. 

3.11 Summary 

Chapter 3 was aimed at detailing the intention, design and set-up of each of the numerical 

case studies conducted in this research. The first study aimed at verifying and validating 

the numerical methodology and identifying the performance gap between a DAWT in free-

stream and roof-mounted. The ultimate aim in performing these simulations was to 

understand the performance of an optimised DAWT in the built environment. A logical and 

expansive methodology was first employed in designing the optimum diffuser by testing a 

range of key aerofoil cross-sectional profiles and applying the best results to a range of key 

design ratios, the area and length-to-diameter ratios. This would identify an optimal DAWT 

that could now be compared against the benchmark bare wind turbine in the built 

environment in a bid to reduce the performance gap between free-stream and roof-mounted 

conditions.  

The numerical model required an understanding of the turbulence scheme, the meshing 

requirements, the definition of the enclosures based on the blockage ratio and guidelines 

where required and the definition of the boundary conditions. In the case of the atmospheric 

boundary layer study (ABL), both the enclosure and inlet boundary conditions for velocity 

were to be carefully designed. A grid adaptation study was performed with five mesh 

refinements from Extra Fine to Extra Coarse. The measurements for velocity and pressure 

before and at the rotor had a standard deviation of less than 5%, in one case 11%. For 

measurements after the rotor, the Extra Fine and Medium meshes caused the standard 

deviation to be 21% for velocity and 14% for pressure. The methodology was kept 

consistent where possible throughout the progression of the case studies. Chapter 5 details 

the results from the case studies described in Chapter 3. 
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Chapter 4 Experimental Methods 

4.1 Introduction 

The experimental portion of this research involved a wind tunnel validation study and the 

field testing of a full-scale prototype of the Optimised DAWT design identified by results 

in Chapter 5, Section 5.5. Figure 4.1 provides the chronological breakdown in the order 

which these experiments took place. Field experiments had two components: the recording 

of data from the benchmark bare wind turbine and the recording of data from the optimized 

DAWT. The wind tunnel experimental studies were carried out in observance of research 

objective 6 (see Chapter 1, Section 1.4). The importance of these experiments was in the 

validation of the numerical methodology for the velocity and pressures computed and a 

validation of the proof-of-concept of a diffuser in its ability to increase wind speeds and 

power outputs. Observing the performance of the Optimised DAWT in field experiments 

in real time conditions would crucially contribute to a better understanding of DAWT 

responsive behaviour. Furthermore, field experiments provided an opportunity to further 

observe the physical constraints historically associated with DAWT’s such as material 

weight and loading, portability and durability. For the primary purpose of proof-of-concept 

of the Optimum DAWT, the field experiments were ground-based subject to an urban 

terrain defined by the power law exponent (see Section 4.6.1). 

 

Figure 4.1 Breakdown of experimental studies in the current research 

In this chapter, the set-up for each experimental study had been presented. In all 

experimental studies, data acquisition devices were used. These have been detailed in this 

chapter along with their accuracies and resolutions.  For the wind tunnel validation study, 

it was first necessary to assess and verify the wind tunnel’s uniformity in air flow. 

Following this, the validation study required the preparation of the DAWT models for 

testing. The field experiments required procedures in manufacture and assembly of the full-

scale models.  
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4.2 Overview of the Open-loop Wind Tunnel  

The Gunt Hamburg HM170, seen in Figure 4.2, is a subsonic, open-wind tunnel with a 

square-based measurement test section. It was designed for the assessment of velocity and 

pressure measurements, pressure distribution around cylindrical objects and aerofoils and 

the study of boundary layer flow. The five main components that make up the HM170 from 

inlet to outlet are the prechamber with flow straightener, the jet, measurement test section, 

diffuser and fan. Further component details can be found in Table 4.1 with reference to 

Figure 4.2.  

 

Figure 4.2 Design flow profile through HM 170 (guntHamburg, 2010) 

Table 4.1 Main components of the HM170 wind tunnel with reference to Figure 4.2 

 

 

 

 

The HM170 is an open-wind tunnel of the Eiffel type which is defined because air is drawn 

into the inlet from external to the tunnel and blown back into the open. The 

surrounding/external area returns air to the inlet. This type of wind tunnel is typically suited 

to relatively low wind velocities and Mach numbers, i.e. 0<Ma<0.2. The HM170 is able to 

reach Ma = 0.1. In open-wind tunnels, the test section is kept closed during operation 

because of the negative pressures generated in it. For higher velocities, beyond Ma = 0.2, 

closed-wind tunnels are used. This means that the test section can be kept open because it 

remains in balance with the ambient surrounding pressure. The advantage to this is that less 

energy is required in closed-loop tunnels than open-loop because of closed-circuit air 

routing. This however, does increase costs and requirements of space.  

1 Funnel 6 Diffuser 

2 Flow Straightener 7 Axial Fan 

3 Jet 8 Downstream Guide Vane 

4 Static Pressure 9 Guard 

5 Test Section 10 Guard behind Fan 
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The HM170 operates for air velocities in the range from 3.1m/s to 28m/s through the test 

section from the wind tunnel inlet. A minimum of 3.1m/s is necessary to provide cooling 

to the jet engine. Figure 4.3 shows the actual HM170 installed in the mechanical lab at 

Heriot-Watt University Campus in Dubai (UAE). Technical data for the HM170 can be 

found in Table 4.2. 

 

Figure 4.3 The real HM 170 installed in the lab at Heriot-Watt University Campus, Dubai (UAE) 

a) Front view and b) Rear view 

Table 4.2 Technical data for the HM170 (guntHamburg, 2010). L, W and H are the length, width 

and height respectively 

HM170 Dimensions 

Total L x W x H 2.86 x 0.86 x 1.7m  

Weight 250kg 

Power Supply 230 VAC, 50Hz, 1ph 

Measurement Test Section 

Cross-section (W x H) 0.292 x 0.292m 

L ~0.42m 



135 

4.3 Data Acquisition Devices 

 Data acquisition devices were used to obtain the characterisation of fluid/air flow in terms 

of velocity profiles. For air velocity and pressure measurements in the wind tunnel studies, 

a hot-wire anemometer and Pitot probe were used. Both of these devices were connected 

to the digital Chauvin Arnoux Multimeter. For field experiments, two cup anemometers 

were used each with three cups: The NRG #40 Anemometer and the YIGOOD. Both were 

connected to the PicoLog 1012 Series, a multi-channel digital data acquisition device. This 

was connected to PicoLog Recorder software calibrated on a PC based at the mechanical 

lab at Heriot-Watt University Campus, Dubai (UAE). Table 4.3 provides a pictorial 

summary of all of the data acquisition devices used and provides the technical data on the 

accuracy and resolution for each of these devices. DL1 and DL2 refer to the ‘Inside’ and 

‘Outside’ cup anemometers respectively and in terms of their location with respect to the 

Optimum DAWT in field testing, see Section 4.6.5. 

Table 4.3 Details on the accuracy of the data acquisition tools used in experimental testing 

Data Acquisition Device Accuracy  Resolution 

 

Manometer (integral 

to HM170) 

±2% 0.02m/s 

 

Pitot Tube ±1.5% 0.01m/s 

 

Hot-Wire 

Anemometer 

±1% 0.01m/s 

Chauvin Arnoux 

C.A.1052 

±3% of reading ±0.03m/s for 

0.15-3m/s 

±3% of reading ±0.1m/s 

for3.1-30m/s 

0.01m/s 

0.1m/s 

 

PicoLog 1012 ±0.5% 12-bit 

 

DL1: YIGOOD ±(0.3+0.03V)m/s (V is 

measured velocity) 

0.1m/s 

 

DL2: NRG #40 

Anemometer 

±0.1m/s for 5-25m/s Response: 

0.78m/s 
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4.3.1 HM170 Wind Tunnel Data Logger Calibration Study 

4.3.1.1 Aim and Purpose 

In order to understand the synchronicity in the velocity readings between the two cup 

anemometers, a calibration study was performed with the aim to measure their error 

percentage. The main purpose was to ensure the closeness in readings for velocity.  

4.3.1.2 Study Description 

For the experimental testing of the optimised DAWT, one of the cup anemometers was 

placed within the diffuser just behind the rotor of the Rutland WindCharger FM910-4. The 

other cup anemometer was placed external to the DAWT in ambient conditions in order to 

record ambient wind speeds. The importance of this calibration study was to ensure that 

both anemometers could measure the same velocity at a given wind speed (and at that wind 

speed) in the wind tunnel so that in their respective experimental locations, the wind speeds 

recorded were the actual wind speeds experienced inside and outside of the DAWT.  

Figure 4.4 shows the set-up for each of the data loggers within the wind tunnel. LED lights 

were used to improve visualisation of both of the anemometers. In controlled conditions 

and reflecting their real operative conditions, the anemometers were directly connected to 

the PicoLog and to the PC PicoLog Recorder software. The readings were recorded from 

the software every ten seconds for a total of ten readings. This was repeated for a total of 

three wind speeds: 3.1m/s, 5m/s and 7m/s. These wind speed were chosen to reflect the 

local range of wind speeds that would likely be encountered during field testing. Table 4.4 

shows the raw data readings collected for this study. The agreement in results can be better 

visualised in Figure 4.5.  

The error percentages computed between DL1 and DL2 were ±2.25% for 3.1m/s, ±2.96% 

for 5m/s and ±4.61% for 7m/s. It can be seen from Figure 4 that errors increased with 

increasing wind speeds. However, there was an average overestimation of about 13% for 

the readings at 3.1m/s and this overestimation decreased with increasing wind speeds. The 

closeness between the anemometer readings was nonetheless deemed satisfactory. 



137 

 

Figure 4.4 Wind tunnel calibration test a) DL1 and b) DL2  

Table 4.4 Readings for velocity recorded for the DL1 cup anemometer 

Number of 

Readings 

DL1 DL2 

@3.1m/s @5m/s @7m/s @3.1m/s @5m/s @7m/s 

1 3.613 5.088 7.238 3.441 5.261 7.676 

2 3.565 5.088 7.245 3.521 5.240 7.633 

3 3.584 5.048 7.280 3.521 5.300 7.633 

4 3.584 5.048 7.280 3.525 5.300 7.599 

5 3.568 5.118 7.284 3.525 5.234 7.599 

6 3.610 5.118 7.284 3.473 5.234 7.608 

7 3.610 5.137 7.309 3.554 5.290 7.701 

8 3.589 5.187 7.309 3.554 5.264 7.701 

9 3.528 5.187 7.298 3.566 5.264 7.599 

10 3.528 5.132 7.298 3.566 5.325 7.599 

Average 3.606m/s 5.115m/s 7.283m/s 3.525m/s 5.271m/s 7.635m/s 

 

Figure 4.5 Comparison between the readings from DL1 and DL2 for each of the three inlet 

speeds set in the wind tunnel data logger calibration study 
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4.4 HM170 Wind Tunnel Calibration Study  

4.4.1 Aim and Purpose 

The aim was to conduct a non-uniformity study for the test section of the HM 170 Wind 

Tunnel to identify the distribution of air flow for a specified range of free running speeds. 

The purpose in this study was to verify the uniformity and distribution of air flow within 

the tunnel to ensure reliability in measurements for subsequent wind tunnel based studies.  

4.4.2 Study Description 

This experiment served to verify the operational accuracy of the HM 170 wind tunnel for 

future studies. Figure 4.6 shows how each of the data points were identified in the test 

section. The test section had access points, as indicated from 1 to 6, were predefined 

existing locations, see Figure 4.7. The access points from 1 to 3 in the top of the test section 

had corresponding accesses from points 4 to 6. Figure 4.8 shows the real test section 

labelled in preparation for this study. 

 

Figure 4.6 Schematic for the HM170 test section showing the structure of data points 

 

Figure 4.7 Top and side views of the test section combined to show the dimensions and locations 

of each of the access points 
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Figure 4.8 The HM170 test section labelled in red to coordinate each of the data points a) Top 

view and b) Side view 

Three inlet running speeds were chosen for this study: 5m/s, 9m/s and 15m/s, each set using 

the manometer. These speeds were chosen to physically simulate a low wind speed, the 

inlet wind speed set in numerical studies (S1, S3 and S4) and a high wind speed 

respectively. Using the Pitot probe and hot-wire anemometer, velocity readings were taken 

at each of the discrete data points indicated in Figure 4.9 with three recordings for each 

data point approximately every thirty seconds. One set of averaged readings for any given 

inlet speed would have a total of eighteen data points.  

 
Figure 4.9 The definition and location of each discrete data point in the wind tunnel calibration 

study a) Top view and b) Side view 
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Four data acquisition devices were used in this study for the measurements of air velocity 

through the test section. The manometer had already been calibrated by the manufacturer. 

Table 4.5 summarises the purpose of each of these devices in this study. The hot-wire 

anemometer was able to gain access at 2 and 5 (refer to Figure 4.6) and due to its 90⁰  turn 

(see Table 4.3) it aligned with access points 1 and 4. This meant that velocity readings were 

only possible for points 1a)-c) and 4a)-c) for the hot-wire anemometer. Both of the tips of 

the Pitot probe and hot-wire anemometer were positioned perpendicular and parallel to 

oncoming air flow at the locations of each discrete data point. 

Table 4.5 Summary of the data acquisition devices used and their purpose in the wind tunnel 

calibration study 

Instrument Purpose 

Pitot Probe To measure velocity at each discrete data point 

Hot-wire Anemometer 

Multimeter To display velocity readings from the Pitot 

Probe and Hot-wire Anemometer  

Stopwatch Used as a reference in determining 30 second 

intervals for which a new reading for velocity 

was recorded 

The readings from the hot-wire anemometer and Pitot tube were averaged and compared 

against each other to determine the percentage accuracy between them. The distribution in 

velocity readings from each device was also evaluated. Results for this study can be found 

in Chapter 7, Section 7.2. Figure 4.10, taken from the HM170 manual, shows the variation 

in velocities generated by the wind tunnel from 3.1m/s to 28m/s. It shows the design 

distribution of velocity in the horizontal and vertical directions of the test section 

perpendicular to air flow. The measurement error was estimated at ±2%. A calibration study 

is this research was deemed necessary to verify the actual uniformity and distribution of air 

flow for the installed wind tunnel and to identify whether errors between readings from the 

Pitot probe and hot-wire anemometer fell within this range. 

 

Figure 4.10 The variation in velocity measurements across the test section of the HM170, 

dimension shown in mm. a) Side View and b) Front view from the inlet (guntHamburg, 2010) 
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4.5 HM170 Wind Tunnel Validation Study 

4.5.1 Aim and Purpose 

The aim in this study was to verify the measurements of velocity from the CFD simulations 

against wind tunnel experimentation in the HM170, Two of the DAWT models from S4 

were chosen. The main purpose was to be able to verify that the numerical model was able 

to closely predict real wind (air) speeds according to the conditions set in simulations. This 

will then improve reliability of the CFD simulations.  

4.5.2 Study Description 

Two DAWT models were chosen from S4: the A3 and C3 models as seen in Figure 4.11. 

There were two main reasons for the choice of both of these models: 

1. Choice of L/D 1.5: Due to the use of 3D printing, there was a need to save time, 

cost and material where possible which meant looking at smaller L/D ratios. 

However, the 3D printed DAWT prototype would need to have enough material 

weight to withstand air conditions within the HM170 wind tunnel. Smaller L/D 

ratios were tested and it was observed they were subject to significant vibrations in 

the test section. It was found that a ratio of L/D 1.5 would suffice in reducing 

material requirements but improving stability of the prototypes in the test section. 

Subsequently there were no vibrations experienced by wither DAWT model 

prototype. 

2. Choice of At/Ae 0.25 and At/Ae 0.75: Choosing At/Ae 0.5 would have been too close 

to the minimum and maximum At/Ae. The intention was to be able to test two models 

that showed visible geometric differences.  

Both models were manufactured using the 3D printer at Heriot-Watt University Campus, 

Dubai (UAE) in the mechanical lab as seen in Figure 4.12. Figure 4.13 shows the printed 

DAWT model prototypes in the test section of the HM170. The enclosure dimensions set 

in the numerical models were based on a fixed blockage ratio and the maximum cross-

sectional areas occupied by any of the DAWT models (see Chapter 3, Section 3.9.1). The 

ratio of the enclosure dimensions were based on the test section of the HM170. Since the 

real test section had fixed dimensions, the A3 and C3 DAWT models had to be scaled down 

in order to comply with the same blockage ratio of 13.5%. The A3 modelled was scaled 

down by 6.5% and the for the C3 model this was 7.8% based on the maximum cross-

sectional area occupied by each DAWT.  



142 

 

Figure 4.11 Geometric views of the A3 and C3 models from S4 used in the wind tunnel 

validation study. Dimensions in mm 

 

Figure 4.12 The XYZ Da Vinci Jr. 3D Printer: a) View of the printing platform and b) 

Dimensional perspective of the printer 

Figure 4.12 provides views of the XYZ Da Vinci Jr. 3D printer used to print the DAWT 

models. The printing platform was a square plate with dimensions 15cm x 15cm. The 

material used was PLA (Polylactic Acid) filament. It is biodegradable thermoplastic 

aliphatic polyester derived from renewable sources such as corn starch. ABS (Acrylonitrile 

Butadiene Styrene) typically has shrinkage issues unlike PLA. In order to ensure precision 

in the geometries printed, the risk of shrinkage had to be removed. PLA also performs better 

with curved geometries. Each rotor was printed in halves and each diffuser was printed as 

a single object, both with a hexagonal mesh structure. Each of the rotor halves took about 

15 minutes to print. The diffusers took about 6 hours to print.  
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Figure 4.13 Views of the experimental set-up for the validation study: a) A3 and C3, b) View of 

measurement taking using the Pitot probe and Multimeter fixed in place, c) Perspective of the 

HM170 with the A3 model in the test section and d) The opened test section with the A3 model  

Table 4.6 provides further details on the dimensions of the scaled 3D printed DAWT 

models. The dimensions were determined by finding the ratio of the virtual and real 

enclosure for each model. Using the design area and length-to-diameter ratios, the 

dimensions for the rotor, diffuser lengths were then determined. In this was it was also 

possible to ensure that the blade tip clearance was maintained at 2%. 

Table 4.6 Summary of the actual dimensions for the 3D prototype models printed for the 

validation study 

Dimension A3 C3 

Diffuser Length, Dl 0.093m 0.109m 

Diffuser Throat Diameter, Dt 0.062m 0.074m 

FM910-4 Rotor Diameter, Drotor 0.059m 0.071m 
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The inlet velocity to the HM170 was set at 9.1m/s, the velocity used in S4. Measurements 

for velocity and gauge pressure were taken at discrete data points in both the experimental 

testing and the numerical model. Due to fixed access points to the HM170 wind tunnel test 

section and accounting for the length of the hot-wire anemometer and Pitot Tube, the 

discrete data points were characterised at the inlet (at x1, y1 and z1) and outlet (x2, y2 and 

z2) of each model so as to observe and compare the change in both velocity and pressure at 

the DAWT’s inlet and outlet. These discrete locations were then replicated in the 

corresponding numerical models where data for velocity and pressure were obtained. 

Figure 4.14 shows how the locations of each of the discrete data points were identified in 

both the numerical model and the real wind tunnel experiment.  

This study is essentially a comparison between two wind tunnels, the virtual (CFD) and the 

real wind tunnels both of which have the same dimensions and L:W:H. EL and WTL refer to 

the length of the enclosure and the length of the wind tunnel test section respectively. EH, 

EW, WTH and WTW refer to the enclosure height and width and the wind tunnel test section 

height and width respectively. Since the actual dimensions of both wind tunnels, virtual 

and real were different, were known as indicated in Figure 4.15, each of the discrete data 

points was assigned a location with respect to each wind tunnel length, width and height as 

seen in Figure 4.14. The data lines in Figure 4.14 were taken in the post-processing of the 

numerical models where the discrete data points for velocity and pressure were identified 

at the specified locations. The inlet wind speed was set at 9.1m/s for both the simulated and 

experimental testing of the A3 and C3 models. The results for this study can be found in 

Chapter 6, Section 6.2. 

  

Figure 4.14 Locations of the discrete data points chosen for this study a) Side view and b) Front 

view from the inlet where the blue arrows represent equal and uniform air flow 
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4.5.3 Smoke Testing 

In support of the results for the validation study S1, a smoke test was performed to visualise 

and compare wind tunnel air flow against simulation. The two DAWT models, A3 and C3 

were fixed in the test section parallel to inlet flow set at 9.1m/s as seen in Figure 4.15. An 

oil-based smoke machine, the xca Fog machine rated at 1000W was used to produce stream 

jets of smoke at controlled intervals of about 15 seconds. The outlet of the smoke machine 

was fixed in position at the centre of the inlet to the HM170 as seen in Figure 4.16. LED 

panel lights were used to focus light on smoke flow. All external lighting was switched off. 

A high-speed camera was used to take a video and a continuous stream of screenshots that 

were examined and compared with screenshots of predicted air flow from simulations. 

Results can be found in Chapter 6, Section 6.3.2. 

 

Figure 4.15 The A3 and C3 models in the closed test section in preparation for smoke testing 

 

Figure 4.16 Views of the experimental set-up for smoke testing with the position of the smoke 

machine at the centre and parallel to the wind tunnel inlet 
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4.6 Field Experiments 

4.6.1 Aim and Purpose of Field Experiments 

A major component of this research was experimental testing of a full-scale DAWT model 

as detailed in Research Objective 5 and 6 from Chapter 1, Section 1.4. This involved far 

field experiments to measure wind speeds and power outputs. Field experiments were split 

into two components: the collection of data from the benchmark bare wind turbine, the 

FM910-4 and the collection of data from the Optimised DAWT. The Optimised DAWT 

refers to the design of the optimum DAWT identified from the results of extensive 

numerical studies as detailed in Chapter 3 and Chapter 5. The Optimised DAWT was based 

on the FX69 PR281 Diffuser with At/Ae 0.25 and L/D 2.5. Figure 4.17 summarises the 

fundamental tasks that were employed in order to collect data from field experiments for 

analysis. The results for field experiments can be found in Chapter 6. Section 4.6 details 

the set-up of field experiments in the order presented in Figure 4.17. 

 

Figure 4.17 Chronological Breakdown of the tasks required in completion of Field Experiments 
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4.6.2 Description of Test Location 

In order to provide the context of the field experiments, it is necessary to first describe their 

location. All field experiments were conducted at the Heriot-Watt University Campus in 

Dubai in the United Arab Emirates (UAE) as indicated in Figure 4.18a). Abu Dhabi is the 

capital of the UAE and Dubai its most populous city with the largest urban density in the 

country. Figure 4.18b) is a view of the Arabian Peninsula where the UAE is located and 

shows typical wind patterns experienced in the region. The yellow arrows indicated wind 

direction and their increasing sizes indicated higher wind speeds.  

a) b) 

 

 

Figure 4.18 The UAE: a) Geographical map (Bettwy and Gutro, 2004) and b) Greater region 

wind map (Meteoblue, 2018) 

Off-shore wind speeds are usually much higher than those experienced on land. While the 

wind corridor is not particular strong in the Arabian Peninsula on land, the availability of 

stronger winds are season dependent where the cooler months experience higher wind 

speeds as expected.  The wind rose for Dubai, UAE can be seen in Figure 4.19. 

 

Figure 4.19 Wind Rose diagrams for Dubai (UAE) a) July, b) August and c) The Year Average 

(Meteoblue, 2018) 
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Figure 4.19 shows the wind roses for July and August specifically as these were the months 

in which field experiments were conducted. The predominant wind direction is the North 

West and this is sustained throughout the year.  For the purposes of far field testing, wind 

conditions up to an elevation of 10m were considered. The availability of higher wind 

speeds were mostly bound within the North and West directions. This can be seen in Figure 

4.20.  

 

Figure 4.20 Wind Rose for Dubai (UAE) in July showing the %availability of wind speeds 

(Windfinder, 2018) 

In Section 4.6.3, the set-up for the recording of data from the benchmark bare wind turbine 

has been presented. The local wind speeds over a 24 hour period (86,400 seconds) covering 

three days were recorded. This can be seen in Figure 4.21. The average wind speeds 

recorded were from 0.4m/s to 1.1m/s. The maximum wind speeds were 5.75m/s. 

 

Figure 4.21 Local Wind Speeds recorded for a period of 24 hours over three days obtained from 

far field experiments  
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Wind conditions in the urban environment are dependent on the local surface topology. In 

Chapter 3, Section 3.7.5, the Atmospheric Boundary Layer (ABL) was introduced. The 

Heriot-Watt University Campus building as seen in Figure 3.6 (Chapter 3, Section 3.2.2) is 

located in an area where the local power exponent can be approximated at 0.22 based on 

the definitions for urban terrains in Table 3.13. This can be seen in Figure 4.22 where an 

example terrain has been provided to approximate the power law exponents used in this 

research. These areas were located in the local Dubai area from the Heriot-Watt University 

Campus as seen in Figure 4.23. The Heriot-Watt University Campus in Dubai is situated in 

an area with occasional buildings with many trees hence its designation of α0.22. 

 

Figure 4.22 A depiction of four different urban terrains in Dubai (UAE) defined by the power law 

exponent, α 

 

Figure 4.23 Macro view of four different urban terrains in Dubai (UAE) defined by the power 

law exponent, α 
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Figure 4.24 Satellite view of the Heriot-Watt University Campus in Dubai (UAE): a) View with 

respect to North and b) A perspective view of the incident wind directions experienced on the 

campus site 

Figure 4.22, Figure 4.23 and Figure 4.24 are satellite images taken from Google Maps. A 

close-up of the Heriot-Watt University Campus can be seen in Figure 4.24. The 

predominant wind direction experienced on the campus is from the North West, coastal 

area running toward the rear of the building. This has been indicated in Figure 4.24b) by 

the blue arrows. The red ‘X’ indicates the location of the benchmark bare wind turbine and 

the Optimised DAWT used during field testing. The two black’ X’s were the roof-mounted 

positions used for the DAWT models in the numerical studies S1and S5. 

4.6.3 Recording data from the Rutland WindCharger FM910-4 

The Rutland WindCharger FM910-4 is a six-bladed small-scale wind turbine with a rotor 

diameter of 0.91m, see Chapter 3 Section 3.2.1. The turbine was assembled as per Figure 

4.25 in the mechanical lab at the Heriot-Watt University Campus. 

 

Figure 4.25 An exploded view of the FM910-4 displaying its components (Marlec, 2015) 
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Each of the blades of the FM910-4 was identical with a tapering blade width from the blade 

root to the tip as seen in Figure 4.26b). The cross-section for each blade was a NACA 0012 

aerofoil profile. The assembly method required the embedding of the root of each blade 

between the nose cone and the nacelle.  

 

Figure 4.26 Views of the blade for the FM910-4: a) Cross-sectional view and b) Side view 

The FM910-4 was designed to connect to a 12V battery with the minimum starting wind 

speed requirement between 2-3m/s, see Figure 4.27. The tail fin was designed to provide 

stability to the turbine for wind speeds beyond the cut-out 15m/s. For the purposes of field 

experiments, the output power was not expected to be high due to the low wind speeds 

encountered in the months of July and August. The priority in field testing was the 

observation of response behaviour and the improvement (if possible) of wind speeds with 

the addition of the optimised diffuser. 

  
Figure 4.27 Design output voltage and current with varying wind speed for the Rutland 

WindCharger FM910-4 shown on the right (Marlec, 2015) 
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Figure 4.28 The experimental apparatus used in the data collection experiment for the benchmark 

bare wind turbine FM910-4 

This turbine was designed to have a rotating base with a heavy duty ball bearing located at 

the base on the nacelle from which a tower could be fashioned. A steel mounting pole was 

fashioned with a diameter of 40mm and fixed to the base of the turbine. The height of the 

mounting pole was approximately 1.5m. Figure 4.28 shows the apparatus assembled for 

the recording of wind speed and power. A square-based steel frame was welded and four 

heavy duty wheels with braking were fixed each with a 5kg weight added to restrict easy 

rolling. The NRG #40 cup anemometer and guide vane were fixed on a horizontal pole 

behind the nose cone and blades of the turbine at a circumferential clearance of 50mm. 

Data cables with a minimum length of 5m were connected from the turbine and the 

anemometer to a resident PC in the lab.  

Figure 4.29 shows the PC set-up connected to the bare wind turbine assembly.  The PicoLog 

was used to record wind speed (m/s) and wind direction (⁰ ), load current (Amps), PV 

current (Amps), turbine current (Amps), battery voltage (Volts), PV power (W), turbine 

power (W), luminosity level (Lux) and temperature (⁰ C). A circuit was set-up as per 

manufacturer recommendations, seen in Figure 4.30, with two PV panels also connected to 

the PicoLog and a 12 battery was used at the load. The PicoRecorder software was installed 

on the PC and recorded data every second for a period of 24 hours for the three days of 27th 

June, 2nd July and 23rd July 2018. Figure 4.31 provides a view of turbine assembly during 

the actual recording of data. 
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Figure 4.29 Connecting the benchmark bare wind turbine to The PC: a) Overview and b) Close-

up showing the PicoLog and Marlec Display Meter  

 

Figure 4.30 The recommended circuit set-up for the FM910-4 with the option to add PV 

Panelling (Marlec, 2015) 

 

Figure 4.31 Views of data collection in progress for the benchmark bare wind turbine  
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4.6.4 Design and Manufacture of the Optimum Diffuser 

Over the years, diffusers haven’t gained popularity due to the perception of low practicality, 

bulky size, weight, loading on the tower infrastructure and restricted access to a variety of 

wind directions.  In addressing and keeping these considerations a priority, a full-scale 

diffuser was designed and manufactured for field experiments. Chapter 5 Section 5.5 

provides the results from extensive numerical studies on the optimum design ratios for the 

FX69 PR281 diffuser. While a few DAWT models should very good augmentation 

capabilities with close agreement in a few cases, the A5 DAWT model was chosen. This 

was among the largest of the DAWT model’s designed with an At/Ae 0.25 and L/D 2.5. The 

intention behind the field testing of a full-scale DAWT was to establish the proof-of-

concept for its design as capable for increasing ambient wind speeds and augmented power 

output from the benchmark bare wind turbine. For this reason alone, any of the DAWT 

models could have been chosen. However, field testing provided an opportunity to address 

the practical concerns mentioned above. Figure 4.32 provides the full-scale dimensions for 

the progressive thickness of the FX69 PR281 profile for the A5 model. Knowledge of these 

dimensions was crucial in ensuring that the manufacture of the optimum diffuser was 

accurate in its cross-sectional profile.  

 

Figure 4.32 Aerofoil dimensions for the FX69 PR281 A5 model 

A few design iterations were developed addressing the manufacture of the diffuser. Two 

such ideas can be seen in Figure 4.33. Due to budget and labour limitations and the 

importance of maintaining the accuracy of the diffuser cross-sectional profile, it was 

initially proposed that thin metal sheet aerofoil slices be cut using wither a lathe or laser 

machine, Figure 4.33a). Two such slices would be positioned at an angle with the gap 

between them filled with spray foam that hardens on drying. A decreasing slice thickness 

meant a larger number of total slices. The thicker the slice, the higher the cost and lower 

the precision achievable as the slice would have to go from a thin constant thickness to a 

wedge-shape segment with a tapering thickness towards the lower curve of the aerofoil 
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profile. In order to address the cost and potential weight increase with the use of metal sheet 

slices, semi-flexible plastic sheets were proposed. However, the facility wasn’t available to 

cover the size of each proposed aerofoil slice and the cost of using external manufacturers 

was too expensive. In order to use the laser cutter in the Heriot-Watt lab, a 2-part aerofoil 

slice was proposed as seen in Figure 4.33b).  

 

Figure 4.33 Manufacturing ideas for the Optimum Diffuser in slices: a) A single aerofoil slice 

and b) An aerofoil slice in two parts 
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While this addressed the reduction in labour costs, it was also then deemed unfeasible due 

to the amount of material required and the reduced precision capability in achieving the 

aerofoil dimensions. In order to achieve dimensional precision, the use of a laser cutting, 

hot-wire cutting and water-jet cutting gained focus. It was then that the solution of foam 

cutting was developed. In order to simplify the assembly process from slices and the use of 

spray foam, foam blocks could be precision cut to the dimensions required and this reduced 

both the material cost and weight as seen in Figure 4.34. The facility wasn’t available at 

the Heriot-Watt Campus, so an external manufacturer was sought at a much lower, 

reasonable price that previously achieved and the engineering drawing for the optimum 

diffuser was submitted. Hot-wire cutting with manual carving of Styrofoam blocks resulted 

in full-scale Optimum Diffuser as seen in Figure 4.35. 

 

Figure 4.34 Engineering Drawing of the Optimum Diffuser A5 

The optimum diffuser was built using carefully carved foam blocks that were glued and 

fixed together with narrow wooden stick joints. This meant that there were exposed gaps 

in various places along the joints between the foam blocks. The profile of the diffuser was 

however completely intact. To prevent further damage, a simple, steel cradle frame was 

welded in the mechanical lab at Heriot-Watt using in-house facilities, Figure 4.36. The 

frame was made adjustable for varying the height of the diffuser by ±10cm. Two steel strips 

were purchased locally to fit the girth of the diffuser and heavy duty rope straps were used 

to hold the diffuser in place, not permanently due to continued work on it. The dimensions 

for the steel frame can be seen in Figure 4.37. 
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Figure 4.35 Receiving the Optimum Diffuser from the manufacturer 

 
Figure 4.36 The fabrication of the steel frame and the addition of wheels for ease of movement 

 

Figure 4.37 Side view of the initial DAWT assembly with dimensions 
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Figure 4.38 The coating process for the Optimum DAWT  

The curved, smooth profile of the optimum diffuser could not be compromised. The 

diffuser was therefore coated with a smooth finish. An add requirement for coating rested 

in the necessity for its protection from damage to the Styrofoam, adverse weather 

conditions and preservation to extend its life span. Simple filler was used to fill in all gaps 

exposed in the diffuser. This was sanded and wall putty was to cover the Styrofoam surface 

in preparation for a paint coating. A paint coating was applied to the optimum diffuser and 

the steel frame as seen in Figure 4.38. The FM910-4 was then installed in the diffuser at its 

smallest diameter with the resultant prototype seen in Figure 4.39. 

 

Figure 4.39 Comparison of the finished full-scale Optimum DAWT and its numerical counterpart 

from CFD simulations  
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4.6.5 Recording data from the Optimum DAWT 

The YIGOOD (DL1) was installed behind the FM910-4 noose cone and blades in the same 

position as used for the NRG #40 in Figure 4.28. A simple and strong steel bar was added 

to the mounting pole to minimise any effect on the wind flow through the diffuser due to 

the presence of DL1. The NRG #40 cup anemometer (DL2) was placed at a distance of 2m 

from the Optimised DAWT in free stream to record ambient wind speeds as seen in Figure 

4.40. This distance was chosen to record the approaching/upstream ambient, free stream 

wind speeds near the DAWT without those wind speeds being affected by its presence.  

 

Figure 4.40 Views of the cup anemometers: a) DL1 and b) DL2 

 

Figure 4.41 To scale perspective of the experimental set-up for the Optimised DAWT: a) 

Pointing West and b) Pointing North West 
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Figure 4.41 provides a presepctive of the experimental set-up for the Optimised DAWT 

and the the free-stream NRG #40 cup anemometer as well as the surroudning open terrain. 

Data was recorded on the PicoRecorder softwarefor the same parameters as stated in 

Section 4.6.3 with the addition of another wind speed recording for second anemometer 

readings. Data was recorded every second for a period of 24 hours over three days: 26th 

August, 28th August and 30th August 2018. In the field testing fof the benchmarkbare wind 

turbine, the position of the turbine was kept fixed in the North West direction. The reason 

was to obtained wind data in the North West direction to understand average local wind 

speeds. However, this approach was not used for the Optimised DAWT. Three positions 

were tested for each of the three days as seen in Figure 4.42. The North West orientation 

took place for the 24 hour period on 26th August, The DAWT position facing West was 

done on 28th August and the Northern facing position was on the 30th August. The aim was 

to cover the range of macimum wind speeds predicted by the wind rose in Figure 4.20. 

Changing the position of the DAWT in this way (manually and in reference to a working 

compass) was made possible due to the wheels attached to the steel frame enabling its 

portability. Figure 4.43 provides a real perspective of these orientations. The black arrows 

indicate the direction of oncimng wind speeds to the DAWT. The red ‘X’ in Figure 4.42 

represents the actual location of the Optimised DAWT durinf field testing.  

 

Figure 4.42 Schematic representing the three different orientations used in field testing of the 

Optimised DAWT for the three days of recording data 
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Figure 4.43 Perspectives for the orientations set for the field testing of the Optimised DAWT: a) 

Satellite view and b) Actual experimental views taken during data recording 

4.7 Summary 

Detailed accounts of the preparation and set-up for each of the experimental studies 

conducted in this research have been presented. Before experimental testing, it was first 

necessary to ascertain the accuracy and precision of all data acquisition devices. A data 

logger calibration study was performed for two cup anemometers that were used in the field 

testing of the Optimised DAWT. Their measurements were in close agreement. The set-

ups for the HM170 wind tunnel calibration and validation studies were presented. The latter 

study involved the use of 3D printing to produce scaled prototypes of the A3 and C3 DAWT 

models from S4. The major portion of experimental testing in this research was the testing 

of the full-scale benchmark bare wind turbine and the Optimised DAWT that was 

determined from the results of numerical studies. The A5 DAWT was identified and its 

design and manufacture was achieved. The experimental set-ups for the benchmark bare 

wind turbine and the Optimised DAWT have been detailed. Three non-consecutive days 

were allocated to each field test with data recorded for a period of 24 hours every second. 

Three orientations were used for the Optimised DAWT in order to allow wind capture in 

three predominant wind directions. The results for the field experiments can be found in 

Chapter 7. 
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Chapter 5 – CFD Results 

5.1 Introduction 

In Chapter 3, the set-up for the numerical models was presented. Five numerical studies 

were performed in this research: 

1. S1 – Validation of the CFD Methodology and Evaluation of the Benchmark 

Performance Gap 

2. S2 – Comparison Study between a Diffuser and a Concentrator 

3. S3 – Aerofoil Studies 

4. S4 – Area Ratio (At/Ae) and Length-to-Diameter (L/D) Studies 

5. S5 – Atmospheric Boundary Layer (ABL) Studies 

Results for these studies as presented in this chapter were split into two major parts: the 

observation and comparison of the fluid flow characteristics computed for each numerical 

case and the subsequent evaluation of performance. The primary collection of data for 

analysis was in obtaining velocity and pressure profiles. These profiles were used in the 

visual comparison of flow characteristics and then used to obtain discreet data for the 

calculation of various performance parameters. In S1, the results for the validation of the 

CFD methodology used in this research can be found in Chapter 6, Section 6.2. Results 

from the validation study showed good agreement with the results from the reference study 

by Wang et al (2008).  

The results from the second part of S1 have been presented in this chapter (Chapter 5, 

Section 5.2) where the preliminary and benchmark performance gap was identified. The 

subsequent numerical studies focused on the development of the Optimum Diffuser (S2, 

S3 and S4) using a robust and methodical approach. The resulting Optimum DAWT was 

then subjected to testing in the built environment and a new performance gap was evaluated 

between a free-stream DAWT and its building-integrated version. These results are 

presented in the second half of S5 (Chapter 5, Section 5.6). The set-up for all five of the 

numerical studies can be found in Chapter 3.  
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5.2 S1 – Evaluation of the Benchmark Performance Gap 

5.2.1 Velocity Distribution 

Figure 5.1 and Figure 5.2 show the velocity contour results for the free-stream shroud and 

the shroud with the building test section cases. In both cases, wind speeds increased through 

the shroud to a maximum at the rotor (benchmark bare wind turbine) where power is 

generated. The enclosure inlet speed was set at 9.1m/s for this study and is common in 

Edinburgh, (Scotland, UK) where the reference shroud study was conducted by Wang et al 

(2008). In Dubai (UAE) this speed is less frequent at low-rise altitudes up to 10m. Yearly 

wind speeds typically average between 4m/s and 5m/s. From Figure 5.1 wind flow towards 

the shroud inlet’s slowed down to about 6m/s due to the developing boundary layer along 

the building leading face. In spite of this drop, air flow at the roof-mounted shroud inlet 

accelerated to the rotor because there was enough available energy. From observation of 

the contours, flow through the shroud wasn’t significantly reduced at the rotor when placed 

on the roof of a building. However, the distribution of velocity along the rotor diameter 

was not as uniform for the roof-mounted shroud as it was for the free-stream shroud. The 

cross section in Figure 5.1 was taken at the half-section of the shroud, parallel to flow. 

 

Figure 5.1 Velocity Contours through the shroud case and the shroud and building test section. 

The inlet is from the left 
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Figure 5.2 Velocity vector contours for the shroud case and the shroud and building test section. 

The inlet is from the left 

Air flow was accelerated over the external edges of the converging inlet due to high lift 

action. Figure 5.2 provides a view of the velocity vector contours. Significant development 

of a boundary layer within the roof-mounted shroud was due mainly to the asymmetrical 

distribution of air flow at the inlet. Due to the existence of the building, the higher oncoming 

wind speeds were reflected at roof edge towards the upper edges of the shroud. This caused 

the formation of a recirculation zone at the inlet of the shroud which led to the development 

of the internal boundary layer. To be noted in both cases was the success of the shroud in 

generating a rapid but incremental transition in velocities from low at the inlet, to a 

maximum at the rotor and low again at the outlet. The wake patterns were distinctly 

different in both cases. The symmetrical, controlled wake flow pattern through the free-

stream shroud had disintegrated for its roof-mounted counterpart. The built environment is 

often subject to turbulent flow due to chaotic changes in wind directions as air is forced 

around obstacles. This is reflected here to a certain degree. However, the shrouds 

effectiveness is in creating an internal environment around the rotor where wind is 

controlled and accelerated. 
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Figure 5.3 Front views of the results contours for the Shroud and building test section: a) 

Velocity and b) Pressure 

In order to gain another perspective of air flow distribution through the roof-mounted 

shroud, Figure 5.3 is a front view of this case in the direction of oncoming flow. The 

purpose in providing velocity and pressure contours here was to show the how wind was 

distributed between the lower and upper surfaces of the shroud due to building presence. It 

can now be seen that a significant difference in the internal and external pressure around 

the shroud helped to encourage higher wind speeds at the inlet than otherwise available at 

close-by altitudes as indicated in Figure 5.3. The views in Figure 5.3 were taken at 0.25m 

in front of the rotor. 

5.2.2 Pressure Distribution 

In diffuser theory (see Chapter 2, Section 2.2) a drop in pressure across the rotor in the 

direction of air flow indicates energy extraction. The larger the pressure drop, the greater 

the power extraction. Sustaining sub-atmospheric pressures caused by the diffuser at its 

exit has the effect of drawing in a greater mass flow of air to the rotor therefor allowing the 

potential for more power generated for a steady period of time. Figure 5.4 shows the 

pressure drop to sub-atmospheric achieved for both the free-stream shroud and the roof-

mounted shroud. In both cases, the pressure drop across the rotor was large. The inlet 

pressures were very different between the two cases. The shroud’s converging inlet was 

designed to rapidly accelerate air flow towards the constant diameter test section. It can be 

seen however, that air flow stagnated inside the converging inlet at a very high pressure 

despite the wind velocity being lower than ambient, see Figure 5.1. This indicated the 

accumulation of large air mass. The angle where the converging inlet and the constant 

diameter test section meet was steep enough to cause immediate transfer of this air mass 

resulting in the acceleration of air.  
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Figure 5.4 Pressure (static, gauge) contours for the free-stream shroud and the shroud and 

building test section cases 

Due to asymmetric inlet flow for the roof-mounted shroud, the stagnation of air at the 

converging inlet was not as significant as for the free-stream shroud thereby resulting in 

slightly lower acceleration of air and a progressively reducing pressure towards the rotor. 

As a consequence, the pressure recovery was better for the roof-mounted shroud than the 

free-stream shroud. An improved pressure recovery is typically desirable. Despite the larger 

magnitude pressure drop between the free-stream shroud inlet and outlet, a large pressure 

drop across the rotor is desired and is the focal point of interest. To compare both cases, in 

spite of the larger pressure magnitude at the inlet for the free stream shroud, a considerable 

pressure drop was observable for both cases. 

5.2.3 Turbulent Kinetic Energy Distribution 

Encountering turbulence in the built environment is common compared to free-stream. 

Figure 5.5 shows the turbulence generated for the free-stream shroud and the roof-mounted 

shroud. Since this study involved a single, isolated building the upstream and surrounding 

values were small.  
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Figure 5.5 Contours for Turbulent Kinetic Energy for the free-stream shroud and the shroud and 

building test section cases 

Comparing a DAWT in free stream and the built environment has not yet been done. So 

for the purpose of this study to compare the shroud in free-stream and roof-mounted, a 

single building was chosen. Despite a poorer distribution of inlet air flow to the roof-

mounted shroud inlet, the turbulence generated was in terms of magnitude was close to the 

free-stream shroud. However, the concentration and spread of turbulence was greater for 

the roof-mounted shroud. The highest levels of turbulence actually occurred just behind the 

rotor in both cases. It was at this short distance behind the rotor that both velocity and 

pressure rapidly recovered as seen in Figure 5.1 and Figure 5.4 respectively. Some 

turbulence was generated along the top leading edge surface of the building but this was 

not significant enough to affect air flow into the shroud’s inlet. Overall, internal and 

external turbulence effects were small and concentrated at the rotor. 

5.2.4 Assigning Data Lines 

The two crucial quantities required for the assessment of performance were velocity and 

pressure. From the computational domain in post-processing, four data lines were 

identified. These have been summarised in Figure 5.6. The horizontal Line 1 and Line 2 
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were taken at ±0.15m of the nose cone and were used to gather an average of velocity and 

pressure at the rotor. Line 1 and Line 2 were taken across the length of the enclosure in 

each case for the free-stream shroud and the roof-mounted shroud. In order to represent 

their results comparison simultaneously a normalised enclosure distance was employed, 

El,norm. Line 3 and Line 4 were taken horizontally and vertically in front and across the rotor 

respectively to observe the variation in velocity and pressure covering the rotor disk 

diameter.  

 

Figure 5.6 The data lines chosen along which the velocity and pressure profiles were computed in 

S1: a) Shroud and b) Shroud and Building Test Section 
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5.2.4 Evaluating Performance 

The real enclosure distance for the shroud only case was 10m and for the shroud and 

building test section case it was 171m. Both enclosure lengths were normalised to 50 data 

points. Figure 5.7 shows the computed average velocity and pressure profiles for S1 using 

Data Line 1 and Line 2. The peak velocities were 13.6m/s at El = 5.4m for the free-stream 

shroud and 13.4m/s at El = 65.3m for the roof-mounted shroud at the rotor. As seen in 

Figure 5.4, a considerable pressure before and after the rotor in the direction of flow was 

observed for both cases. To quantify this, the pressure was 97.3Pa for the free-stream 

shroud and 69.6Pa for the roof-mounted shroud across the rotor. The velocity drop while 

larger for the roof-mounted shroud was better recovered in the free-stream shroud. 

 

Figure 5.7 Result profiles across enclosure lengths in both cases in S1: a) Velocity and b) 

Pressure  
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Figure 5.8 Profiles across the rotor diameter for both cases in S1: a) Velocity and b) Pressure 

A pressure drop across the rotor broadly indicates an extraction of energy, i.e. kinetic 

energy to electrical energy (see Chapter 2 Section 2.2.1). In DAWT performance analysis, 

energy is referred to through an assessment of pressure. From Figure 5.7b) less energy was 

extracted by the roof-mounted shroud. Figure 5.8a) shows similar profiles for velocity 

across the rotors in each case with good agreement. The increase in velocity across the rotor 

was higher for the free-stream shroud. This is reflected in the pressure profiles computed 

as seen in Figure 5.8b). Sub-atmospheric pressures were achieved in the roof-mounted 

shroud although the pressure drop across the rotor was in fact higher for the free-stream 

shroud. The purpose in presenting Figure 5.8 was included here to highlight air flow 

characteristics in front of the rotor. The presence of the building test section primarily 

altered the parallel inlet flow to the shroud as seen in the free-stream shroud case. The 

creation of a region of stagnated pressure in the converging inlet was subsequently 

eliminated. This caused the pressure across the length of the roof-mounted shroud to be 

sub-atmospheric. 
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Figure 5.7 was used to take measurements of velocity and pressure in the evaluation of 

performance using the methodology as set out in Chapter 2, Section 2.2. The equations 

used have been stated in Table 5.1 next to their respective quantities along with their results. 

The turbine disk loading is sometimes pre-set depending or found empirically depending 

on the on the nature of the investigation. In the current study, it was found empirically as it 

was based on the pressure difference between the front and behind the rotor (see Figure 2.3 

from Chapter 2, Section 2.2.3) that was subject to the change in context from free-stream 

to roof-mounted in which the shroud was tested. 

Table 5.1 Summary of performance parameters computed for each case in S1 

 

 

 

 

 

 

 

The effect of a decreasing turbine disk loading is reflected in the computed output power. 

The free-stream shroud performed better than the roof-mounted shroud. To place this result 

in the larger context, the benchmark bare wind turbine was designed to achieve 60W at a 

speed of 9.1m/s (see Figure 4.28 from Chapter 4, Section 4.6.3). The calculation of the 

augmentation factors were based on the calculation of the turbine disk loading, pressure 

recovery coefficient and the exit pressure coefficient. The free-stream shroud was able to 

multiply power out by almost 2.5 times. Comparing this to the results by Wang et al (2008) 

is a percentage difference of 11.8%. In the reference study, the blades of the rotor were 

trimmed for simulations as they were based on a real wind tunnel scenario where the tunnel 

test section wasn’t large enough to accommodate the full rotor diameter. Inevitably this 

affected the actual power output but the augmentation of power was nonetheless 

comparable. The power augmentation achieved by Wang et al (2008) was 2.2. Compared 

to the free-stream shroud in the current study and the reference study, the augmentation 

ratio for the roof-mounted shroud was much lower. For the shroud, more power was 

achieved in comparison to the benchmark bare wind turbine. Installing the shroud on a roof 

Quantities Shroud  Shroud and Building Test Section 

 𝑪𝑫  (25) 0.89 0.614 

𝑪𝒑𝒓  (26) 0.549 0.197 

𝑪𝒑𝒆  (27) -0.339 -0.686 

𝑷  (30) 97.3W 69.6W 

r  (32) 1.49 1.34 

CD,opti  0.90 1.61 

r (33) 1.49 1.59 

rmax (29) 4.77 3.46 

𝑪𝒑  (11) 0.324 0.232 
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proved that its performance does reduce but is still able to augment power. In both cases, 

the increase in wind speed from ambient (set as the inlet condition) was around 47% based 

on the maximum velocity computed at the rotor’s location just behind the blades as this 

was the point of highest wind speeds. The actual power coefficients were based on the 

power computed in Table 5.1 and the ideal theoretical power output from the bare wind 

turbine at 9.1m/s. Both values are below the Betz limit which is expected due to the 

approximation in energy losses calculated by the numerical solver. The lower the exit 

pressure, the more air mass is pulled across the shrouds length. The free-stream shroud 

exhibited an exit pressure much lower than the roof-mounted shroud. The resultant increase 

in power indicated that the air mass flow rate was increased through the free-stream shroud.  

Using data taken from Figure 5.8a), the tip speed ratios (λ) were calculated for each case 

based on the average maximum velocity at the blade tips divided by the inlet wind speed. 

They were as follows: 

𝜆𝑓𝑟𝑒𝑒−𝑠𝑡𝑟𝑒𝑎𝑚 𝑠ℎ𝑟𝑜𝑢𝑑 =
8.45𝑚/𝑠

9.1𝑚/𝑠
= 0.929 𝜆𝑟𝑜𝑜𝑓−𝑚𝑜𝑢𝑛𝑡𝑒𝑑 𝑠ℎ𝑟𝑜𝑢𝑑 =

10.5𝑚/𝑠

9.1𝑚/𝑠
= 1.15 

At increasing tip speed ratios, it has been found that turbulence can reduce performance 

(Kosasih and Hudin, 2016). And at lower tip-speed ratios, the power coefficient is higher. 

A low tip-speed ratio will correlate with a maximum power coefficient until a limiting tip-

speed ratio below which the power coefficient drops (Wang et al 2008).  These observations 

were consistent with the results for this study as seen in Table 5.1. 

In this study, the atmospheric boundary layer (ABL) was approximated by the numerical 

solver using the same settings as for the free-stream shroud case. While the ABL may have 

affected the inlet conditions to the shroud, the aim of this study was to identify the 

performance gap between the free-stream and roof-mounted shrouds. For this reason, 

identical settings were used in this study for both cases so that the simulated wind 

conditions were the same. The performance gap between the two shroud cases in this study 

was calculated at a 56% loss for the roof-mounted shroud. The shroud design in this study 

was based entirely on the design from the reference study by Wang et al (2008). From the 

results in Figure 5.1, Figure 5.2 and Figure 5.3, the shrouds internal flow characteristics 

were distinctively different in uniformity, distribution and magnitude. Despite this, the 

pressure drop and the peak velocity computed at the rotor in each case were similar. This 

led to a question of the effectiveness of the converging inlet and diverging outlet which led 

to S2.   
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5.3 S2 – Comparison Study between a Diffuser and a Concentrator 

5.3.1 Velocity Distribution 

The inlet wind speed for this study was set at 4m/s. Figure 5.9 shows the front and side 

views for the velocity contours. From Figure 5.9a), the flow was symmetrical along the 

edge of the roof. In all three cases, wind speeds were reflected at the building test section 

leading edge by the same degree resulting in very similar ambient velocity distribution. It 

is clear that the bare wind turbine, the so-called ‘HAWT’ (Horizontal Axis Wind Turbine) 

experienced the lowest wind speeds. Both the DAWT and the HAWT with Concentrator 

exhibited similar profiles with the inlet wind speeds ranging between 1.6m/s and 2m/s. It 

is worth noting here, that the addition of a ‘shroud’ like device around the rotor of a wind 

turbine was able to raise the local wind speed distribution to higher speeds at the rotor. The 

velocity distribution across the rotor swept diameter for the HAWT was considerably non-

uniform in comparison to the rotors for the DAWT and HAWT with Concentrator.  

 

Figure 5.9 Velocity contours for each case in S2: a) Front view in the direction of air flow and b) 

side view where the inlet was from the left 
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5.3.2 Pressure Distribution 

Figure 5.10 shows a view from above for the pressure contours computed in each case. 

Surprisingly, the HAWT experienced more negative sub-atmospheric pressures than the 

HAWT with Concentrator case. The DAWT, like the HAWT exhibited very low sub-

atmospheric pressures along its length. This observation may be attributed to the inlet 

profile of the diffuser which is better designed for generating lift action than the 

concentrator. In all cases, the presence of the building caused very low pressures along its 

leading edge and over the roof’s top surface. The presence of the concentrator diverted 

some of the air mass flow around its external surfaces whereas the diffuser encouraged air 

mass flow through its internal surfaces. The pressure drop across both the HAWT and the 

DAWT was larger than for the HAWT with Concentrator which meant that the potential 

for energy extraction was larger for these two cases. The larger the pressure difference, the 

larger the turbine disk loading, which in turn increases the power augmentation for a given 

velocity at the rotor. The DAWT also exhibited the lowest exit pressures. 

 

Figure 5.10 Pressure contours for each case in S2 

5.3.3 Turbulent Kinetic Energy Distribution 

Figure 5.11 provides a top view of computed turbulent kinetic energy in each case. 

Turbulence was significantly higher for the HAWT in the wake of the rotor than the other 

cases. The HAWT experienced the highest magnitudes of turbulence before and after the 

rotor. Providing the HAWT with a shroud-like cover shows that it can be protected from 

fluctuating turbulent conditions. The HAWT with Concentrator exhibited lower levels of 

turbulence across its length than the DAWT. The increase in turbulence between the 

DAWT inlet and outlet was larger than the HAWT with Concentrator and its distribution 

more uniform at the outlet. Turbulence was better controlled in the HAWT with 

Concentrator and DAWT cases especially behind the rotor and downstream beyond the exit 

in each case.  
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Figure 5.11 Turbulent Kinetic Energy contours for each case in S2 

The effect of any recirculation at the centre of the roof wasn’t particularly strong. In fact 

the generated recirculation zone was closer to the leeward edge of the building test sections 

in each case.  Air flow was parallel to the turbines and homogenous in terms of wind speed 

on the approach to each turbine, see Figure 5.9a). 

5.3.4 Assigning Data Lines 

Three data lines were chosen in this study for the purpose of obtaining velocity profiles. 

The chosen data lines can be seen in Figure 5.12. Line 1 and line 2 were horizontal lines 

taken above and below the rotor at ±0.1m. The average velocity was then calculated across 

the length of the enclosure where EL = 20m. Line 3 was taken as the vertical distance across 

the rotor diameter which was 0.91m. 

 

Figure 5.12 Data lines chosen for S2: a) Horizontal data Line 1 and Line 2 and b) Vertical data 

Line 3 
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5.3.5 Evaluation of Performance 

The purpose of this study was to evaluate the relativeness effectiveness of a concentrator 

and diffuser in augmenting power and not the actual performance. Note: the results were 

used to validate the principle of a diffuser in comparison to a concentrator and not to 

contribute to the development of the optimum diffuser for this research. Figure 5.13 shows 

the computed velocity profiles using data Line 1, Line 2 and Line 3 for each case in this 

study. 

 

Figure 5.13 Velocity profiles for the HAWT, HAWT with Concentrator and DAWT: a) Average 

of Line 1 and Line 2 across the enclosures and b) The vertical distance across the rotor, Line3 
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The placement of each turbine assembly at the centre of the building test section roof 

inevitably caused a significant reduction in the wind speeds available at the rotors. The 

rotor in each case was located at 9.5m along the enclosure length in the direction of wind 

flow. The peak velocities achieved just behind the rotor in each case was 0.625m/s for the 

HAWT, 1.18m/s for the HAWT with Concentrator and 1.67m/s for the DAWT. The DAWT 

encouraged the largest pressure drop either side of the rotor in the direction of wind flow 

at -3.49Pa. The pressure drop across the HAWT was -2.42 and -2.75 for the HAWT with 

Concentrator. In the evaluation of performance, the equations from Chapter 2, Section 2.2 

were used. These equations were not applied to the HAWT case as they are based on 

diffuser theory. These equations were applied to the concentrator. The power output and 

turbine disk loading was calculated and the augmentation ratio for the concentrator and the 

diffuser were calculated. These results can be seen summarised in Table 5.2.  

Table 5.2 Summary of the performance results in S2  

The augmentation ratio using equation (32) (see Chapter 2, Section 2.2.4) required 

knowledge of the diffuser throat area which includes accounting for the 2% blade ttip 

clearance. A simple ratio of the output powers from the HAWT with Concentrator and the 

DAWT could not be made against the HAWT. However, it can be said that the HAWT 

with Concentrator achieved a power output of 0.983 times that of the HAWT and this was 

1.44 for the DAWT. The results showed that the diffuser was more capable of improving 

wind speeds at the rotor, achieving a higher output power, better control of wind flow and 

reducing the turbine disk loading by encouraging a larger pressure drop across the rotor in 

the direction of wind flow.   

The calculation of the pressure recovery coefficient requires knowledge of the difference 

in pressure behind the rotor and at the diffuser (and in this study, the concentrator) exit. 

This was 0.583Pa for the HAWT with Concentrator and 0.595Pa for the DAWT. Due to 

lower velocity and pressure drop achieved at the rotor for the HAWT with Concentrator, 

Quantities  HAWT HAWT w. Concentrator DAWT 

Turbine Disk Loading, 𝐶𝐷 (25) 10.10 3.19 2.05 

Pressure Recovery, 𝐶𝑝𝑟 (26) - 0.69 0.34 

Exit Pressure Coefficient, 𝐶𝑝𝑒 (27) - -0.73 -1.43 

Power Output, 𝑷 (30) 2.42W 2.75W 3.49W 

Max. Augmentation Factor, 𝑟𝑚𝑎𝑥 (32) - 1.87 2.94 

Actual Power Coefficient, 𝐶𝑝 (11) 9.18% 10.8% 13.2% 

‘Diffuser’ efficiency, ɳ (34) - 70.5% 34.8% 
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its pressure recovery coefficient was higher and thus its efficiency. Typically, an 

improvement in pressure recovery is sought based on the improvement of an existing 

diffuser design. The concentrator and diffuser follow design principles that are 

fundamentally different hence the characteristic behaviour of air flow through each case is 

expected to be different. 

Observing the turbine disk loadings coefficient for each case, the HAWT had the largest 

disk loading followed by the HAWT with Concentrator and then the DAWT and this was 

contrary to the peak velocities achieved and the power output. In Chapter 2, Section 2.2.4 

it was explained that power output is dependent on the disk loading. But to be noted, that 

this condition is applied based on the same velocity being achieved at the rotor. Indeed for 

a given velocity an increase in the turbine disk loading would lead to an increase in the 

output power. In practice, for a given bare wind turbine with swept area, an increase in 

turbine disk loading can have adverse effects on performance. This is the situation 

presented here. The use of a shroud-like device helps to improve capabilities in achieving 

higher output powers by reducing the disk loading. It would take a further study to 

understand the effect of increasing turbine disk loading on the power output of a bare wind 

turbine running at a set peak velocity. This type of study requires the testing of different 

bare wind turbines with different swept areas set to a fixed rotor velocity in order to assess 

the pressure drop either side of the rotor in the direction of air flow.  

In this study, it was found that based on the resultant peak velocities, pressure drop across 

the rotor, the power output and the augmentation ratio, the diffuser outperformed the 

concentrator in its effectiveness at improving the performance of a bare wind turbine. 

Following this conclusion, the next study was intended to address the effects of changing 

the diffuser key design ratios (originally prioritised from a review of literature in Chapter 

2, Section 2.3 and Section 2.4) on the improvement of performance. 
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5.4 S3 – Aerofoil Studies 

5.4.1 Velocity Distribution  

In S3, eight DAWT’s each with a different diffuser aerofoil cross-sectional profiles were 

compared. The details for the set-up of this study can be found in Chapter 3, Section 3.3.3. 

The velocity contours in Figure 5.14 and Figure 5.15 depict each aerofoil DAWT case. The 

inlet wind speed for this study was set at 9.1m/s. In all cases it is visible that the wind 

speeds considerably increased from each DAWT inlet to the rotor. Referring to the velocity 

legend provided, wind speeds increased from between 5 and 6m/s to between 9 and 15m/s. 

All contours exhibited uniform velocity distribution across the rotor diameters in each case 

with controlled wake flows. From observation, the FX69 PR281 and the GOE789 

encourage the highest velocities in the region just behind the rotor nacelle. The NACA 

25112, NACA 9610 and the NACA 0012 exhibited the smallest velocities behind the rotor 

blades despite an improvement on the ambient inlet wind speed. In downstream of their 

rotors and at the diffuser exits, the velocities were highest for these DAWT’s. Generating 

large velocity and pressure differences inside the diffuser improves the rotor potential to 

run at higher rpm’s extracting more energy from wind.  

 

Figure 5.14 Velocity contour results for each aerofoil case in S3. Wind flow is in the positive y-

direction  
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The relatively lower capabilities of these three DAWT’s can be attributed to the low reflex 

in at least two cases; the NACA 25112 and the NACA 0021. Both of these aerofoils were 

the most geometrically symmetrical profiles with respect to their chord lines and so weren’t 

able to generate enough lift to accelerate as much air flow to the rotor as exhibited in the 

other cases. In the NACA 9610 case, notice that the rotor though placed at the smallest 

cross-section was the furthest from the diffuser inlet compared to any other DAWT case.  

This alone reduced its capabilities in accelerating air flow.  

Observing the velocity vector contours in Figure 5.15 shows that for the DAWT’s with 

aerofoils that had reflexed low thickness leading edges, their highest velocities were 

diverted towards the external surfaces of their diffusers. This is the case for NACA 9610, 

NACA 55112 and S4180. Aerofoils with deep cambers are expected to have high lift 

capabilities encouraging lows speeds above and along their leading edges. Two such 

aerofoils in this series were GOE 789 and FX69 PR281. Both profiles conformed to this 

theory when observing the air flow at their leading edges. In all cases it can be said 

however, that lift was successfully generated over the leading edges externally directed out 

of the diffusers resulting in low pressures being created along the underside of each 

aerofoil. This low pressure region is essentially projected all around the internal surface of 

each diffuser thereby creating a pressure differential with the external environment that 

causes a suction effect on external in front of the DAWT. Air is caused to accelerate 

towards the rotor. Aerofoils that had the best lift capabilities also encourage the largest 

acceleration of wind speeds. The FX69 PR281 quite noticeably produced the highest 

velocities and immediately just behind the rotor blades.  

The vectors shown in Figure 5.15 are made up of vector arrows. The cluster of these arrows 

indicates the density of air at regions around each DAWT. The aim is to encourage the 

highest density of air and the highest wind speeds to be located near the rotor. This was 

best achieved by the FX69 PR281. Contrary to this, the NACA 9610 DAWT showed air 

being mostly directed over the external surface. While lift was generated by this aerofoil, 

due to the position of the rotor within the NACA 9610, the accumulated density of air 

behind the rotor was close to the diffuser exit. These velocities continued into the 

surrounding air joining velocities that were generated over the external surface of this 

diffuser. On a lesser scale, this was also observed in the NACA 0012 and NACA 25112 

cases. In all cases except the NACA 9610, the velocities generated behind the rotor quickly 

disintegrated before the diffuser exits. 
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Figure 5.15 Velocity vector contours for each of the aerofoil cases in S3 

The S4180 was the only aerofoil in this series designated high-speed. The wind speeds 

encountered in this study are far less than Mach numbers of 1 and not classified as high-

speed. This aerofoil has a low camber as does the NACA 6412. However, the generation 

of higher velocities at its leading edge proves it is prone to high speed flow. Nonetheless, 

the internal wind speeds generated between these two aerofoils were very similar with the 

NACA 6412 achieving slightly higher velocities at the rotor.   

In all cases, recirculation of flow behind the rotor was visible. The FX69 PR281 and the 

NACA 0012 were the only cases where recirculation was limited to the region in the wake 

of the rotor and air flow returned to streamline flow towards the diffuser exit. With regards 

to streamlines through each DAWT, the velocity vector contours suggest that air flows 

towards diffuser exits were close to the diffuser inner surface in the FX69 PR281, NACA 

0012 and NACA 9610. The significance of this observation is that when air flow closely 

follows the contours of the inner diffuser surface as air flow diverges and discharges to the 

atmosphere thereby encouraging streamline flow and not recalculated air flow.   
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5.4.2 Pressure Distribution 

In order to translate the contour results from Figure 5.14 and Figure 5.15 into an 

understanding of where energy may be extracted by the turbine, it is necessary to observe 

the pressure contours. These are shown in Figure 5.16. The lowest pressures were quite 

visibly behind the rotor for the FX69 PR281 in terms of magnitude and distribution. This 

was followed by the NACA 6412, S4180 and the GOE 789. In these four cases, the 

magnitude of pressure in front of the rotor was lowest for the FX69 PR281. However, 

referring to the pressure legend provided in Figure 5.16, it is possible to visually 

approximate the drop on pressure before and after the rotor in the direction of air flow. This 

drop seemed to be larger for the FX69 PR281. This means that the potential for energy 

extraction was the highest for this DAWT. In all cases it can be said that there is a visible 

pressure drop and energy extraction is definitely possible. The NACA 9610, NACA 25112 

and the NACA 0012 had the smallest pressure drops. In all cases excluding NACA 9610, 

the diffuser exit pressures gained equilibrium with the surroundings. At their leading edges, 

the NACA 9610, NACA 55112, FX69 PR281 and GOE 789 exhibited the largest pressure 

differences indicating that these aerofoils generated the highest lift. A visual calculation of 

the pressure drop across the rotor in the direction of air flow for each case was in the range 

from 40Pa to -100Pa. 

 

Figure 5.16 Contours for pressure taken for each aerofoil case in S3 
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5.4.3 Turbulent Kinetic Energy Distribution 

Figure 5.17 provides view of the computed turbulent kinetic energy for each aerofoil case 

in this study. The highest velocities behind the nacelle were observed for the FX69 PR281, 

GOE 789 and the NACA 6412 as seen in Figure 5.14. In Figure 5.17 the highest levels of 

turbulent kinetic energy were behind the nacelle for each of these DAWT’s. Aerofoils with 

reflex geometries or with deeper cambers were more susceptible to higher levels of 

turbulent kinetic energy. NACA 25112, NACA 9610 and NACA 0012 exhibited the lowest 

levels of turbulence as expected and these aerofoils generated relatively lower velocities as 

seen in Figure 5.14. It is interesting that the amount of turbulent energy was highest for the 

FX69 PR281 and NACA 6412 and this extended beyond the diffuser exit. This was 

followed by the NACA 25112 and GOE 789. In the contours shown in Figure 5.17, most 

of the generated turbulence ranged between 0 and 0.9J/kg. The highest turbulence 

computed was a small region behind the nacelle in FX69 PR281 and NACA 6412 around 

1.7J/Kg. The models that exhibited higher magnitudes of turbulent kinetic energy also 

generated higher velocities because more energy was available for extraction per unit mass 

of air. It is worth noting that these models had the highest levels of what is considered 

unstable turbulence. However, this unstable turbulence was controlled in terms of its spread 

and direction behind the rotor. 

 

Figure 5.17 Contours for turbulent kinetic energy taken for each aerofoil case in S3 
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5.4.4 Assigning Data Lines 

In order to visualize and discretely calculate the change in wind speeds from the inlet to the 

rotor and beyond to the outlet on each case, two data lines were identified. Upon careful 

examination of the cross-sectional contours in the numerical solver, it was found that the 

contours presented in Figure 5.14, Figure 5.15, Figure 5.16 and Figure 5.17 were 

representative of the 3D flow computed in each case. The decision to take two data lines 

above and below the rotor was to gain average representative figures for velocity and 

pressure. Figure 5.18 depicts the two data lines defined during post-processing of the results 

for this study. Velocity and pressure profiles were each taken for Line 1 and Line 2. The 

measurements taken for each line were in close agreement within ±5% for both velocity 

and pressure. Figure 5.18b) was included here to show that each data line was taken at 

±0.25m of the rotor nacelle taken at positions that represented half of the radius at the 

diffuser throat. Line 1 and Line 2 were taken across the enclosure length, EL in each case. 

The enclosure lengths differed for each aerofoil case because the dimensions of the 

enclosure were dependent on the blockage ratio and the maximum DAWT cross-sectional 

area occupied by each DAWT (see Chapter 3, Section 3.7.1). For this reason, the enclosure 

length were normalised by taking a discrete number of equally spaced data points along 

Line 1 and Line 2. This was 20 and the normalised enclosure length in Figure 5.19 is 

represented as El,norm. 

 

Figure 5.18 Data Line 1 and Line 2 assigned to the enclosure length through each aerofoil case in 

S3  
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5.4.5 Evaluation of Performance 

Figure 5.19 provides the computed velocity and pressure profiles for each case in S3. The 

position of each rotor varied slightly according to the enclosure length for each case. All 

peak velocities shown in Figure 5.19a) from 9 ≤  El,norm ≤ 11 represent the peak velocities 

computed behind the rotor using an average of data Line 1 and Line 2. The highest peak 

velocities were achieved by the FX69 PR281 and the GOE 789. At El,norm = 12 velocities 

were lowest. From this point onwards, velocity recovery followed the same trajectory in all 

cases but did not regain ambient wind speeds.  

 

Figure 5.19 Computed average of profiles for each case in S3: a) Velocity and b) Pressure  
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All diffuser exit pressures were sub-atmospheric and recovered well to ambient conditions. 

In order to better understand the increase in velocity and the pressure drop achieved in each 

case, a quantitative summary has been provided in Table 5.3. The results in Table 5.3 were 

used in the evaluation of performance using the equations set out in Chapter 2, Section 2.2. 

Table 5.3 Summary of the quantified changes in velocity and pressure drop computed across the 

rotor in the direction of flow for each case in S3 

Aerofoil (in order of 

increasing chord 

thickness) 

Max velocity at the 

rotor Vrotor,max (m/s) 

Change in wind 

speeds from 

ambient % 

Max pressure drop 

across the rotor in the 

direction of air flow (P1 

– P2) 

S1480 10.94 m/s +20.2 -81.5Pa 

NACA 9160 9.77 m/s +7.36 -67.2Pa 

NACA 0012 10.27 m/s +12.9 -72.3Pa 

NACA 6412 11.31 m/s +24.3 -89.9Pa 

NACA 25112 8.00 m/s -12.1 -60.6Pa 

NACA 55112 8.96 m/s -1.54 -73.1Pa 

GOE 789 12.42 m/s +36.5 -98.6Pa 

FX69 PR281 12.38 m/s +36.0 -102.4Pa 

It is interesting that the NACA 25112 and NACA 55112 produced peak velocities below 

the ambient and inlet wind speed set at 9.1m/s. Essentially it can be argued that the neither 

of these aerofoils successfully served their purpose in increasing ambient wind speeds. The 

benchmark bare wind turbine would have been able to rotate at the higher ambient wind 

speed. While this may have some truth, it is worth bearing in mind that the purpose of a 

diffuser is also to control and direct oncoming air flow to uniformly distribute this flow in 

all directions of the rotor diameter. Augmentation is not just based on the ratio of power 

outputs alone between a wind turbine rotor bare to its surroundings and when a diffuser is 

applied to it. Augmentation is influence by the amount of air mass passed through the 

diffuser, the available energy in the regions surrounding the rotor and the improvement of 

the rotor’s blade loading and reducing the rotor from the effect of multi-directional 

turbulence. Note that the pressure drop in both of these cases was not too far from the 

NACA 9610 and NACA 0012. This is where the use of performance parameters such as 

turbine disk loading, the pressure recovery coefficient and the tip speed ratio can be more 

reliably used to assess the effectiveness of each of the aerofoil cases as seen in Figure 5.20. 
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Figure 5.20 Comparison of performance parameters: a) turbine disk loading vs. pressure recovery 

coefficient, b) turbine disk loading vs. exit pressure coefficient and c) tip-speed ratio vs. power 

coefficient 

The legend provided in Figure 5.20 is shown in increasing order of aerofoil chord thickness. 

For an increasing thickness, tip speed ratios generally increased with the power coefficient. 

The S4190 however had both a higher tip speed ratio and power coefficient than aerofoils 

with a relative thickness of 1.02 and 1.22 except NACA 6412. The computed range for 

power coefficients was between 0.20 and 0.35. Tip speed ratios did not exceed 1.25. 

Turbine disk loading coefficients were close to 1.2 for most of the aerofoils with the 

exception of NACA 25112 and NACA 55112 where CD was above 1.5. Pressure recovery 

was achieved between 60% and 80% across all cases except NACA 9610 where sub-

atmospheric pressures were extended beyond the diffuser exit, see Figure 5.16. The two 

best performing aerofoils were the GOE 789 and the FX69 PR281. Both aerofoils exhibited 
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very close agreement in both the exit pressure coefficient and the pressure recovery 

coefficient with the FX69 PR281 slightly edging higher on pressure recovery. The power 

coefficients for both aerofoils were also very similar but the FX69 PR281 achieved the 

highest power coefficient. Four of the aerofoils in this study frequently exhibited lower 

performance in some of the computed parameters. These were the NACA 9610, NACA 

0012, NACA 25112 and NACA 55112. In the increases in velocity to the rotor, the NACA 

9610 and NACA 0012 outperformed the two other identified aerofoils. However, NACA 

9610 exhibited the lowest tip speed ratios. All four aerofoils had very similar power 

coefficients. NACA 25112 and NACA 55112 had the higher turbine disk loadings than 

NACA 9610 and NACA 0012. All four aerofoils also resulted in the lowest pressure drops 

across the rotor in each of their respective DAWT’s. Augmentation ratios and the 

evaluation of output powers are dependent on the balance of these parameters and therefor 

provide a better, uniform comparison of performance. Table 5.4 provides a summary of the 

calculated performance parameters for each case in this study. In spite of a slightly higher 

peak velocity at the rotor for the GOE 789, the larger pressure drop achieved by the FX69 

PR281 resulted in a higher turbine disk loading which then resulted in a higher power 

output. The optimum turbine disk loading, CD,opti depends on the pressure recovery 

coefficient and is typically used when it has been assumed independent and fixed in the 

design stage of the DAWT.  

Table 5.4 Summary of performance parameters evaluated for each case in S3 

Performance 

Parameters 

FX69 

PR281 

GOE 

789 

NACA 

0012 

NACA 

6412 

NACA 

9610 

NACA 

25112 

NACA 

55112 
S4180 

CD (25) 1.09 1.04 1.12 1.15 1.15 1.55 1.49 1.11 

Cpr (26) 0.66 0.60 0.68 0.65 0.13 0.74 0.64 0.66 

Cpe (27) -0.33 -0.34 -0.11 -0.36 -0.61 -0.20 -0.31 -0.25 

P (30) 102.4W 98.6W 72.3W 89.9W 67.2W 60.6W 73.1W 81.5W 

r  (33) 1.71 1.59 1.35 1.74 1.42 1.65 1.62 1.55 

Cp (11) 0.33 0.32 0.23 0.28 0.22 0.20 0.24 0.26 

η (34) 0.94 0.89 1.91 1.08 0.19 1.58 0.92 1.28 

λ  1.13 1.19 1.20 1.16 0.41 0.90 0.94 1.14 

CD,opti  0.68 0.80 0.64 0.70 1.75 0.53 0.72 0.68 

r  (32) 1.65 1.58 1.28 1.62 1.38 1.40 1.50 1.49 

r max  (29) 4.63 4.47 2.71 3.72 2.40 1.77 2.39 3.29 
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For all cases the pressure recovery was similar with the exception of NACA 9610, which 

had the lowest Cpr. Again, with the exception of NACA 9610, the actual turbine disk 

loading was higher than the optimum. CD,opti is used to predict the bare rotors ability to 

generate power. The higher turbine disk loadings achieved based on the actual 

measurements of velocity and pressure showed that more power was achievable than 

predicted for each DAWT. To explore this further, three types of augmentation ratios were 

computed. Taken from Chapter 2, Section 2.2.4, the equations for the augmentation ratios 

were based on the knowledge of the optimum disk loading coefficient (33), the working 

disk loading, Betz limit and pressure coefficients (32) and the ratio of the ambient and 

maximum rotor velocities (29). For diffuser efficiency, NACA 0012, NACA 6412, NACA 

25112 and S4180 exceeded one which meant that the actual pressure recoveries computed 

were higher than the ideal expected for each diffuser. This was because of the less negative 

diffuser exit pressures. The FX69 PR281 was closest to its ideal diffuser efficiency.  

 

Figure 5.21 provides a visual comparison of the augmentation ratios and diffuser 

efficiencies computed for each case. The augmentation ratios based on the ratio of wind 

speeds was much larger than the augmentation ratio considering Cpe and Cpr. Essentially 

the ratio of velocities describes an ideal augmentation ratio whereas including the pressure 

coefficients includes the actual air flow conditions and distribution within each DAWT 

contributing to a more realistic representation of performance. The augmentation ratios 

using equation (33) did not include turbine disk loading. However, the results were in close 

agreement with augmentation ratios using equation (32). Including the computed disk 

loading coefficient only slightly increased the augmentation ratios based on the pressure 

recovery and exit pressure coefficients. NACA 25112 achieved augmentation ratios close 

to the ideal based on the velocity ratios. Taking into account all the results from this study 

and the final augmentation ratios, the FX69 PR281 was subsequently chosen as the best 

DAWT from this study. It should be noted here that although the purpose of this study was 

to identify the best results, all DAWT’s were able to augment power with the GOE 789 

close in its performance results to the FX69 PR281. The FX69 PR281 was the aerofoil in 

this study with the largest chord thickness. This would have practical implications later in 

experimental testing for manufacture. Using this opportunity, in order to address these 

practicality issues, the FX69 PR281 was chosen. The results from this study were then 

tested for a range of area and length-to-diameter ratios to identify the optimum 

configuration for the FX69 PR281.  



190 

 

Figure 5.21 Comparison of the different augmentation ratios computed for each aerofoil case in 

S3 

5.5 S4 – Area Ratio and Length-to-Diameter Ratio Studies 

5.5.1 Velocity Distributions 

A diffuser is used to increase ambient wind speeds experienced at the rotor of a wind 

turbine. Figure 5.22 shows the velocity contours for each case in S4. The associated alpha-

numeric labelling for each DAWT is a short-hand representation of each area ratio (At/Ae) 

and length-to-diameter (L/D) ratio combination as detailed in Chapter 3, Section 3.3.4, and 

Table 3.2. To recap, ‘A’, ‘B’ and ‘C’ represent At/Ae 0.25, 0.5 and 0.75 respectively and 

‘1’, ‘2’, ‘3’, ‘4’ and ‘5’ represent L/D 0.5, 1, 1.5, 2 and 2.5 respectively.  

Increasing the diffuser length-to-diameter and area ratios increase wind speeds to the rotor. 

For decreasing L/D and At/Ae ratios the increased wind speeds incurred at the rotors 

extended the entire length of each diffuser. For increasing At/Ae ratios, wind speeds 

recovered well with considerable improvement for increasing L/D ratios. Based on a visual 

reading of the contours using the legend provided, in all cases wind speeds increased from 

about 5m/s at the inlet. For increasing L/D ratios, the maximum velocities seen in the 

regions behind the rotor ranged from about 12m/s to 20m/s. Considering the ambient inlet 

speed was set at 9.1m/s for each case, the increases in velocity achieved show that each 

diffuser configuration was able to encourage an acceleration of air mass flow to the rotor.  
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Figure 5.22 Velocity results contours for each case in S4 

Through Figure 5.22 from the A1 to C5 models, it is clear that of the two diffuser design 

ratios, the length-to-diameter ratio has a greater influence on the increase in wind speeds to 

the rotor than the area ratio. In continuing to move through the cases in this way, a number 

of additional observations were made. For increasing At/Ae ratios, the minimum velocities 

incurred in the wake of the rotors in each case increased in magnitude. The extent of the 

lower velocity regions reduced with increasing At/Ae until the C5 model where this region 

almost disappeared. This particular result would in theory lean to the appropriateness of the 

C5 use in a wind farm configuration since its inlet and outlet velocities were equal and the 

maximum velocity achieved was close to 18m/s. From the C1 to C5 models, the rotor 

placement shifted towards the outlet of the diffuser where the smallest diffuser throat 

diameter occurred. This reason alone would have been responsible for the decreasing low 

velocity region in the wake of the rotor. For At/Ae 0.25 and 0.5, the rotor placement did not 

change much from its position near the inlet of the diffuser.  

The low velocity region in the wake behind the rotor was more distributed along the diffuser 

outlet for the smaller At/Ae. A smaller At/Ae encourages more rapid expansion of air flow 
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through the diffuser. This would cause detachment of higher velocity flow along the 

diffuser inner wall as is evident for models A1, A2 and A3. But this improves with 

increasing L/D ratios, see A4 and A5. Pressure contours typically highlight the generation 

of lift. Nonetheless, moving across the models from A1 to C5, the velocity gradient 

generated around the inlets of each DAWT grew in size both in magnitude and spread.  

To further understand air flow direction and the density of relative velocities through each 

case, Figure 5.23 provides velocity vector contours. The divergence in velocity streamlines 

can now easily be seen for lower L/D ratios in models A1, A2, A3, B1, B2 and C1. The 

vectors in Figure 5.23 essentially represent the local average wind speed. The density of 

these vectors gives an indication of the air mass flow through each case. For increasing L/D 

ratios the air mass flow considerably increases. To add to this observation, it is interesting 

that at higher L/D and At/Ae ratios, velocity vectors external to the diffuser decrease in 

density. For larger diffusers, the internal flow environments are further separate from 

external surroundings. Coupling this with the placement of the rotors further inside the 

diffuser, the rotors are less exposed unlike in the A1, A2, B2, B2, C1 and C2 models. 

 

Figure 5.23 Velocity vector contour results for each case in S4 
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Figure 5.24 A cross-sectional view taken at the throat of the diffuser of the distribution of 

velocity at the rotor for the A5 model in S4 

In Figure 5.22 and Figure 5.23 and indeed in all of the results contours provided in this 

research, a cross-sectional view has always been provided showing the progression of air 

flow through each case between inlets and outlets.  Figure 5.24 is a cross-sectional view of 

the velocity distribution across the rotor swept area and diffuser throat area for the A5 

model in this study. The purpose in showing this view was to provide a second perspective 

on the equal distribution of air flow through each case. In spite of the steady state nature of 

these studies in this research, observing the wind speeds generated at the blades in Figure 

5.24 provides a glimpse of the operation of the benchmark bare wind turbine. The velocity 

difference either side of the longer edge of each blade provides the ‘push’ required for 

rotation. Further, this velocity difference represents the absolute minimum and maximum 

velocities generated at the rotor due to diffuser action.  For a bare wind turbine rotor, often 

an uneven distribution of velocity along the blade length from root to tip causes blade 

loadings and fatigue which causes problems in generating starting torque. Seen in Figure 

5.24, the extent of both the minimum and maximum velocities either side of each blade of 

the benchmark bare wind turbine are evenly distributed along each blade length from root 

to tip. This is an advantageous result. In theory, this means that the diffuser succeeds in 

controlling and directing air flow so that the power generating potential of the rotor is 

improved without comprising on its physical restraints. However, at this point it is worth 

bearing in thought that this result shown is representative of all steady state simulated 

results. Regardless of the change in the area and length-to-diameter ratio, the distribution 

of air flow at the diffuser throat area was uniform and symmetrical. Another note to 

consider is that this result is for a DAWT in free-stream parallel and facing oncoming wind.  
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5.5.2 Pressure Distribution 

Figure 5.25 provides the pressure contour results for each case in this study. In all cases, 

the drop in pressure either side of the rotor in the direction of flow was achieved signifying 

energy extraction at the rotor. Following the trends in Figure 5.22 and Figure 5.23, the 

increase in the area and length-to-diameter ratios increases the pressure drop either side of 

the rotor in the direction of flow. Figure 5.25 provides a more distinct comparison of the 

generated results than the velocity contours showed. Due to this, the effect of increasing 

the area ratio can be more clearly observed in that, increasing the area ratio improved the 

pressure drop at the rotor for each length-to-diameter ratio. In line with the trends of results 

from Figure 5.22 and Figure 5.23, increasing the length-to-diameter ratio improved the 

pressure drop at the rotor better than increasing the area ratio. Refining this latter 

observation, for decreasing area ratios the pressure drop at the rotor increased for increasing 

length-to-diameter ratios in larger increments as is the case for the models A1 to A5. From 

a visual reading of the contours using the legend provided in Figure 5.25, the minimum 

pressure achieved behind the rotor was -180Pa in the A5, B3, B4, B5, C4 and C5 models. 

However, the maximum pressures generated in front of the rotor ranged between 20Pa and 

40Pa.  

The A5 model was the only model in the At/Ae 0.25 series to exhibit the best gradual return 

to atmospheric pressure at the diffuser exit. This model also maintained sub-atmospheric 

pressures in the wake of the rotor and the extent of the diffuser until its exit. Contrasting 

this to the B5 and C5 cases, the A5 model exhibited the most controlled pressure 

characteristics. The minimum pressures generated behind the rotor in this model were also 

distributed over a larger area than all the other models. In the At/Ae 0.25 cases, the A5 model 

was the only DAWT to exhibit the best pressure recovery. The A1 to A4 models, B1, B2 

and C1 models exhibited sub-atmospheric pressure at their exits and this was for a 

considerable distance. These models exhibited the lowest pressure recovery. All other 

models in study achieved pressure recovery at their respective diffuser exits.  In terms of 

lift generated in line with the trends observed in Figure 5.22 and Figure 5.23, increasing 

the area and length-to-diameter ratio for the FX69 PR281 increases its actual aerofoil 

thickness and this encourages a larger pressure differential generated around the leading 

edge of the diffuser inlets. In fact increasing the area ratio encouraged greater lift generation 

at each length-to-diameter ratio. 
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Figure 5.25 Pressure contour results for each case in S4 

More specifically, this can be seen for the models A5, B5 and C5 where the C5 model 

exhibited the best lift generation. From the results in this study so far, the length-to-

diameter ratio typically influences velocity and pressure gradients more than the area ratio. 

While this is not the case for lift generation, in each case lift was generated over the external 

surface of each DAWT causing higher pressures over the external surfaces of the diffusers 

towards their exits. Increasing the area ratio essentially changes the angle of attack for each 

diffuser in terms of its aerofoil cross-sectional profile (taken in any plane irrespective of 

the oncoming wind direction as this is parallel and opposite to each DAWT inlet). Thus lift 

generated was higher for increasing area ratios as the angle of attack increased. However 

seen for the A5, B5 and C5 models, the larger pressure generated at the diffuser inlets were 

very similar with these larger pressures distributed across the inlet for increasing area ratios. 

The position of the rotor in the C5 model may have contributed to its poorer maintenance 

of sub-atmospheric pressure in the wake of the rotor toward the diffuser exit. 
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5.5.3 Turbulent Kinetic Energy Distribution 

Figure 5.26 provides contours for turbulent kinetic energy for each case in S4. On initial 

observation, At/Ae 0.75 exhibited the lowest and most concentrated levels of turbulence 

across all length-to-diameter ratios. The magnitude of turbulent kinetic energy refers to the 

energy per unit mass of air. It is interesting that the B1 and B3 models exhibited some of 

the highest turbulence values behind the rotor at around 1.7J/Kg. This essentially means 

that the turbulence produced here was 1.7 times that of the A5 model for example. 

Following this result the A3, A4 and B4 models also showed higher magnitudes of turbulent 

kinetic energy. But in all of these models, this turbulence extended far beyond the diffuser 

exits and expanded according to the diffusers exit width. The presence of turbulence in 

flows such as this usually indicates eddies and reduced laminar flow. For DAWT’s laminar 

flow ensures the uniform distribution of wind velocities in the direction of flow through the 

diffuser from inlet to outlet. For increasing length-to-diameter ratios, the magnitude and 

expansion of turbulence through the diffuser is reduced and controlled. 

Figure 5.26 Turbulent Kinetic Energy contour results for each case in S4 
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For smaller length-to-diameter ratios, the rapid expansion of air flow meant that relatively 

high levels of turbulence were generated due to a detachment of flow from the diffuser 

inner walls. For At/Ae 0.25, turbulence increased until the A4 model following which air 

flow suddenly transitioned to laminar flow for the A5 model. For smaller area ratios, 

increasing the length-to-diameter ratio does increase unstable turbulence to a critical point 

at which flow will become laminar (Igra, 1981). This was the case for the At/Ae 0.25 models 

where at L/D = 2.5, flow through the DAWT model transitioned to laminar. 

5.5.4 Assigning Data Lines 

Figure 5.27 shows the data lines that were assigned to each case in this study. Line 1 and 

Line 2 were defined between the inlet and outlet of each case enclosure length, EL. The 

enclosure dimensions for each case in this study varied according to the maximum DAWT 

cross-sectional area and the set blockage ratio (see Chapter 3 Section 3.7.1). For smaller 

area ratios this was the diffuser exit area. For increasing length-to-diameter ratios, the 

maximum DAWT cross-sectional area considered the actual maximum thickness of the 

diffuser such as in the B3 to B5 and C1 to C5 models. Since the enclosure lengths differed, 

a normalised enclosure length was used, El,norm and a total number of 20 discrete data points 

were taken for the measurements of velocity and pressure. Maintaining the approach used 

in S3, Line 1 and Line2 were taken at distances of ±0.25m from the nacelle centre line as 

seen in Figure 5.27b). The choice of two data lines was to achieve a representative average 

of the velocity and pressure profiles across the DAWT in each case in the direction of flow. 

The average of the two data lines produced measurements that were within close agreement 

of ±5%.  

 

Figure 5.27 Data Line 1 and Line 2 assigned to the enclosure length through each aerofoil case in 

S4 
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 5.5.5 Evaluation of Performance 

For practical purposes a diffuser with larger At/Ae ratios and smaller L/D ratios would allow 

smaller dimensions while achieving augmented power. However, an observation of the 

fluid flow characteristics as seen in Figure 5.22, Figure 5.23, Figure 5.25 and Figure 5.26 

show otherwise. Improvements in maximum velocities generated the drop in pressure at 

the rotor and the laminar quality of flow through the diffuser takes place with increasing 

L/D ratios and decreasing At/Ae ratios.  

In order to now quantify and evaluate the performance for each case in this study, velocity 

and pressure profiles were taken using the data lines identified in Figure 5.27. Figure 5.28 

and Figure 5.29 provide the velocity and pressure profiles for each case respectively for 

increasing length-to-diameter ratios for each area ratio. The rotor positions were between 

9 ≤ El,norm ≤ 10 for At/Ae 0.25, 9 ≤ El,norm ≤ 10 for At/Ae 0.5 and at El,norm = 10 for At/Ae 0.75 

based on the actual position of the rotor within the diffuser in each case. The drop in 

pressure across the rotor in the direction of flow was based on the minimum and maximum 

pressures achieved, usually between 8 ≤ El,norm ≤ 11. The peak velocities computed across 

all cases were higher for decreasing At/Ae ratios. The same can be said for the pressure drop 

across the rotor. The At/Ae 0.75 cases achieved the best velocity recovery followed by the 

At/Ae 0.5 cases with increasing length-to-diameter ratios improving this further. Among the 

At/Ae 0.25 cases, this result was achieve only by the L/D 2.5. It is interesting that the peak 

velocities for At/Ae 0.5 and At/Ae 0.75 was achieved at L/D 2. Due to the laminar flow 

achieved in the At/Ae 0.75 cases, the trends for velocities were in close agreement. The A1 

to A4 models showed considerable unstable turbulence in comparison to the A5 model. 

This is reflected in Figure 5.28a).  

From the set inlet wind speed of 9.1m/s in ambient conditions, the approaching velocities 

to the each diffuser inlet decreased for increasing length-to-diameter ratios seen for El,norm 

≤ 8. In other words, the inlet velocities were smaller at larger length-to-diameter ratios. The 

increase in wind speeds was then higher for larger length-to-diameter ratios indicating that 

for increasing length-to-diameter ratios wind speeds were increasingly accelerated. To 

understand the change in wind speeds from ambient and the pressure drop across the rotor 

in the direction of flow for each case, Table 5.5 provides a summary of measurements. The 

models that exhibited the best increases in velocity and pressure drops have been 

highlighted. 
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Figure 5.28 Velocity profile results taken using an average of data Line 1 and Line 2 for each 

case in S4 where A, B and C represent At/Ae 0.25, 0.5 and 0.75 respectively 
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Figure 5.29 Pressure profile results taken using an average of data Line 1 and Line 2 for each 

case in S4 where A, B and C represent At/Ae 0.25, 0.5 and 0.75 respectively 



201 

In Figure 5.29, the pressure drop from positive to sub-atmospheric gauge pressures 

typically took place between 8 ≤ El,norm ≤ 10. The biggest pressure drops occurred at larger 

length-to-diameter ratios for all area ratios and more specifically the L/D 2 and L/D 2.5 

cases for each area ratio were in close agreement. Observing the trends in all cases at El,norm 

= 12 provides a view on pressure recovery. This improved with increasing area ratios with 

At/Ae 0.75 trends showing the most closeness. The peak pressures generated usually 

increased with increasing length-to-diameter ratios and this can be attributed to the increase 

in lift generation as seen in Figure 5.25. However among the At/Ae 0.25 cases at L/D 2.5, 

the peak pressure was the lowest. This can be explained by referring to Figure 5.25 for the 

A5 model for the pressure contour in front of the rotor. Compared to all cases, this model 

exhibited the lowest pressure in front of the rotor. The At/Ae 0.25 L/D 2.5 then generated 

the most negative minimum pressure compared to all the other cases in this study.  Seen in 

Table 5.5, the B5 model had the largest pressure drop because it had the highest peak 

pressure before the rotor.  

Table 5.5 Summary of the quantified changes in velocity and pressure drop computed across the 

rotor in the direction of flow for each case in S4 

Model Name (In 

terms of At/Ae and 

L/D) 

Max velocity at the 

rotor Vrotor,max (m/s) 

Change in wind 

speeds from 

ambient % 

Max pressure drop 

across the rotor in the 

direction of air flow (P1 

– P2) 

A1 8.34 m/s -8.35 -55.4Pa 

A2 7.92 m/s -12.9 -52.1Pa 

A3 10.8 m/s +18.7 -63.2Pa 

A4 14.6 m/s +60.4 -96.9Pa 

A5 17.8 m/s +95.6 -113.4Pa 

B1 10.8 m/s +18.7 -71.1Pa 

B2 10.6 m/s +16.5 -93.5Pa 

B3 12.4 m/s +36.3 -87.4Pa 

B4 14.6 m/s +60.4 -112.2Pa 

B5 11.6m/s +27.5 -121.3Pa 

C1 12.7 m/s +39.6 -68.9Pa 

C2 11.8 m/s +29.7 -96.8Pa 

C3 10.6 m/s +16.5 -101.8Pa 

C4 13.3m/s +46.2 -106.9Pa 

C5 11.7 m/s +28.6 -115.3Pa 
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Figure 5.30 The computed tip speed ratio versus the power coefficient for each case in S4 where 

A, B and C represent At/Ae 0.25, 0.5 and 0.75 respectively 

The measurements taken and summarised as in Table 5.5 were used in the evaluation of 

performance parameters and subsequently in the evaluation of augmentation. Figure 5.30 

provides a comparison between computed tip speed ratio and the power coefficient for 

increasing length-to-diameter ratios because both parameters are velocity dependent. The 

results in this study were presented in terms of the change in length-to-diameter ratio at 

different area ratios because it was deemed that the former diffuser design ratio consistently 

exhibited greater influence on the fluid characteristics when transitioning through each 

case. From Figure 5.30, in general the higher the tip speed ratio the larger the higher the 

power coefficient for increasing length-to-diameter ratios with the exception of At/Ae 0.5 

where the peak velocities achieved at the rotor were similar. See Section 5.2.4 for an 

explanation of the calculation of the tip speed ratio. Power coefficients were computed 

between 0.15 ≤ Cp ≤ 0.4. 
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Figure 5.31 The turbine disk loading coefficient versus the pressure recovery coefficient for each 

case in S4 where A, B and C represent At/Ae 0.25, 0.5 and 0.75 respectively 

Figure 5.31 provides a comparison of the computed disk lading in each case versus the 

pressure recovery coefficient.  The largest range in turbine disk loadings was between 0.5 

≤ CD ≤ 1.6 for At/Ae 0.25. This can be explained by referring back to Table 5.5. The turbine 

disk loading depends on the pressure drop across the rotor and the computed peak 

velocities. For At/Ae 0.5 and 0.75 the computed peak velocities did not vary as much as for 

At/Ae 0.25. In all area ratios, the pressure drops increased similarly for increasing length-

to-diameter ratios. The pressure recovery coefficients were generally higher at increasing 

length-to-diameter ratios. Looking more closely and the L/D 2.5 and 2.5 cases in each area 

ratio were always in close agreement in terms of turbine disk loading and pressure recovery. 

The separation of L/D 2 and 2.5 from L/D 0.5, 1 and 1.5 did decrease with increasing area 

ratio.  
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The pressure recovery range was lower in magnitude for At/Ae 0.25 between 0.02 ≤ Cpr ≤ 

0.4 and higher for At/Ae 0.5 between 0.35 ≤ Cpr ≤ 0.75. Pressure recovery was more 

centralised for At/Ae 0.75 between 0.25 ≤ Cpr ≤ 0.45. This can be explained by referring 

back to Figure 5.25 and Figure 5.29. Pressure recovery quantifies how much of the diffuser 

exit pressure is close to ambient and surrounding pressures. For increasing area ratios this 

was better achieved. For the lower magnitude range in At/Ae 0.25 this can be explained by 

looking at the pressure contours in Figure 5.25, where the diffuser exit pressures were the 

lowest and with the exception of the A5 model extended beyond the diffuser exit. In fact, 

the most negative pressures achieved for the A1 to A3 models were beyond the diffuser 

exit. At lower area ratios, there is rapid expansion of air flow through the diffuser and this 

is further increased at smaller length-to-diameter ratios. For At/Ae 0.5 the magnitude range 

of for pressure recovery was higher because the actual pressures generated with each model 

were higher than their counterpart in At/Ae 0.25. And so at At/Ae 0.75, there was less rapid 

expansion of air flow through each diffuser therefor resulting in low variation of computed 

pressures between each length-to-diameter ratio in its series.  

The pressure recovery coefficient is a valuable indicator of the effectiveness of a diffuser 

in restoring atmospheric pressures near and beyond the diffuser exit. For this reason, 

diffuser efficiency is calculated based on the pressure recovery coefficients. A further 

relationship is sought between the exit pressure coefficient and the turbine disk loading as 

seen in Figure 5.31. The exit pressure coefficient is dependent on the ambient wind speed 

which was the set inlet wind speed for each case in this study at 9.1m/s. It is also dependent 

on the diffuser exit (or ‘outlet’) pressure and the ambient far downstream pressure beyond 

the diffuser exit (see Chapter 2, Section 2.2.4 for definition). The exit pressure coefficient 

is related to the augmentation ratio proportionally to the power of 1.5. For improved 

performance based on the augmentation ratio, the exit pressure coefficient should be as 

negative as possible (Igra, 1981). The purpose of showing this coefficient against the 

turbine disk loading is to identify whether the pressure differences generated across the 

rotor In the direction of flow (for CD) is proportional to the diffuser exit pressures (for Cpe).  

The exit pressure coefficients were more negative for smaller L/D’s as seen for At/Ae 0.25 

and 0.5 as supported by Figure 5.25. Noting that the pressure recovery coefficients for At/Ae 

0.5 were much higher than for At/Ae 0.25 or 0.75 and improved with increasing L/D’s, the 

exit pressure coefficients became less negative. 
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Figure 5.31 The turbine disk loading coefficient versus the exit pressure coefficient for each case 

in S4 where A, B and C represent At/Ae 0.25, 0.5 and 0.75 respectively 

For At/Ae 0.75 the exit pressure coefficients were generally more positive than for either 

At/Ae 0.25 or 0.5 due to the formation of higher pressure regions beyond the diffuser outlet. 

The At/Ae 0.25 cases exhibited the smallest range in exit pressure coefficients between -

0.6 ≤ Cpe ≤ -0.5 and in each case generated exit pressure that were lower than all cases in 

At/Ae 0.5 and At/Ae 0.5. In general, for increasing area ratios, the exit pressure became less 

negative with no clear indication of the influence of the length-to-diameter ratio on the exit 

pressure coefficient. In terms of the turbine disk loading, with the exception of At/Ae 0.25, 

it seems that for a given area ratio there exists a fixed corresponding range for the exit 

pressure coefficient and turbine disk loading. This implies that the generated pressures 

along a diffuser are more dependent on the area ratio in terms of the rapid expansion of air 

flow but that pressure recovery and the acceleration of wind speeds is more influenced by 

the length-to-diameter ratio.  
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Table 5.6, Table 5.7 and Table 5.8 each provide a quantitative summary of the performance 

parameters calculated in this study. The equations used have been referenced next to each 

performance parameter. Refer to Chapter 2, Section 2.2.4 for further details.  

For all area ratios, the increase in length-to-diameter ratios resulted in higher power outputs 

with the exception of the B5 model where power dropped after the B4 model see Table 5.6, 

Table 5.7 and Table 5.8. To provide a working context, at an ambient wind speed of 9.1m/s, 

the benchmark bare wind turbine (FM910-4) is expected to produce an output power of 

60W according to the manufacturer (see Chapter 4 Section 4.6.3 Figure 4.28). The power 

outputs determined in this study show that, in theory, all the cases expect the A1 and A2 

models are able to produce more power than expected at this given wind speed. This is not 

an indication of the augmentation ratio. The augmentation ratio calculates the potential 

increase in output power from a DAWT based on its fluid flow characteristics as a multiple 

of the output power from a bare wind turbine rotor with an equivalent swept area as the one 

used in the DAWT. The equations describing the performance parameters in Chapter 2 

Section 2.2.4 require measurements of velocity and pressure inside the diffuser at specified 

locations to describe the characteristic nature of the internal flow created within the diffuser 

that the wind turbine rotor experiences. The At/Ae 0.25 L/D 2.5 and the At/Ae 0.75 L/D 2.5 

exhibited the best outputs powers. In general, power coefficients increased with increasing 

length-to-diameter ratios in line with the relative increase in power outputs.  

Table 5.6 Summary of performance parameters evaluated for each model in the At/Ae 0.25 series 

in S4 

Performance 

Parameters 
A1 A2 A3 A4 A5 

CD (25) 1.28 1.56 0.89 0.85 0.58 

Cpr (26) 0.030 0.069 0.068 0.391 0.358 

Cpe (27) -0.566 -0.555 -0.591 -0.538 -0.511 

P (30) 54.6W 52.1W 63.2W 96.9W 113.4W 

r  (32) 1.25 1.29 1.22 1.55 1.34 

Cp (11) 0.176 0.168 0.204 0.312 0.365 

η (34) 0.032 0.074 0.072 0.417 0.382 

λ  0.810 0.759 0.850 0.933 1.486 

CD,opti  1.94 1.86 1.86 1.22 1.28 

rmax  (29) 1.66 1.41 2.49 4.83 7.43 

r  (33) 1.29 1.31 1.35 1.59 1.50 
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Table 5.7 Summary of performance parameters evaluated for each case in the At/Ae 0.5 series in 

S4 

Performance 

Parameters 
B1 B2 B3 B4 B5 

CD (25) 0.99 1.22 0.93 0.86 1.29 

Cpr (26) 0.352 0.624 0.502 0.529 0.732 

Cpe (27) -0.480 -0.393 -0.329 -0.313 -0.299 

P (30) 71.1W 84.5W 87.4W 112.2W 107.3W 

r  (32) 1.44 1.68 1.41 1.42 1.66 

Cp (11) 0.229 0.272 0.281 0.361 0.345 

η (34) 0.469 0.832 0.669 0.705 0.977 

λ  1.23 0.95 1.19 0.98 1.06 

CD,opti  1.29 0.75 0.99 0.94 0.54 

rmax (29) 2.79 3.28 3.95 5.99 4.56 

r  (33) 1.45 1.74 1.41 1.42 1.86 

Table 5.8 Summary of performance parameters evaluated for each case in the At/Ae 0.75 series in 

S4 

Performance 

Parameters 
C1 C2 C3 C4 C5 

CD (25) 0.68 0.81 1.09 0.87 0.70 

Cpr (26) 0.274 0.406 0.424 0.430 0.407 

Cpe (27) -0.331 -0.215 -0.368 -0.347 -0.371 

P (30) 66.7W 68.8W 75.8W 94.9W 119.3W 

r  (32) 1.06 1.09 1.37 1.33 1.29 

Cp (11) 0.215 0.221 0.244 0.306 0.384 

η (34) 0.627 0.927 0.969 0.984 0.930 

λ  0.984 0.959 0.244 1.36 1.46 

CD,opti  1.45 1.19 1.15 1.14 1.19 

rmax  (29) 3.08 2.96 2.95 4.63 7.27 

r  (33) 1.17 1.13 1.37 1.34 1.35 

For the pressure recovery coefficient, the exit pressure coefficient and the turbine disk 

loading coefficient, as per their respective definitions in each case if said coefficient is 

equal to 1 then the actual computed pressure difference at their respective locations is equal 

to the theoretical pressure difference based on the local velocity and the air density. At a 

given local wind speed, increasing the pressure drop across the rotor in the direction of flow 

will bring the turbine disk loading closer to its optimum. The optimum disk loading is 
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entirely based on and inversely proportional to the pressure recovery coefficient. This has 

been calculated and stated for each case in Table 5.6, Table 5.7 and Table 5.8. For the A1, 

A2 B2, B5 and C3 models the turbine disk loading exceeded 1. The B2 and B5 models 

actually exceeded their optimum disk loading. It is interesting that the models achieving 

the highest power outputs, the A5 and the C5 models had smaller turbine disk loadings 

with the former generating the lowest result out of all cases; a 70% drop from optimum. 

This is because for both of these models and indeed for all models that exhibited turbine 

disk loadings less than 1, the pressure drop at the rotor fell short of the predicted pressure 

drop and the pressure recovery was thus higher than it should have been. This further 

implies that in their current design state, these DAWT models did not achieve close to their 

maximum potential performance.    

When compared against the maximum (or ideal) augmentation ratio defined using equation 

(29), the augmentation ratios calculated using equations (32) and (33) can be compared to 

see their closeness. This can be seen in Figure 5.32. Equation (32) and (33) accounted for 

the exit pressure coefficient, pressure recovery coefficient and the turbine disk loading. The 

maximum augmentation ratio describes the maximum potential of a diffuser in multiplying 

output power from a bare wind turbine rotor with an equivalent swept area. It can be seen 

that with increasing length-to-diameter ratios, the maximum augmentation ratios increased 

further from the augmentations based on the coefficients. Augmentation ratios in all cases 

with and without the optimum disk loading were otherwise in good agreement.  

Diffuser efficiency is based on the pressure recovery coefficients. Observing Figure 5.32, 

the diffuser efficiency improved with increasing area ratio. However, At/Ae 0.25 resulted in 

much lower diffuser efficiencies. This is because the actual pressure recoveries computed 

for the At/Ae 0.25 cases were much smaller than their ideal pressure recovery based on the 

area ratio. However at smaller area ratios, achieving higher diffuser efficiency is difficult 

because of the rapid divergence of flow through these diffusers. Further, the augmentation 

ratio is inversely proportional to the pressure recovery coefficient. This means that a 

smaller pressure recovery coefficient will encourage a larger augmentation ratio. This is 

why the augmentation ratios were nonetheless similar for all models. At/Ae 0.5 cases 

exhibited the highest augmentation ratios and were closer to their estimated maximum 

potential. It is possible that the B5 model may have achieved the highest power output 

based on the trend in output power and augmentation ratios across the At/Ae 0.5 series. This 

could have been due to under-prediction of velocity and pressure at the rotor by the 
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numerical solver. Table 5.9 provides a quantified summary of the augmentation ratios 

computed for each case in this study. 

 

Figure 5.32 A representation of the augmentation ratios and diffuser efficiencies computed for 

each study in S4 where A, B and C represent At/Ae 0.25, 0.5 and 0.75 respectively 
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Table 5.9 Summary of augmentation ratios evaluated for each case in S4 

Model Name (In 

terms of At/Ae and 

L/D) 

r (32) rmax(29) r(33) 

A1 1.25 1.66 1.29 

A2 1.29 1.41 1.31 

A3 1.22 2.49 1.35 

A4 1.55 4.83 1.59 

A5 1.34 7.43 1.50 

B1 1.44 2.79 1.45 

B2 1.68 3.28 1.74 

B3 1.41 3.95 1.41 

B4 1.42 5.99 1.42 

B5 1.66 4.56 1.86 

C1 1.06 3.08 1.17 

C2 1.09 2.96 1.13 

C3 1.37 2.95 1.37 

C4 1.33 4.63 1.34 

C5 1.29 7.27 1.35 
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5.5 S5 – Atmospheric Boundary Layer Studies 

5.5.1 The Simulated Atmospheric Boundary Layer (ABL) 

The details for the set-up of this study can be found in Chapter 3 Section 3.7.5. In order to 

simulate different urban terrains, four values for the power law exponent (α) were chosen, 

see Table 3.13. In general, an increasing alpha value means that the urban terrain moves 

from the description of open spaces to a denser environment with many buildings. In this 

study, the building test section was based on the real dimensions of a section of the Heriot-

Watt University Campus Building in Dubai, UAE. The A5 model from S4 was used for 

testing in ABL studies. This model was chosen based on a balanced view of its performance 

identified from the results in S4. The aim in S5 was the test the Optimum DAWT in the 

built environment when roof-mounted to understand the relative performance in different 

representative urban contexts. The building test section was essentially subjected to four 

different urban environments that were characterised by the power law exponent. The 

reference height used in this study was 20m similar to the building test section height.  

For each alpha value two cases were tested: the benchmark bare wind turbine and the 

Optimum DAWT. Both were positioned in exactly the same place on the simulated roof-

top in each case and more importantly, the benchmark bare wind turbine maintained the 

same position and orientation in all cases. The reason for including a corresponding case 

using the benchmark bare wind turbine at each alpha value was to identify the difference 

between the generated wind conditions experienced compared to the Optimum DAWT. To 

observe this, Figure 5.33 provides the local velocity contours taken in each case in this 

study with the local velocity legends provided. The maximum velocities in each case have 

been summarized in Table 5.10. For increasing alpha values, the maximum computed 

velocities increase. 

Table 5.10 Summary of local maximum velocities for each case in S5 

Power law exponent  Max velocity, Vmax (m/s) 

With Diffuser Without Diffuser 

α0.142 7.90 m/s 6.50 m/s 

α0.22 7.70 m/s 7.50 m/s 

α0.30 8.70 m/s 8.70 m/s 

α0.40 10.5 m/s 10.5 m/s 
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The contours in Figure 5.33 show that with increasing altitude starting at ground level, the 

local air velocity increases steadily. If represented by arrows, this represents the formation 

of the ABL as seen in Figure 3.25 from Chapter 3 Section 3.3.5. The major observation 

from Figure 5.33 is that for increasing alpha values, the ABL is less influenced by the 

presence of the building test section from both cases with and without the optimum diffuser.  

The approaching air flow toward the building test section and in its wake followed similar 

trend in all cases. For increasing alpha values where the lowest velocities were generated, 

the boundary layer thickness at ground level increased in thickness. The local ambient and 

inlet wind speed was set at 5m/s for each case in this study.  

 

Figure 5.33 Local velocity results contours for each alpha case with and without the optimum 

diffuser in S5 

With increasing alpha values representing a denser urban environment, the maximum 

velocities achieved signify that wind speeds in the urban environment are accelerated 
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considerably. But these maximum wind speeds result in altitudes that are impractical, far 

beyond the reach of the DAWT. The resulting wind speeds closer at lower altitudes seem 

to be lower for increasing alpha values. In order to further compare each ABL, the velocity 

profiles generated had to be quantified. 

5.5.2 Assigning Data Lines 

In order to quantify the ABL profiles, the three strategic data lines were assigned to each 

case in post-processing of the numerical solver. Figure 5.34 summarised each data line 

according to its position and length in each case. The vertical data Line 1, Line 2 and Line 

3 extended the height of the domain in each case. This was 138.6m. Data line 2 and Line 3 

were positioned ±50m from the inlet and outlet respectively. The enclosure length was 

512.9m. Line 2 was used to generate the ABL profile in the approach to the building test 

section and Line 3 the far downstream ABL. Although Line 2 was positioned closer to the 

area of interest, the ABL was not expected to be close to the ABL profile generated using 

Line 3 because of the assumptions of homogeneity in this study. The position of data Line 

1 was defined in front of the Optimum DAWT and the benchmark bare wind turbine in 

each case at a distance of 120m from inlet. The purpose in defining Line 1 was to compare 

the local ABL profile in the area of interest in front of the building test section. All data 

lines were positioned down the centreline of the domain in each case in line with the 

centreline of the building test section where the Optimum DAWT and the benchmark bare 

wind turbine were positioned.  

Data Line 4 and Line 5 were defined for the purposes of use in the evaluation of 

performance of for each case with the optimum diffuser. In Figure 5.34, a view of the A5 

model has been provided as seen in Figure 5.27. The data lines assigned in this study were 

equal to and based on the data lines assigned in S4. Line 4 and Line 5 were defined for a 

length of 8.5m with 3.1m extended beyond the inlet and outlet of the DAWT. It was found 

from S3 and S4 that the approaching generated wind conditions at about 3m represented 

the transition from local ambient to DAWT inlet conditions quite well. Despite the different 

blockage ratio and enclosure dimensions in the ABL cases, air flow conditions inside the 

Optimum DAWT for each case were influenced by locally generated wind conditions 

similar to S3 and S4. 
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Figure 5.34 The data lines assigned to each case in S5. Data Line 1, Line 2 and Line 3 were used 

to generate velocity profiles depicting each ABL and Line 4 and Line 5 were used for extracting 

velocity and pressure measurements 

5.5.3 Velocity and Pressure Profiles for each ABL 

Figure 5.35 shows the generated ABL profile for each case in this study using data Line 2 

and Line 3 and according to their respective alpha value. EH represents the enclosure height 

used in each case which was the same at 138.6m. In this study, normalised distances were 

not used for the comparison of results as the enclosure dimensions were identical in each 

case. Vref refers to the ambient and enclosure inlet wind speed of 5m/s. The velocities 

generated at each increasing height were calculated against this reference speed to gain a 

normalised value represented by V/Vref. The building test section height is approximately 

23m. From Figure 5.35, the normalised speeds exceeded 1 at this height for both Line 2 

and Line 3. From ground level to 23m, at any given height normalised speeds from lowest 

to highest were for α0.40, α0.30, α0.22 and α0.142 respectively. Beyond 23m and to EH = 

138.6m, this pattern was reversed. In order of lowest to highest normalised speeds, it was 

α0.142, α0.22, α0.30 and α0.40. These observations are a reflection of the nature of the 

power law equation. 
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Figure 5.35 The generated ABL profiles for each case in S5 according to their respective alpha 

values and data lines: a) Line 2 and b) Line 3 

At each alpha value, the ABL profiles for the cases with and without the optimum diffuser 

were very close in agreement in Figure 5.35a) and Figure 5.35b) within ±3%. Comparing 

the combined profiles at each alpha value using Line 2 and Line and the results were again 

in close agreement within ±10%. The importance in maintaining this closeness in results 

was to ensure that the numerical model in each case was cable to compute the same ABL 

profile far upstream and downstream at each alpha value.  

Indeed in observing the profiles in Figure 5.35 it could be stipulated that for each alpha 

value, velocities greater than 5m/s were generated and so the Optimised DAWT could 

potentially be placed at any height above 23m in order to gain benefit from a greater 

availability of kinetic energy, i.e. higher wind speeds. This is however only practical for a 

small height gains. In theory, the DAWT’s supporting tower could be extended to any 

height to access higher wind speeds. The profiles generated in Figure 5.35 were based on a 

reference height of 20m. At this this reference height, based on the real wind data for Dubai 

(UAE) the average wind speed is 5m/s (Meteoblue, 2018). Since this study involved testing 

different ABL’s (i.e. the wind velocity profile in different urban terrains), the roughness 

factor was not included. A comparison of the effect of the changing velocity profiles on the 

roof-mounted DAWT was the focus. Hence the choice of a reference velocity based on real 

wind data and not its prediction based on the knowledge of the local roughness. In order 

for the Optimum DAWT to take advantage of wind speeds higher than V/Vref = 1, its tower 
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would need to be increased to a height that is practical. Considering a scenario where the 

Optimum DAWT has an optimum tower, raising the tower height will result in an 

availability of higher wind speeds. Furthermore, increasing the tower height would allow 

the Optimised DAWT to transition from building-integrated to free-stream conditions 

where at higher altitudes the ambient wind speeds are more likely to be parallel and 

opposite to the inlet of the DAWT. In this study the Optimum DAWT and the benchmark 

bare wind turbine were placed close to the leading edge of the building test section. The 

generation of the ABL profiles for each alpha value determined the transition in wind 

speeds along the front face of the building test section towards the inlet of the Optimum 

DAWT and benchmark bare wind turbine in each case. Line 1 was defined close to these 

inlets. Figure 5.36a) shows the ABL profiles generated using Line 1. Comparing the 

profiles within for EH ≤ 23m and V/Vref ≤ 1, the results are in close agreement and compared 

to Figure 5.35 show that, at a given height the local wind speeds were much smaller. The 

profiles below V/Vref  = 1 essentially shifted left between Figure 5.35 and Figure 5.36a). 

Figure 5.36b) provides a view of the pressure profile computed along the ABL for each 

alpha value using Line 1. It is interesting that for decreasing alpha values, the pressures 

computed along Line 1 were increasingly higher. In other words, for increasing alpha 

values, the computed pressures were consistently more negative along the enclosure height. 

At the reference height, pressures were equal. In all cases, the profiles computed for the 

Optimum DAWT and the benchmark bare wind turbine while in good agreement diverged 

slightly for EH ≤ 20m. 

 

Figure 5.36 The generated ABL profiles for each case in S5 according to their respective alpha 

values using Line 1: a) Velocity and b) Pressure 
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5.5.4 Defined Velocity Distribution 

In order to visualise and compare the wind speeds generated in the area surrounding the 

Optimised DAWT and benchmark bare wind turbine in each case, defined velocity contours 

were taken, see Figure 5.37. In free-stream conditions as in S3 and S4, the distribution of 

wind speeds at the rotor was uniform and mostly symmetrical. Observing Figure 5.37 and 

the distribution in wind speeds across the Optimised DAWT in each case was less 

symmetrical than free stream but far better distributed across the rotor swept area and in 

the rotor wake than for the cases without the diffuser. Wind speeds generated at the rotor 

were also higher for the cases with the diffuser and slightly higher than the reference wind 

speed in this study. The minimum and maximum wind speeds achieved at the rotor for the 

cases with the diffuser was between 4m/s and 7m/s with higher wind speeds above the rotor 

nose cone. Comparing this to the cases without the diffuser and the range in wind speed at 

the rotor was between 1m/s and 5m/s. This shows that the addition of the diffuser was able 

to improve and control wind conditions near the rotor. The wind speed magnitudes, 

direction and distribution around the benchmark bare wind turbine were very similar for all 

alpha values. Wind speeds increased along the front of the building face towards the leading 

edge and were directed towards the upper half of the rotor. The lack of uniformity in wind 

speeds across the rotor swept diameter can in practice cause increasing blade fatigue and 

loading on the nacelle at higher wind speeds. This is where yaw angle is taken into 

consideration.  

5.5.4.1 Addressing Yaw Angle 

Yaw angle refers to the flexibility of a wind turbine in adjusting to varying wind directions 

and distributions. Yaw angle is a considerable issue for large scale wind turbines with rotor 

swept diameters larger than 10m. In this research, yaw angle was not considered for a few 

reasons. Firstly in terms of physical attributes, the benchmark bare wind turbine featured 

in this research is small scale, lightweight, robust in terms of the nose cone to blade length 

ratio and has a rotating base to allow the turbine to match changing wind directions. This 

can cause the turbine to succumb to low starting torques as the rotor needs to face a 

particular wind direction for a period of time in order to generate realisable power outputs. 

However, during experimental testing, the FM910-4 was installed at a site where the 

prevailing wind direction fluctuated very little, stabilising power outputs. Another reason 

for not considering yaw angle is that by nature, a diffuser is deigned to capture and 

accelerate ambient wind speeds to the rotor of a wind turbine. Essentially this means that 

captured air flow from the external environment is controlled in terms of direction and 
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speed. Air flow is directed towards the rotor and distributed uniformly across its swept area. 

In terms of the evaluation of performance and fluid flow characteristics through the diffuser 

and around the rotor, yaw angle is not considered. The principle of the diffuser in 

optimising the performance of bare wind turbines in theory can be applied to any size rotor. 

For large rotor swept diameters, designing a diffuser may be a significant undertaking 

where the physical constraints of material weight and loading and size will limit potential 

augmentation. Further there may be no guarantee of uniform distribution of wind speeds 

across a large rotor swept area. But this could mean that for large scale rotors, the design 

of a conventional wind turbine would shift from yaw angle-dependence to material 

considerations. 

 

Figure 5.37 Defined velocity contour results for each case with and without the optimum diffuser 

at each alpha value in S5 
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5.5.5 Pressure Distribution 

Figure 5.38 provides the pressure contour results for each case in this study. On viewing 

the contours, it is evident that the pressures generated either side of the rotor in the direction 

of flow is much higher for the cases with the diffuser than without. In fact for the benchmark 

bare wind turbine, the pressures surrounding the rotor were very similar for all alpha values 

and were in the range of -17Pa to -15Pa. For the cases with the diffuser the minimum and 

maximum pressure computed were at the rotor and were between -25Pa and 15Pa. This 

shows that the available energy for extraction from the surrounding air was much higher 

for the cases with the diffuser.   

The pressure contours generated near the building leading edge were similar in all cases. 

Based on the position of the rotor on the building test section roof-top, the diffuser inlet 

was almost sitting at the leading edge. The advantage here is that the diffuser inlet is 

immediately exposed to the air flow over the leading edge of the building. In the cases with 

the diffuser, lift generated at the inlet was considerably higher for the upper surfaces of the 

diffuser. The lower part of the diffuser was too close to the building edge to allow external 

air flow along its underside.  

Compared to free stream, the near inlet pressures generated were not parallel and 

symmetrical. However, the contour results in Figure 5.38 show that the diffuser was 

successful in generating a pressure difference across the rotor that would accelerate air and 

encourage an increase in air mass flow to the rotor. A large pressure difference created 

across the rotor in the direction of flow causes the potential energy of the surrounding air 

particles to transfer to kinetic energy. This is how more energy becomes available for 

extraction. With a more kinetic energy available, the amount of air particles moving passed 

the rotor also increases per second. This refers to increased air mass flow. Though 

dependent on the changing wind speed magnitudes, the diffuser continually maintains a 

pressure difference.  

In terms of the sub-atmospheric pressure generated, all cases exhibited this. Cases with the 

diffuser exhibited a drop from atmospheric to sub-atmospheric pressure while for the cases 

without the diffuser, the rotor was subjected to only sub-atmospheric conditions. The 

available energy at the rotor in the cases without the diffuser was much lower that with the 

diffuser. In terms of pressure recovery, in the cases with the diffuser the external 

environment beyond the diffuser outlet was sub-atmospheric. Pressure recovery at the 

diffuser outlet was low. This is advantageous. From the results in S3 and S4, a smaller 
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pressure recovery and a more negative exit pressure coefficient results in an improved 

augmentation ratio. But the actual pressure recovery is dependent on the diffuser throat 

velocity, i.e. the peak velocity at the rotor. Considering the latter coefficient, from 

observation of the contours in Figure 5.38, the difference in pressure between the diffuser 

outlet and beyond the outlet however shows little difference.  

For the effects of the power law exponent, the higher pressures generated in front of the 

rotor for the cases with the diffuser were higher for decreasing alpha values. Conversely, 

the lower pressures generated behind the rotor in each case with the diffuser were more 

negative with increasing alpha values.  

 

Figure 5.38 Pressure contour results for each case with and without the optimum diffuser at each 

alpha value in S5 
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5.5.6 Turbulent Kinetic Energy Distribution 

In order to gain another perspective on the fluid flow characteristics, turbulent kinetic 

energy distribution has been shown in Figure 5.39. For decreasing alpha values, the 

magnitude of turbulent kinetic energy at the rotor with and without the diffuser increases. 

The α0.22 case without the diffuser exhibited the largest spread in turbulent kinetic energy 

at the rotor and it is wake. Without the diffuser, turbulent and unstable air flow was directed 

at a steep angle across the rotor in each case having been deflected by the building leading 

edge. Comparing this to the cases with the diffuser and the diverted air flow at the building 

edge was further directed to the inlet of the diffuser more successfully distributing air flow 

around the rotor.  

 

Figure 5.39 Turbulent kinetic energy contour results for each case with and without the optimum 

diffuser at each alpha value in S5 
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5.5.7 Evaluating Performance 

Velocity and pressure measurements were taken at discrete data points along the data Line 

4 and Line 5. A total of 50 data points were taken each equally spaced along the 8.5m data 

line length. An average of the measurements using both data lines was taken. This average 

is represented by, (Line4,5)ave, in Figure 5.40.  

 

Figure 5.40 Results profiles for each case in S5 using Line 4 and Line 5: a) Velocity and b) 

Pressure 

For each case in this study, the position of the rotor was close to (Line4,5)ave = 4m. For the 

cases with the diffuser, the velocities at the rotor were much higher than for the cases 
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without the diffuser. For increasing values of alpha, the peak velocities increased even 

further. However velocity recovery was very low in all cases, for the cases without the 

diffuser, the variation in computed velocities at each alpha value were close in agreement. 

These results show that a DAWT is more sensitive to the change in urban context defined 

by the different values of alpha than a bare wind turbine rotor. This is because of the 

aerodynamic nature of the diffuser. The pressure generated along the diffuser between the 

inlet and outlet internally and externally and the lift generated is sensitive to local air flow. 

This can be seen in Figure 5.40b). The results for pressure vary a little more for the cases 

without the diffuser. The pressure difference at the rotor at 3.25m ≤ (Line4,5)ave ≤ 3.75m 

is much higher for the case with the diffuser than without the diffuser. The pressure drop 

was highest for the α0.30 case with the diffuser due to a slight over-estimation in the 

maximum computed pressure. The remaining cases with the diffuser generated similar 

pressure drops across the rotor in the direction of flow. The pressure trends with the diffuser 

followed a similar trajectory as did the trends for the cases without the diffuser. Further 

noting here that the pressures computed in all cases near the star and end of (Line4,5)ave 

were close in agreement.    

Table 5.11 provides discrete data measurements for velocity and pressure computed in each 

case in this study. The maximum velocity achieved at the rotor was for the α0.40 case with 

the diffuser. In all cases with the diffuser, the wind speeds at the rotor were all higher than 

the reference speed but only slightly. The wind speeds achieved in the cases without the 

diffuser were in fact much lower than the reference speed with the drop even further for 

increasing values of alpha.  

Table 5.11 Summary of the peak velocities and pressure drops for each case in S5 

Power law 

exponent 

(represents each 

homogenous ABL) 

Max velocity at the 

rotor, Vrotor,max (m/s) 

Change in wind 

speeds from 

ambient % 

Max pressure drop 

across the rotor in the 

direction of air flow (P1 

– P2) 

With 

Diffuser 

Without 

Diffuser 

With 

Diffuser 

Without 

Diffuser 

With 

Diffuser 

Without 

Diffuser 

α0.142 5.13 m/s 1.41m/s +2.60 -71.8 -15.0Pa -0.64Pa 

α0.22 5.54 m/s 0.67m/s +10.8 -86.6 -16.1Pa -0.44Pa 

α0.30 5.62 m/s 0.94m/s +12.4 -81.2 -22.3Pa -0.73Pa 

α0.40 6.17 m/s 0.48m/s +23.4 -90.4 -19.7Pa -1.01Pa 
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Figure 5.41 Results for the computed performance parameters for each case with the Optimum 

diffuser in S5: a) turbine disk loading versus pressure recovery coefficients, b) turbine disk 

loading versus exit pressure coefficients and c) tip speed ratio versus the power coefficient 

The results from Table 5.10 were used in the evaluation of performance in this study. The 

performance analysis was performed on each case with the optimum diffuser.  Figure 5.41 

provides a comparison of the computed performance. The turbine disk loading was 1.2 for 

the α0.30 DAWT case exhibiting the highest turbine disk loading. The computed peak 

velocities in each case was similar, and referring back to Figure 5.40 the α0.30 case 

generated the highest pressure drop across the rotor. This explains why the turbine disk 

loading was highest for this case. Based on the similar pressure drops and peak velocities 

computed for the remaining alpha cases, the turbine disk loading was close to 0.80.  

Results for the pressure recovery ranged between 0.25 and 0.40. Comparing this to the 

results for the A5 model in S4 and these results are in good agreement. However, it is 
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interesting that the α0.142 and α0.30 cases had almost identical pressure recovery 

coefficients. This indicates that the amount of pressure regained at the diffuser outlet 

compared to the pressure behind the rotor in each case was almost same. This is irrespective 

of the actual pressure magnitudes. The same can be said for the α0.22 and α0.40 cases. 

Looking at the computed exit pressure coefficients in Figure 5.41b) the closeness in the 

results seen for pressure recovery now changes. Firstly, it is worth nothing here that the 

pressure coefficients are all positive. This is because the computed pressure beyond the 

diffuser outlet was lower than at the outlet. Referring back to Figure 5.38 and while this is 

not clearly visible in the contours, discrete measurements for pressure showed that the 

pressures beyond the diffuser outlet were more sub-atmospheric. In free-stream flow, air 

exits the diffuser outlet and dischargers to the local surroundings at the same altitude. In 

the built environment, this is not the case and the air flow beyond the diffuser discharges 

to the atmosphere at an elevated altitude which in this study was 23m.  Air flow directed 

over the building leading edge loses its kinetic energy quickly over the surface of the roof 

thereby causing the local pressure to decrease even further. This does not mean however, 

that the augmentation ratio is adversely affected and can now be assumed much lower than 

in free stream because of the computed exit pressure coefficients. When it was stipulated 

that a more negative exit pressure coefficients is beneficial, this is not actually referring to 

the negative and positive sign. This refers to smaller values of the coefficient. In this study, 

the α0.142 exhibited the lowest exit pressure coefficient. In the case of α0.22, the pressure 

recovery coefficient was quite high and so was the exit pressure coefficient. This indicates 

the computed pressure at the diffuser outlet was much higher than far downstream 

conditions beyond the outlet and much larger than expected at the outlet compared to the 

other cases. 

In general, the power coefficient increased with increasing values of alpha. However, the 

α0.22 and α0.30 cases exhibited the highest tip speed ratios. More notably, the α0.142 and 

α0.22 cases had very similar power coefficient but wide ranging different tip seed ratios. 

The tip speed ratio this study was more sensitive to the velocities generated inside the 

diffuser at the rotor. Since the distribution of wind speeds was less uniform across the rotor 

swept area in each case, the tip speed ratios computed here were an average of low and 

high velocities computed at the blade tip. The average computed peak velocity at the 

diffuser throat, at the rotor was however similar for all alpha value cases. This is why the 

power coefficients varied less than the tip speed ratios. Power coefficients ranged between 

0.28 and 0.45. Table 5.12 provides a summary of the computed parameters in this study 

along with the augmentation ratios computed. The associated equation references describe 
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the mathematical definition of each quantity and can be found in Chapter 2 Section 2.2.4. 

Compared to the results for A5 from S4, the power output and augmentation was much 

lower. But this is not a fair comparison, as the inlet ambient wind speed was set at 5m/s in 

this study was lower than for S4 which was set at 9.1m/s. To provide some perspective, 

based on the velocities computed for the cases without the diffuser, the power output 

computed using equation (30) were between 0.44W and 1.0W for α0.142 to α0.40and 

corresponding turbine disk loadings of 0.53 and 7.2. Further, at a wind speed of 5m/s, the 

FM910-4 is expected to achieve power output of 36W in free stream (see Figure 4.27). 

When roof-mounted, it is clear that the performance of a wind turbine rotor considerably 

decreases because the available wind speed decrease from free-stream and are poorly 

distributed across the rotor swept area. Using a diffuser, this is significantly improved, 

power outputs are closer to their optimum free stream predictions and air flow is better 

distributed across the rotor swept area. The fluid flow characteristics are less uniform and 

symmetrical for roof-mounted DAWT’s compared to free stream and this is reflected in the 

augmentation ratios computed for each case in this study. Figure 5.42 summarises the 

augmentation ratios and diffuser efficiencies. 

Table 5.12 Summary of performance parameters evaluated for each case in S5 

Performance 

Parameters 
α0.142 α0.22 α0.30 α0.40 

CD (25) 0.93 0.86 1.16 0.85 

Cpr (26) 0.272 0.389 0.264 0.374 

Cpe (27) -0.007 0.104 0.090 0.082 

P (30) 15.0 16.1 22.3 19.7 

r  (33) 0.768 0.704 0.657 0.721 

Cp (11) 0.292 0.313 0.433 0.383 

η (34) 0.289 0.415 0.282 0.399 

λ  2.06 2.16 2.18 2.11 

CD,opti  1.46 1.22 1.47 1.25 

r  (32) 0.74 0.69 0.65 0.70 

rmax  (29) 1.70 1.97 2.77 2.68 
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Figure 5.42 A representation of the augmentation ratios and diffuser efficiencies computed for 

each study in S5 

The cases in this study with the optimum diffuser were all geometrical identical. 

Nonetheless, increasing alpha values resulted in higher peak velocities at the rotor than the 

reference wind speed and the pressure differences computed across the diffuser in each case 

varied slightly. Nonetheless, the computed peak velocities were close in agreement for each 

alpha value. The augmentation ratios seen in Figure 5.42 are similar based on equation (32) 

and (33) for each alpha value. This reflects the nature of the A5 model in controlling and 

directing air flow form ambient to the rotor. The maximum augmentation ratio increased 

with increasing alpha value as in this case it was dependent on the computed peak velocity. 

Overall, the fluid flow pattern for a DAWT are not dependent on the increasing urban 

terrain and resultant, the augmentation and output power will be similar at a given wind 

speed for undisturbed approaching flow to a building as was the case in this study. The 

effect of a greater number of buildings in the urban environment may affect this result; 

however the scope of this study was to compare the effect of changing the ABL profile on 

the air flow through a diffuser from inlet to outlet. 
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5.6 Summary 

In this research, a number of numerical studies were performed detailing the development 

of the Optimum DAWT. The numerical methodology was first validated following this in 

S1 the benchmark performance gap was identified between free stream and building-

integrated DAWT’s at a specified wind speed and based on a design used in the reference 

study by Wang et al (2008). From the results of this study in S2, the relative effectiveness 

to the contribution of augmentation was tested for a concentrator and a diffuser verifying 

the diffusers enhanced capabilities in generating higher peak velocities at the rotor and a 

larger pressure drop across the rotor in the direction of flow. Two key studies were then 

performed in order to identify the optimum diffuser design. In S3, a series of eight aerofoil 

diffuser cross-sectional profiles were compared to see which had the best power 

augmentation capabilities. The FX69 PR281 aerofoil was identified as the aerofoil with the 

best augmentation capabilities. The increase in wind speed was from the inlet ambient 

9.1m/s to 17.8m/s for this aerofoil.  

Brining forward the results from S3, in S4 the two key diffuser design ratios that were 

identified from literature but had not been properly investigated previously were tested to 

identify their relative effect. It was found that the length-to-diameter ratio played a bigger 

role in improving peak velocities and the pressure drop across the rotor. The At/Ae 0.25 L/D 

2.5, At/Ae 0.5 LD 2.5, At/Ae 0.5 L/D 2 and At/Ae 0.75 L/D 2.5 models were identified with 

the best performance in terms of augmented power. The A5 model (At/Ae 0.25 L/D 2.5) was 

chosen as the Optimum DAWT based on a balanced observation of comparative 

performance and in S5, this DAWT was tested in four different urban contexts 

characterised by different Atmospheric Boundary Layer’s (ABL). The four ABL’s were 

defined in terms of the power law exponent (α) and it was found that for increasing values 

of alpha, the peak velocities achieved at the rotor increased. In each case, the roof-mounted 

Optimum DATW was compared against the roof-mounted benchmark bare wind turbine 

rotor for each ABL. The improvement in power output, velocity at the rotor was 

significantly higher with the addition of a diffuser. Furthermore, it was found that the 

change in the urban ABL did not alter the augmentation ratio computed for each case by 

much. This indicated that the performance of a DAWT is to a large extent independent of 

the urban ABL and would improve the performance of bare wind turbine rotors in the built 

environment significantly. All studies presented in Chapter 5 were performed in order to 

address the key research objectives outlined in Chapter 1 Section 1.4. 
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Chapter 6 Comparison between CFD Results and Experimental Results 

6.1 Introduction 

In this Chapter, three comparison studies have been presented. In Section 6.2, the results 

from the validation of the numerical methodology, S1, have been presented. This study was 

aimed at validating the numerical methodology against an existing similar study from 

literature by Wang et al (2008). Details for the numerical set-up for this study can be found 

in Chapter 3, starting Section 3.7.1. In Chapter 5 and Chapter 7, the numerical and 

experimental results from this research have been presented respectively. The primary 

element in this research is wind flow. Simulating wind flow requires careful consideration 

so as to accurately replicate real-life scenarios as much as possible. In order to validate the 

reality of simulations, results were compared against experimental data with an aim to 

observe and understand the difference between simulated reality and actual reality.  Section 

6.4 provides a comparison of the simulated and experimental results from this research 

against literature in order to comply with research objective 6 (see Chapter 1, Section 1.4). 

6.2 Results from S1 - Validation of CFD Methodology   

Figure 6.1 depicts the computational domains from the current study and the reference 

study. In the study by Wang et al (2008), the real wind tunnel domain from experiments 

was replicated in simulations. A choice was made in simulating only half of the wind tunnel 

domain due to its symmetry as seen in Figure 6.1a). Based on the dimensions of the trimmed 

rotor used in experiments, the length of the enclosure in simulations was 4.5 times the 

diameter of the rotor. The diameter of the enclosure was 3.6 times the diameter of the rotor. 

This led to a blockage ratio of 13.5%. Boundary conditions were applied to the domain and 

a uniform inlet velocity was set at 9.1m/s, see Chapter 3 Section 3.4 for details on the 

numerical methodology for this study.  

Results from wind tunnel experiments and simulations were compared with close 

agreements within 5%. The computed results from simulations were consistently lower 

than from experiments where the results for pressure were in particular over-predicted at 

the converging inlet in simulation. Velocity magnitude from both simulation and 

experiments were in good agreement. The results from the current study for the shroud case 

have been presented following which a comparison has been made between the results in 

the reference study. 
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a) 

 

b) 

 

Figure 6.1 Computational Domains a) Wang et al (2008) and b) Current Study 

Figure 6.2 provides the results contours for the shroud case in S1 for velocity and static 

pressure. Wind speeds increased through the shroud to a maximum at the rotor where power 

can be generated due to a maximised availability of (kinetic) energy. Air accelerated over 

the edges of the converging inlet to external flow due to high lift action. This led to an inlet 

velocity to the shroud lower than the set ambient 9.1m/s. This however was gradually 

recovered as wind speeds accelerated on approach to the rotor where speeds then exceeded 

9.1m/s. The approach to the rotor in this shroud is quite large. While the converging inlet 

was successful in producing lift, the transitions to a constant diameter test section caused 

the formation of a boundary layer up to the rotor and in its wake. This can be seen in Figure 

6.2a) and Figure 6.2b) for velocity. The reason for this can be seen in the pressure contours 

where a rapid pressure change occurred at the interface between the converging inlet and 

the cylindrical test section.  

In diffuser theory, it is important to consider the pressure changes between inlet and outlet 

(P0-P3) and before and after the rotor (P1-P2), refer to Chapter 2, Section 2.2.3. A pressure 
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drop indicates that energy has been extracted. A large pressure drop is good as it indicates 

greater availability of energy for power generation. Ideally, sub-atmospheric pressures 

behind the rotor and in its wake also have the effect of drawing through a greater mass flow 

of air across the rotor. A large pressure drop was achieved between the inlet and outlet of 

the shroud where the outlet pressure was sub-atmospheric. And, comparing contours before 

and after the rotor showed that pressure drop to sub-atmospheric was almost immediate.  

 

Figure 6.2 Results contours for velocity and pressure a) Top View and b) Side View 

In order to compute performance and compare profiles for velocity and pressure, key data 

lines were identified. Figure 6.3 summarises the data lines chosen for the shroud case in 
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S1. Line 2 extended the length of the enclosure and was the average of two data lines 

running above and below the nose cone of the rotor passing through half the radius of the 

swept area occupied by the rotor. This line was used for the evaluation of performance. 

Lines 3 and 4 were the vertical and horizontal lines in front of the rotor nose cone covering 

the diameter of the rotor. Both lines 3 and 4 were identified with the purpose of observing 

the symmetry in the distribution of both velocity and pressure. The results from Wang et al 

(2008) showed good distribution across the rotor and so this has to be verified.  

 

Figure 6.3 Data lines across the length of the enclosure and across the rotor from which velocity 

and pressure profiles were computed 

a) 
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b) 

 

Figure 6.4 Velocity profiles computed in the Shroud case in S1: a) Dt = 0.925m and b) EL = 10m 

In Figure 6.4a) and Figure 6.5a), Dt refers to the diameter at the throat shroud where the 

rotor was located, 0.925m and in Figure 6.4b) and Figure 6.5b) EL refers to the length of 

the enclosure, 10m for the shroud case. The maximum and minimum velocities across the 

rotor in Figure 6.4a) are 8.61m/s and 5.14m/s respectively. The blade tip speed ratio was 

thus 8.61m/s. The closeness in the agreement between data Line 3 and Line 4 velocities 

across Dt shows good agreement in the uniformity and distribution of computed velocity 

where the maximum %error difference between the maximum blade tip speeds was 6.7%. 

From Figure 6.4b), the maximum velocity achieved was just behind the rotor, at 5.5m along 

the enclosure distance, and was 13.8m/s. 

a) 
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b) 

 

Figure 6.5 Pressure profiles computed in the Shroud case in S1: a) Dt = 0.925m and b) EL = 10m 

Figure 6.5a) shows the horizontal and vertical pressure distribution across the rotor 

diameter. The maximum and minimum pressure recorded at the rotor was 44.3Pa and 

12.1Pa at the centre of the rotor and at the blade tip. The closeness in the results shown was 

less than in Figure 6.4a). The contours for pressure in Figure 6.2 further support this. This 

may have been due to an uneven formation and distribution in the boundary layer along the 

circumferential distance of the cylindrical test section. Figure 6.5b) shows that largest 

pressure drop place at the rotor, between 5.2m and 5.4m, this was 96.8Pa. This is further 

supported by the pressure contours in Figure 6.2. The pressure drop between the inlet and 

outlet of the shroud was 78.9Pa where the outlet pressure was -22.5Pa. The quantities 

assessed in the reference study by Wang et al (2008) for performance are stated in Table 

6.1 along with the results from the shroud case in S1 in order to identify the percentage 

error between the results of both studies. The quantities in Table 6.1 were calculated using 

the equation in Chapter 2, Section 2.2.4. 

Table 6.1 A comparative summary of performance results computed from post-processing for the 

current study and reference study 

 

 

 

 

Quantities Shroud Wang et al (2008) % Error 

Power Output, 𝑷 97.2W 71W -26.9 

Max. Augmentation Factor, 𝑟𝑚𝑎𝑥 2.46 2.2 -10.6 

Actual Power Coefficient, 𝐶𝑝 0.375 0.29 -22.7 

Increase in wind speeds 1.5 1.52 +1.3 



235 

In the study by Wang et al (2008), the output power from the rotor in the study (the Rutland 

WindCharger 913) was calculated by multiplying the developed torque and rotational speed 

from post-processing results. The rated output power for the Rutland WindCharger 913 was 

90W at an ambient (surrounding, external wind speed) 9.1m/s and its rotor diameter 0.91m. 

The speed achieved from experimentation was 71W at an ambient 9.1m/s. This resulted in 

a 26.9% error difference. This error is higher than expected and while it may be attributed 

in part to the methodology in the calculation of power, the results by Wang et al (2008) in 

Table 6.1 were produced by trimming the blades of the rotor of the Rutland WindCharger 

913 to reduce the diameter to 0.57m. Typically, the power output from a wind turbine is 

dependent on its swept area. Hence the resulting lower power output and power coefficient 

at the same ambient wind speed. The power coefficients reflecting the results of the power 

outputs achieved in both studies were found in the same way using the standard equation, 

equation 11 from Chapter 2, Section 2.2.2. The reduced rotor diameter was used in wind 

tunnel experimentation with the manufactured shroud. It was these results that were then 

replicated in a CFD numerical model using an inlet wind speed of 9.1m/s in order to verify 

both the results and the numerical methodology.  

 

In spite of the difference in dimensions, the shroud in the current study and reference study 

were in close agreement regarding the increase in wind speeds achieved at the rotor. The 

percentage errors stated in Table 6.1 are for the results from the reference study with respect 

to the results from the current study. The augmentation factors achieved between the two 

studies were not too far from each other and close to a 10% error difference.  

In order to further observe the difference in the results between the current study and the 

reference study, Figure 6.6 provides corresponding contour samples for velocity and 

pressure from both studies. The contours for velocity were quite similar with uncontrolled, 

low velocities over the external surface of the shroud with some turbulence. This essentially 

caused the formation of a recirculation zone. The graduation in changing wind velocities 

within the shroud from inlet to outlet were controlled in both studies with acceleration in 

velocities on approach to the rotor. The drop in velocity beyond the rotor combined with 

the external velocity over the outer surfaces of the shroud in same way in both contours. 

The velocity magnitudes that were computed in the reference study were in good agreement 

between simulation and experimental data. The contours from the reference study for 

velocity were described by Wang et al (2008) as showing significant wake effects 

downstream from the rotor with the lowest pressure observed at the location between the 

cylindrical test section and the diffuser section of the shroud. It was also observed that 
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velocities were higher in the region between the cylindrical test section and diffuser than at 

the inlet. The highest velocities were observed at the rotor. A recirculation zone was also 

observed in the wake of the rotor in the diffuser. The graduation in pressure change across 

the length of the shroud was slightly harder to observe in the contours from the reference 

study as seen in Figure 6.6b). However, the pressure drop either side of the rotor was clear 

in the contours from both studies signifying high energy zones for the extraction of power. 

 

Figure 6.6 Comparison of velocity and pressure contours, top views: a) Current Study and b) 

Wang et al (2008) 

 

An important contour result from Wang et al (2008) can be seen in Figure 6.7b). The 

streamlines in the wake of the shroud showed strong vortices were formed behind the rotor. 
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A vector contour for velocity was also taken for the current study as seen in Figure 6.67a). 

Streamline flow could be observed in both cases through the converging inlet on the 

approach to the rotor. It is now possible to better visualise the areas of recirculation in the 

wake and beyond the outlet in both cases.  

 

Figure 6.7 Comparison of velocity and pressure vector contours: a) Current Study and b) Wang 

et al (2008) 
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6.3 Wind Tunnel Validation Study 

The aim in conducting a wind tunnel validation study was to compare and verify the 

agreement in results between simulations and experiments. Two DAWT’s were chosen 

from S4: At/Ae 0.75 L/D 1.5 and At/Ae 0.25, L/D 1.5. Prototypes of the both of these 

DAWT’s were manufactured using 3D-prninting, see Figure 6.8. The dimensions for 

printing were defined in consistency with the 13.5% blockage ratio. The choice of the two 

DAWT models in this validation study can be found in Chapter 4, Section 4.5. 

 

Figure 6.8 The 3D DAWT Prototypes and their respective computational views a) A3 and b) C3 

Figure 6.9 shows the locations of each of the discrete data points in both the numerical 

model and the wind tunnel experiment. Each discrete data point location was identified 

with respect to the wind tunnel length, width and height as seen in Figure 6.9. The data 

lines as indicated were used to take velocity and pressure profiles in post-processing of the 

numerical models. The inlet wind speed was set at 9.1m/s in both the numerical model and 

the wind tunnel. 

  

Figure 6.9 Locations of the discrete data points chosen for this study a) Side view and b) Front 

view 



239 

Table 6.2 Discrete Measured Data from experimental testing for A3 and C3    

A3 - At/Ae 0.25 L/D 1.5 

Data 

Points 

Velocity, V (m/s) Ave. Pressure, P (Pa) Ave. 

1 2 3 1 2 3 

x1 6.98 6.43 6.59 6.67 77 74 71 74.0 

y1 10.37 10.25 10.34 10.32 68 67 66 67.0 

z1 6.35 6.91 6.89 6.72 80 75 72 75.6 

x2 2.81 3.16 3.47 3.15 29 30 29 29.3 

y2 3.98 3.90 4.04 3.97 52 53 52 52.3 

z2 2.95 3.90 3.20 3.35 42 41 48 43.6 

C3 - At/Ae 0.75 L/D 1.5 

Data 

Points 

Velocity, V (m/s) Ave. Pressure, P (Pa) Ave. 

1 2 3  1 2 3  

x1 6.98 6.80 6.68 6.82 36 37 35 36.0 

y1 6.93 6.53 6.44 6.63 63 64 65 64.0 

z1 6.50 6.45 6.63 6.53 41 43 40 41.3 

x2 3.06 3.41 3.29 3.25 20 26 25 23.6 

y2 4.15 3.82 3.01 3.66 20 23 22 21.6 

z2 4.37 4.56 5.50 4.81 12 14 15 13.6 

 

Table 6.3 Discrete Measured Data from the numerical models for A3 and C3    

A3 - At/Ae 0.25 L/D 1.5 

Data 

Points 

Velocity, V (m/s) Ave. Pressure, P (Pa) Ave. 

1 2 3 1 2 3 

x1 6.80 6.80 6.80 6.80 126.33 126.33 126.33 126.33 

y1 6.80 6.80 6.80 6.80 126.29 126.29 126.29 126.29 

z1 6.79 6.79 6.79 6.79 126.4 126.4 126.4 126.4 

x2 3.05 3.05 3.05 3.05 72.5 72.5 72.5 72.5 

y2 3.16 3.16 3.16 3.16 72.15 72.15 72.15 72.15 

z2 3.24 3.24 3.24 3.24 71.54 71.54 71.54 71.54 

C3 - At/Ae 0.75 L/D 1.5 

Data 

Points 

Velocity, V (m/s) Ave. Pressure, P (Pa) Ave. 

1 2 3 1 2 3 

x1 6.71 6.71 6.71 6.71 126.12 126.12 126.12 126.12 

y1 6.70 6.70 6.70 6.70 126.13 126.13 126.13 126.13 

z1 6.70 6.70 6.70 6.70 126.09 126.09 126.09 126.09 

x2 4.00 4.00 4.00 4.00 82.75 82.75 82.75 82.75 

y2 4.51 4.51 4.51 4.51 82.41 82.41 82.42 82.41 

z2 4.65 4.65 4.65 4.65 82.27 82.27 82.27 82.27 
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Table 6.2 and Table 6.3 detail the entirety of the measurements taken from both the 

numerical models and from experimental testing. The measurements for each of the six 

points (x1, y1, z1, x2, y2 and z2) were repeated a total of three times and an average was 

taken. Figure 6.10 and Figure 6.11 provide visual representations of the difference between 

the average of the data obtained from simulation and experimentation. Comparing the 

results seen in Figure 6.10 for velocity, a good agreement can be seen between all 

measurements with the exception of y1 in the case of A3 due to a small level non-uniformity 

in wind flow through the test section.  

a) A3 

 

b) C3 

 

Figure 6.10 Visual comparisons for velocity between experiment and simulation a) At/Ae 0.25, 

L/D 1.5 and b) At/Ae 0.75 L/D 1.5 
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Table 6.4 Evaluation of the % Error between discrete average data for absolute velocity - A3  

Model: 

A3 

Ave. Velocity, V (m/s) % Error 

Experimental 

Results 

CFD Simulated 

Results 

x1 6.67 6.80 +1.9 

y1 10.3 6.80 -33.9 

z1 6.72 6.79 +1.03 

x2 3.15 3.05 -3.2 

y2 3.97 3.16 -20.4 

z2 3.35 3.24 -3.3 

Table 6.5 Evaluation of the % Error between discrete average data for absolute velocity - C3 

Model: 

C3 

Ave. Velocity, V (m/s) % Error 

Experimental 

Results 

CFD Simulated 

Results 

x1 6.82 6.71 -1.6 

y1 6.63 6.70 +1.0 

z1 6.52 6.70 +2.7 

x2 3.25 4.00 +18.8 

y2 3.66 4.51 +18.8 

z2 4.81 4.65 -3.3 

The average data for velocity was compared between experiment and simulation where the 

percentage error was calculated as stated in Table 6.4 and Table 6.5. The plus and minus 

signs associated with each error percentage for the simulated data relative to experimental 

data. The standard deviation in the distribution of results for simulated data was smaller 

than the experimental data. From Table 6.4 and Table 6.5, the standard deviation for the 

inlet and outlet of the simulated data was as follows: A3 – Inlet ±0.049%, Outlet ±2.78% 

and C3 – Inlet ±0.099%, Outlet ±5.67%. The standard deviation for experimental data for 

velocity was as follows: A3 – Inlet ±23.3%, Outlet ±12.1% and C3 – Inlet ±2.39%, Outlet 

±18.8%. The uniformity and distribution in wind flow was better in simulation than 

experiment. This is typically expected as there is more control of flow conditions during 

simulations. The errors were below 10% in all cases with the exception of A3 (y1 and y2) 

and C3 (x2 and y2). The result at A3 (y1) was considered an anomaly in comparison to 

C3(y1)  because during experimentation there may have been a consistent over-estimate in 

readings for velocity. 
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Measuring the absolute velocity of fluid flow is usually independent of the volume of flow 

and its mass flow rate. Pressure on the other is dependent on both of these qualities. In 

addition to measuring velocity at the discrete data points in the numerical model and wind 

tunnel experiment, gauge pressure was also obtained. Figure 6.11 provides a comparison 

between this data for both of the DAWT models. The general trend between both simulated 

and experimental data is promising, i.e. the overall pressure drop across the DAWT’s 

followed a similar trend.  

a) A3 

 

 

b) C3 

 

Figure 6.11 Visual comparisons for gauge pressure between experiment and simulation a) At/Ae 

0.25, L/D 1.5 and b) At/Ae 0.75 L/D 1.5 
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However, the closeness in the results was quite far. This can be attributed to the 

consideration of the sizes of both of the DAWT models and the virtual and real wind tunnel 

enclosures. Where the expansion of air flow would have been larger for the simulated 

results, the turbulence model used in the numerical model will not have been a true 

representation of conditions within the real HM170 wind tunnel test section in spite of the 

controlled conditions applied in both cases for air flow such as its direction. It is for these 

reasons that the difference in the magnitude of pressure results between simulation and 

experiment is large. This can be further seen in Table 6.6 and Table 6.7 where all of the 

percentage errors were consistently large. The standard deviations for the simulated data 

for pressure measurements were as follows: A3 - Inlet 0, Outlet 0.59% and C3 – Inlet 0, 

Outlet 0.36%. The standard deviations for experimental data for pressure measurements 

were as follows: A3 - Inlet 4.58%, Outlet 20.1% and C3 – Inlet 26.4%, Outlet 16.9%.  

Table 6.6 Evaluation of the % Error between discrete average data for gauge pressure - A3 

Model: 

A3 

Ave. Pressure, P (Pa) % Error 

Experimental 

Results 

CFD Simulated 

Results 

x1 74.0 126.3 +41.4 

y1 67.0 126.3 +46.9 

z1 75.7 126.3 +40.1 

x2 29.3 72.5 +59.6 

y2 52.3 72.2 +27.6 

z2 43.7 71.5 +38.9 

Table 6.7 Evaluation of the % Error between discrete average data for gauge pressure - C3 

Model: 

C3 

Ave. Pressure, P (Pa) % Error 

Experimental 

Results 

CFD Simulated 

Results 

x1 36.0 126.1 +71.5 

y1 64.0 126.1 +49.2 

z1 41.3 126.1 +67.2 

x2 23.7 82.8 +71.4 

y2 21.7 82.4 +73.7 

z2 13.7 82.3 +83.4 
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6.3.1 HM170 Wind Tunnel Smoke Testing 

A smoke test was set-up in the HM170 to visualise air flow across the DAWT models, see 

Chapter 4 Section 4.5.3. With the inlet speed set at 9.1m/s, external flow was observable 

for both DAWT models. Observing streamline flow was a little difficult due to the use of 

a high inlet speed and the nature of the oil-based spray smoke. However, in comparing the 

visualisation results from smoke testing against CFD steady-state results for the A3 and C3 

models (Chapter 5, Section 5.5), similarities were observed as summarised in Figure 6.12. 

a) 

 

 

 The size of the 

wake expansions 

were the same in 

smoke testing and 

CFD  

 External 

streamline flow 

was also matched 

in both tests for 

A3 

 Observing 

swirling effect 

was not possible 

because of the use 

of line smoke and 

the high speed 

camera 

b) 

 

 

 The ‘bend’ in  

streamline flow 

over the external 

surface of the 

dffuser was the 

same  

 Unike in the A3 

model, the wake 

expansion was 

much smaller and 

streamline. This 

was reflected in 

both the smoke 

test and CFD 

result 

Figure 6.12 Smoke test results compared against vector and streamline velocity: a) A3 and b) C3 
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6.4 Verifying Percentage Error against Literature 

The research objectives for this research were outline in Chapter 1, Section 1.4. On 

reviewing reference literature for wind tunnel experimental validation studies against 

simulated results, Table 6.8 summarises the errors identified from these studies. In the study 

by Abe and Ohya (2004), a free stream inlet velocity of 5m/s was used to study the flow 

fields around a flanged diffuser, see Chapter 2, Section 2.3. Experiments were conducted 

to investigate the effect of varying the height of the flange on the velocity profiles through 

the diffuser. The maximum error was identified between results for simulation and 

experiments. For the relative velocity this was 2.6%. In the study by Wang et al (2008) as 

detailed in Chapter 2 Section 2.3 produced an error of 5% between simulate and 

experimental results. In order to compute the percentage error in the study by Kosasih and 

Hudin (2016) (likewise refer to Chapter 2 Section 2.3 for further details), a comparison was 

made between the simulated and experimental results for the power coefficient for a ‘no 

grid’ conditions that referred to the use of a grid in simulating the wind tunnel.  

It was imperative that the error range obtained from the validation study was compared 

against previous literature in order to ascertain the reliability of results from the current 

study. The maximum error was found to be 9.5% between the maximum power 

coefficients. The remaining two studies in Table 6.8, were studies involving the 

computational and experimental comparison of the performance of wind turbines using 

wind tunnels where Khamlaj and Rumpfkeil (2018) studied ducted wind turbines. Similar 

to the study by Kosasih and Hudin (2016), a comparison between simulated and 

experimental results was made in terms of the power coefficient. The evaluation of the 

power co-efficient in each case was based on the measurement and recording of velocities. 

Accounting for the anomaly in the results for the A3 model as shown in Table 6.4, the mean 

errors identified from the velocity results in the current study in Section 6.3 show good 

agreement with results from literature and in compliance with research objective 6 (Chapter 

1, Section 1.4), within 10% compared against results for C3. 

Table 6.8 Evaluation of the % Error between studies from literature focussing on wind tunnel 

experimental investigations and their validation against simulation 

Study Mean % Error 

Abe and Ohya (2004) 2.6 

Wang et al (2008) 5 

Kosasih and Hudin (2015) 9.5 
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Khamlaj and Rumpfkeil (2018) 3.3 

Xu et al (2018) 3.9 

Current Study 
A3 - 14.1 

C3 - 3.3 

 

6.5 Summary 

The aim of this chapter was to present a verification of the numerical methodology used in 

this research as well as the validation in results between simulation and experiment for the 

wind tunnel testing of two of the DAWT models from S4. Results from the S1 study should 

that the shroud case was in agreement with the study by Wang et al (2008) with errors 

ranging between 1.3% and 27%. The larger errors were due to the physical differences 

between the models being tested in current study and the reference study. The validation 

study between simulation and experiment showed close agreement in the results for 

velocity ranging in errors from 3.3% to 14%. These errors were then compared against 

results from wind tunnel studies from literature with an agreement within 10% for most of 

the studies 
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Chapter 7 Experimental Results 

7.1 Introduction 

The experimental phase of the research presented here was conducted in accordance with 

the research objectives 5 and 6 as outlined in Chapter 1 Section 1.4. Chapter 4 detailed the 

set-up for each experimental study and in following the order presented in Figure 4.1, the 

results for experimental studies have been presented.  

The validation studies in S1 involved an experimental study using the HM170 Wind Tunnel 

where two scaled 3D printed DAWT models from S4 were tested to identify the wind speed 

distribution at the diffuser inlets and outlets. These results were compared against the 

results from corresponding numerical studies or each DAWT model with results for wind 

speed measurements in good agreement. These results can be found in Chapter 6 Section 

6.3. Before conducting the experimental validation study, the HM170 Wind Tunnel was 

subjected to a calibration study in order to verify the wind speed distribution and 

uniformity. These results have been presented in Section 7.2. 

The nature of real wind conditions is unpredictable and constantly changing. The transient 

operation of wind turbines in general is subject to considerable variation in wind conditions. 

This is irrespective of climate, altitude, location and site of installation such as the built 

environment. In order to give the numerical results from this research greater meaning, 

experimental testing was a major priority. The purpose of experimental testing of the 

Optimum DAWT was to verify its ability to control wind conditions experienced by the 

benchmark bare wind turbine and improve output power at a given free stream wind speed.  

The benchmark bare wind turbine was initially set-up in far field conditions where data for 

wind speeds and output power was recorded. This was repeated for the Optimum DAWT 

with the addition of measurements for the wind speeds inside the optimum diffuser. Details 

on the manufacture, assembly and set-up of field testing can be found in Chapter 4 Section 

4.6.3, Section 4.6.4 and Section 4.6.5. The recorded data taken during field testing was 

examined and analysed to understand the transient operating conditions of the benchmark 

bare wind turbine and the Optimum DAWT. Using the recorded data, a method was devised 

for the analysis of the responsive behaviour of both the benchmark bare wind turbine and 

the Optimum DAWT in terms of output power with respect to available free stream wind 

speeds. The maximum augmentation ratio for the Optimum DAWT was also evaluated and 

compared against numerical results.  
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7.2 HM170 Wind Tunnel Calibration Study  

The study of flow distribution in the HM170 Subsonic Wind Tunnel was carried out. The 

details for the set-up of this study can be found in Chapter 4 Section 4.4. Three tests were 

carried out with the wind tunnel inlet wind speeds set at 5m/s, 9m/s and 15m/s. A Pitot tube 

and the hot-wire anemometer were used to gain discrete measurements for wind speed at 

the data points 1-6 at a) to c). Three measurements were taken at each discrete data point. 

Table 7.1, Table 7.2 and Table 7.3 provide a summary of the measurements taken at these 

data points for tests at 5m/s, 9m/s and 15m/s respectively. ‘X’ represents locations that 

were not accessible for data collection by the hot-wire anemometer because the access 

points on the HM170 test section were not large enough to accommodate the data 

acquisition device. 

Table 7.1 Measurements for velocity taken at each data point in the wind tunnel calibration study 

with the inlet wind speed set at 5m/s 

 
Pitot Tube Hot-wire Anemometer 

5m/s 

a) b) c) a) b) c) 

1 

3.2 3.3 3.3 4.83 4.78 4.7 

5.1 5.4 5.2 4.68 4.65 4.68 

4.6 4.8 4.8 4.57 4.56 4.58 

Ave 4.30 4.50 4.43 4.69 4.66 4.65 

2 

4.6 5.1 4.8 

X 

5.0 5.3 5.1 

4.9 5.5 5.6 

Ave 4.83 5.30 5.17 

3 

4.2 4.6 5.1 

6 5.6 5.2 

4.4 4.7 5 

Ave 4.87 4.97 5.10 

4 

4.5 4.6 4.1 4.49 4.51 4.5 

3.8 4.1 4.4 4.48 4.44 4.45 

4.8 4.7 4.4 4.42 4.43 4.42 

Ave 4.37 4.47 4.30 4.46 4.46 4.46 

5 

4.8 4.9 4.4 

X 

5.7 5.4 5.1 

5.2 5.3 5.8 

Ave 5.23 5.20 5.10 

6 

3.6 3.8 3.2 

4.2 4.4 4.5 

4.4 4.7 4.6 

Ave 4.07 4.30 4.10 
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Table 7.2 Measurements for wind speed taken at each data point in the wind tunnel calibration 

study with the inlet wind speed set at 9m/s 

 

Pitot Tube Hot-wire Anemometer 

9m/s 

a) b) c) a) b) c) 

1 

8.5 8.7 8.8 8.46 8.47 8.42 

10.3 10.1 9.9 8.46 8.47 8.42 

9.5 9.7 9.6 8.49 8.37 8.49 

Ave 9.43 9.50 9.43 8.47 8.44 8.44 

2 

9.1 9.5 9.4 

X 

9.1 9.4 9.3 

9.5 9.7 9.5 

Ave 9.23 9.53 9.40 

3 

7.9 8.1 8.3 

8.2 8.5 8.5 

9.3 9.5 9.6 

Ave 8.47 8.70 8.80 

4 

8 8.1 7.9 8.37 8.42 8.37 

8.8 8.9 8.5 8.4 8.39 8.41 

9.2 9 8.9 8.39 8.4 8.39 

Ave 8.67 8.67 8.43 8.38 8.40 8.39 

5 

9 9.2 9.3 

X 

8.9 9.1 8.9 

9.3 9.1 9.3 

Ave 9.07 9.13 9.17 

6 

8.5 8.7 8.5 

8.8 8.7 8.9 

9.5 9.3 9.1 

Ave 8.93 8.90 8.83 

From Table 7.1 and Table 7.2, the average of measurements for wind speeds were mostly 

below the set inlet wind speed. This was less the case in Table 7.3 where measurements 

also exceeded the set inlet wind speed of 15m/s. Table 7.4 provides a summary of the 

average measurements taken at each discrete data point and the percentage error from each 

set inlet wind speed averaged across the data points from 1 to 6. The results from Table 7.4 

show that for increasing wind tunnel inlet wind speeds, the percentage error decreased. 

Nonetheless, in for all average measurements the error percentages were within ±10%. For 

increasing inlet wind speeds, the percentage errors evaluated for the Pitot tube transitioned 

to over-estimating the measured wind speed. This was not the case for the measurements 

taken using the hot-wire anemometer.  
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Table 7.3 Measurements for wind speed taken at each data point in the wind tunnel calibration 

study with the inlet wind speed set at 15m/s 

 

Pitot Tube Hot-wire Anemometer 

15m/s 

a) b) c) a) b) c) 

1 

14.1 14.2 14.4 14.31 14.29 14.15 

15.3 15.1 15.0 14.33 14.33 14.18 

15.4 15.6 15.6 14.30 14.30 14.13 

Ave 14.93 14.97 15.0 14.31 14.31 14.15 

2 

16.7 16.7 16.6 

X 

16.8 16.7 16.7 

14.6 14.9 14.8 

Ave 16.03 16.10 16.03 

3 

13.8 14 13.9 

15.8 15.8 15.7 

15.1 15.3 15.2 

Ave 14.90 15.03 14.93 

4 

15.8 16 15.9 14.28 14.23 14.27 

15.3 15.5 15.1 14.32 14.26 14.31 

14.8 15 14.9 14.31 14.18 14.26 

Ave 15.30 15.50 15.30 14.30 14.22 14.28 

5 

16.2 16.3 16 

X 

16.2 16.4 16.3 

16.1 16.3 16.4 

Ave 16.17 16.33 16.23 

6 

16.7 16.9 16.6 

16.8 16.9 16.6 

15.4 15.4 15.3 

Ave 16.30 16.40 16.17 

Table 7.4 Summary of measurements for wind speed and percentage error against the set inlet 

wind speeds in the wind tunnel calibration study  

 Pitot Probe % Error Hot-Wire Anemometer % Error 

5m/s 

a) 4.61 7.78 4.58 8.43 

b) 4.79 4.22 4.56 8.77 

c) 4.70 6.00 4.56 8.90 

9m/s 

a) 8.97 0.37 8.43 6.35 

b) 9.07 -0.80 8.42 6.44 

c) 9.01 -0.12 8.42 6.48 

15m/s 

a) 15.60 -4.04 14.30 4.61 

b) 15.71 -4.81 14.27 4.91 

c) 15.62 -4.07 14.22 5.22 
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Figure 7.1 Comparison of velocity measurements taken in the wind tunnel calibration study: a) 

Pitot tube and b) Hot-wire Anemometer 

Figure 7.1 provides a comparison of the average measurements evaluated in this study for 

each inlet wind speed. In spite of the hot-wire anemometer inaccessibility through access 

points 2,3, 5 and 6, the measurements for wind speed were closer in agreement than the 

individual measurements taken using the Pitot tube. Observing the data for measurements 

taken using both the Pitot tube and the hot-wire anemometer, the results show that the 

distribution and uniformity of wind speeds was maintained for increasing set inlet wind 

speeds. The results for this study concluded that the HM170 Wind Tunnel was fit for 

purpose in terms of the uniformity and distribution of wind speeds across the test section 

in the direction of wind flow and perpendicular to wind flow between the internal surfaces 

of the test section. 
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7.3 Results from Field Experiments 

The details for the set-up of field experiments in this research can be found in Chapter 4 

Section 4.6. Experimental testing of wind turbines in free-stream applications and in the 

built environment mainly involves a study of the following (Battisti et al, 2018), (Muljadi 

et al, 2012): 

 Control of variable speed turbine generators 

 Turbine’s transient response to variations in wind conditions  

 Inertial response of constant-speed and variable-speed wind turbine generators 

Within these studies, further operational aspects such as frequency response, dynamic stall, 

yaw angle and turbine and generator shaft synchronicity and compatibility. In this research, 

the aim was to understand the transient response of the Optimum DAWT in real wind 

conditions compared to the benchmark bare wind turbine. The Optimum DAWT was 

identified in design from the results of numerical studies up to S4 in Chapter 5 Section 5.5. 

The purpose of the experimental analysis of the Optimum DAWT was to provide a new 

contribution to the knowledge of DAWT’s on the change in operational performance of a 

bare wind turbine with the addition of a diffuser. In other words to address the question, 

what changes does a bare wind turbine experience when applied with a diffuser? 

In order to address this question, empirical data was sought from the real operation of, in 

this research, the benchmark bare wind turbine (FM910-4, see Chapter 4 Section 4.6.3) and 

the Optimum DAWT (see Chapter 4 Section 4.6.4 and Section 4.6.5). In the experimental 

set-up of both cases, a series of parameters were recorded. Table 7.5 summarises the 

parameters of interest for each case. The free stream wind speed refers to the ambient wind 

speed available on all experimental test dates. The purpose of a diffuser is to increase wind 

speeds from ambient to the rotor of a wind turbine. Hence the required knowledge of wind 

speeds near the rotor, the diffuser internal wind speed.  

Table 7.5 Parameters used to gain key empirical data for experimental investigations 

Data Sought from Parameter Benchmark Bare Wind Turbine Optimum DAWT 

Free stream wind speed (m/s)     

Output Power (W)      

Predominant Wind Direction (⁰ )     

Diffuser Internal Wind Speed (m/s)    
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Figure 7.2 provides view of the benchmark bare wind turbine and the Optimum DAWT in 

operation during field testing. The positions of both test subjects were fixed according to 

the expected prevailing wind direction in the test location at the Heriot-Watt University 

Campus Dubai, UAE. All test dates were took place in the summer months of June, July 

and August 2018. The prevailing wind direction was the north-west (see Chapter 4 Section 

4.6.2 for further details). Figure 7.3 provides a further perspective on the orientation and 

position of each test subject, the benchmark bare wind turbine and the Optimum DAWT 

with respect to the compass used during field testing. 

 

Figure 7.2 Views of the benchmark bare wind turbine and Optimum DAWT during operation in 

field testing: a) Front View and b) Rear View 

 

Figure 7.3 Schematics for the benchmark bare wind turbine and the Optimum DAWT. The 

compass was set as shown during field testing relative to each schematic  
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7.3.1 Wind Speed and Output Power from the Benchmark Bare Wind Turbine 

During real-time operation, the actual wind speeds and directions are constantly changing 

due to atmospheric changes in pressures and temperatures and changing weather. The free 

stream wind speeds recorded during the test dates for the benchmark bare wind turbine as 

seen in Figure 4.31 have been summarised in Figure 7.4. For the benchmark bare wind 

turbine, the data as per Table 7.4 was recorded every second over a 24-hour period for a 

total of six days. The test dates include: 27th June, 2nd July and 23rd-26th July. Figure 6.4 

summarises the data for the 27th June, 2nd July and 23rd July. 

 

Figure 7.4 Overview of measurements taken for the free stream wind speed and variation in the 

predominant wind direction during field testing of the benchmark bare wind turbine 
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In Figure 7.4 and in nearly all subsequent figures hereafter, the data has been presented in 

terms of the increase in time every second. 86,400 seconds represents the 24-hour period. 

The data once collected for both the benchmark bare wind turbine and the Optimum DAWT 

was divided into 4-hour intervals in order to closely examine the resulting trends. From 

Figure 7.4, the fluctuation in free stream wind speeds was quite large on a per second basis 

ranging between 0 and 6m/s. Progressing through to the latter test dates, the average wind 

speeds increased. These were 0.25m/s, 0.5m/s and 1.2m/s for the 27th June, 2nd July and 

23rd July respectively. These wind speeds are very low but considering the fluctuation in 

the data there was considerable opportunity for the generation of power by the turbine.  

The priority in these experimental investigations was to understand the response of the 

FM910-4 in generating power according to availability wind and to observe the effect of 

the use of the optimum diffuser in changing this response. For these reasons, the actual 

magnitude of wind speed and output power was not prioritised. Indeed, the increase in 

ambient wind speeds may well contribute to further output power. Nonetheless, for a range 

of available ambient wind speeds, the relationship between wind speed increase and output 

power is usually linear. 

Figure 7.4b) provides a corresponding view of the wind direction for each free stream wind 

speed recorded for the benchmark bare wind turbine. It is important to state here that the 

wind directions recorded on all test dates for the benchmark bare wind turbine and the 

Optimum DAWT as presented here refer to the direction in which wind was moving 

towards. The predominant, or prevailing, wind direction was thus in the opposite direction. 

To give this meaning, on the 27th June, 2nd July and 23rd July the average wind directions 

from Figure 7.4b) at the start of the day (at T = 0) were approximately SWW, S and SSW. 

The predominant wind directions were thus from the NEE, N and NNE directions. 

Availability of wind speeds simply implies the potential for power generation using a wind 

turbine. However, for a wind turbine rotor in a fixed direction, available wind speeds may 

approach the turbine from all directions. For oncoming, parallel wind speeds to the turbine 

rotor power generated will be optimum. In all other wind directions this may reduce due to 

non-uniformity in the distribution of wind speeds across the turbine rotor thus causing an 

increase in loads on the turbine in turn reducing power generated. The FM910-4 in this 

research was a small-scale turbine not experiencing high wind speeds. The physical 

characteristics of loading and yaw angle were thus not included in experimental 

investigations as explained in Chapter 5 Section 5.5.4.1.  
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7.3.1.1 The Effect of Changing Wind Direction on Recorded Free Stream Wind Speeds 

On the test date 27th June, data was recorded starting at 3pm in the afternoon. Figure 7.5 

provides the results of the free stream wind speeds and output power from the benchmark 

bare wind turbine for each 4-hour interval over the 24-hour period. Figure 7.6 provides the 

corresponding wind directions over this period. Following the remarks made in Section 

7.3.1, the closeness in output power and wind speed in the period from 3pm-7pm and half-

way into the period from 11am-3pm was due to the predominant wind direction coming 

from the north. In the interval from 7pm-11pm, recorded wind speeds were coming from 

the south east direction.  

 

Figure 7.5 Measurements for free stream wind speed and output power during the 24-hour 

interval on test date 27th June  
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Figure 7.6 Variation in the predominant wind direction the 24-hour interval on test date 27th June. 

Note: the wind directions shown here represent directions wind was travelling towards 

During the 27th June, it can be seen that the availability of wind speeds was quite poor  

during the middle of the 24-hour period. This was during the late hours of the 27th June into 

the early hours of 28th June. The minimum free stream wind speeds recorded were 0.05m/s 

for all test dates including for the Optimum DAWT. This recording of wind directions was 

independent of the recording of wind speeds. Referring to Chapter 4 Section 4.6.3, the NRG 

#40 cup anemometer with guide vane was used for the recording of free stream wind speeds 

for all field experiments as is referred to as DL2 (Data Logger #2) for reference. The 

average maximum output power was 2.75W at 1.8m/s for winds from the northern 

direction. 

On the 2nd July, the power generated by the benchmark bare wind turbine lasted much 

longer than on the 27th June. Figure 7.7 shows similar closeness in the recorded wind speeds 

and generated output power for the period 2pm-6pm, 6am-10am and 10am-2pm over the 

24-hour period compared to 27th June. Figure 7.8 shows that in these time periods, the 

predominant wind directions were once again from the north. This time however, the 

available wind speeds were sustained for a longer period of time. The maximum average 

output power was 2.2W at 1.8m/s. The absolute maximum power recorded was 6.06m/s at 

3.76m/s. The absolute maximum output power recorded on the 2nd July was 4.58W at 

3.17m/s. On both days, the predominant wind direction was from the north, the free-stream 

wind speed was similar but the output power was 24% lower on the 2nd July. This difference 

is not large enough to discredit the performance of the turbine. Accounting for the accuracy 

of the data acquisition devices (see Section 6.4), the difference between these 

measurements shows that the real operation of a turbine can be sensitive. In this case, this 

sensitivity can be attributed to the variation in frequency of operation of the generator and 

the turbine-generator shaft coupling.  
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Figure 7.7 Measurements for free stream wind speed and output power during the 24-hour 

interval on test date 2nd July 

 

Figure 7.8 Variation in the predominant wind direction the 24-hour interval on test date 2nd July. 

Note: the wind directions shown here represent directions wind was travelling towards 
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Compared to the recorded results on the 27th June and 2nd July, the results shown in Figure 

7.9 provide a more dynamic view on the operation of the benchmark bare wind turbine over 

the 24-hour period on the 23rd July. To begin with, the predominant wind direction for the 

time periods 11.30am-3.30pm and 3.30pm-7.30pm was from the NNE (see Figure 7.10) 

and where the magnitudes of recorded wind speeds and output power were very close. The 

position of the benchmark bare wind turbine in the north-west direction meant that it would 

be able to generated power for wind speeds in all northern directions and from the west. In 

the time periods 11.30pm-3.30am, 3.30am-7.30am and 7.30am-1.30am, the closeness 

between wind speeds and output power was much further. In these time periods, the 

predominant wind direction was in fact from the south east. 

 

Figure 7.9 Measurements for free stream wind speed and output power during the 24-hour 

interval on test date 23rd July 
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Figure 7.10 Variation in the predominant wind direction the 24-hour interval on test date 23rd 

July. Note: the wind directions shown here represent directions wind was travelling towards 

This result shows that the benchmark bare wind turbine was able to extract power from 

available wind speeds from the wind directions approaching the rear of the turbine. Albeit, 

the power generated was lower in magnitude positioning the turbine to face the north west 

doesn’t imply it can only generate power in that direction. This is because encouraging 

blade rotation depends on the kinetic energy in the surrounding air particles regardless of 

their direction. For a rotor in a fixed direction however, the significance is actually in the 

potential of output power matching available wind speeds. Hence in all northern directions 

and the western direction, for available free stream wind speeds, the output power is more 

likely to match these speeds in terms of magnitude. The maximum average output power 

generated during the 24-hour period on the 23rd July was 2.25W at 2.25m/s for winds from 

the NNE direction.  

7.3.1.2 Extended Recordings  

 From observation of the data recorded on the 23rd July, further recordings were conducted 

for the test dates 24th, 25th and 26th July in order to ascertain if power was generated for a 

wider range of wind directions. Figure 7.11shows the recorded data for the 24th July with 

the corresponding wind directions in Figure 7.12. The first time period from 3.30pm-

7.30pm, was the only 4-hour interval on this test date where wind speeds and output power 

was closest. In the time periods 11.30pm-3.30am and 3.30am-7.30am, the predominant 

wind direction was from the south east similar to the results from the 23rd July. From 

7.30am-11.30am and 11.30am-3.30pm, the closeness between recorded wind speeds and 

output power improved towards the end of the 24-hour period. In these time periods, the 

predominant wind direction was now from the north east. 
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Figure 7.11 Measurements for free stream wind speed and output power during the 24-hour 

interval on test date 24th July 

 

Figure 7.12 Variation in the predominant wind direction the 24-hour interval on test date 24th 

July. Note: the wind directions shown here represent directions wind was travelling towards 
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The maximum average output power recorded on the 24th July was 1.8W at 3.0m/s for wind 

coming from the south east direction. This is an interesting result and occurred in the time 

period from 3.30am-7.30am.  The absolute maximum output power however was 5.21W at 

5.05m/s for wind coming from the north. During periods of operation where wind speeds 

and output power were very close in agreement, the data fluctuated significantly. The 

results so far from Figure 7.9 and Figure 7.11 showed that wind speeds from the northern 

directions fluctuated far more in magnitude than from the south east direction where wind 

speeds were relatively more stable.  

Figure 7.13 shows the recorded data for the 24-hour period on test date 25th July. Following 

the same starting and finishing times as the test date 23rd July, the profiles for wind speed 

and output power were also similar. Referring to Figure 7.14 the transition in predominant 

wind directions was from the north east to the south east and back to the north east at the 

end of the 24-hour period. For the 1st 4-hour interval from 3.30pm-7.30pm, recorded wind 

speeds and output power was not as close as it was for the test date 24th July. It is interesting 

that in the time period from 7.30pm-11.30pm, the available wind speeds were quite high 

but power generated was almost zero. The wind speeds here were coming from the eastern 

direction. The average wind speed here was 0.75m/s with the maximum wind speed 

reaching 3.5m/s. From Figure 7.3, wind speeds coming from the eastern direction may not 

have been able to induce enough rotation as in all other wind directions. From 11.30pm-

3.30am and 3.30mam-7.30am, the predominant wind direction was from south east and the 

resulting wind speeds and output power were as expected based on the results from Figure 

7.11.  

From Figure 7.13, there was a new observable trend. In the time period from 7.30am-

11.30m, the predominant wind direction was transitioning from the south east to the east. 

And in this time, power had been generated though not in close agreement with free stream 

wind speeds. In expanding on the observation made regarding the time period from 7.30pm-

11.30pm, output power was generated by the benchmark bare wind turbine for predominant 

wind from the eastern direction. The average free stream wind speed from the eastern 

direction in this time period was now 2.75m/s, a marked increase from 0.75m/s earlier in 

the 24-hour period. The final 4-hour period from 11.30am-3.30pm showed that at certain 

points the maximum absolute wind speed and output power exceeded a magnitude of 9.0. 

To be precise, the maximum absolute power was 9.14W at 4.89m/s, the maximum wind 

speed recorded was 9.05m/s for wind from the north east direction. This sharp increase in 

data occurred a second time in this time period. 
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Figure 7.13 Measurements for free stream wind speed and output power during the 24-hour 

interval on test date 25th July 

 

Figure 7.14 Variation in the predominant wind direction the 24-hour interval on test date 25th 

July. Note: the wind directions shown here represent directions wind was travelling towards 
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This result can be disregarded as an operational anomaly considering that the overall trend 

in wind speed and output power was quite close during this time period. The maximum 

average output power for the 24-hour period on test date 24th July was 1.75W at 3.5m/s.  

Figure 7.15 provides the breakdown of recorded data for the test date 26th July with the 

corresponding wind directions in Figure 7.16. From 3.30-7.30pm, the profiles for wind 

speed and output power were in close agreement. The predominant wind directions from 

the 1st 4-hour interval to the last across the 24-hour period were as follows: north east to 

south east during the middle of the 24-hour period and back to north east. The results on 

the 26th July followed a similar trend to those recorded on the 25th July. The maximum 

average output power was 2.3W at 3.25m/s for wind coming from the north eastern 

direction. The maximum absolute output power was recorded in the time period from 

3.30pm-7.30pm and was 8.95W at 7.58m/s. From Figure 7.11, Figure 7.13 and Figure 7.15, 

the general pattern in changing wind speeds and direction followed a similar trend. Output 

power also followed a similar trend in response to the available wind speeds. The 

orientation of the benchmark bare wind turbine in the north west facing direction was based 

on the expected wind directions at the time of year of field testing, see Chapter 4 Section 

4.6.2. It is interesting however that the higher magnitude free stream wind speeds were 

typically available from the south east and easterly directions. It is possible that [lacing the 

turbine facing these directions would have resulted in higher output powers but that was 

not the aim of these experimental investigations.  

From an observation of the results from Figure 7.5, Figure 7.7, Figure 7.9, Figure 7.11, 

Figure 7.13 and Figure 7.15, comments on response behaviour can be made. The actual 

response behaviour of the FM910-4 has been quantified in Section 7.3.5. The turbines 

response to changing wind speeds in terms of output power was very close. For increases 

in wind speeds, the output power generated increases after about 10 seconds. For any 

changes in wind speeds, the output power however doesn’t change by the same magnitude. 

This may have occurred at certain moments, but this is largely unpredictable and due to the 

running momentum of the turbine-generator system. 
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Figure 7.15 Measurements for free stream wind speed and output power during the 24-hour 

interval on test date 26th July 

 

Figure 7.16 Variation in the predominant wind direction the 24-hour interval on test date 26th 

July. Note: the wind directions shown here represent directions wind was travelling towards 
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7.3.2 Wind Speed and Output Power from the Optimum DAWT 

In addition to the free stream wind speed and output power from the benchmark bare wind 

turbine, a new parameter was recorded during field testing of the Optimum DAWT. This 

was the diffuser internal wind speed. This wind speed was recorded using the YIGOOD 

cup anemometer referred to as DL1 (Data Logger #1) in experimental investigations. The 

recorded data from the Optimum DAWT was thus a comparison of four parameters 

including wind direction.  

7.3.2.1 24-hour Overview of Wind Speed Measurements using DL1 and DL2 

Before proceeding to the detailed breakdown of recorded data in terms of the 4-hour 

interval periods, an overview of the wind speeds recorded for each test date for the 

Optimum DAWT has been presented. The three test dates were 26th, 28th and 30th August 

where data was recorded every second for a period of 24-hour for each test date. The 

Optimum DAWT was positioned in three different orientations. On the 26th August, the 

inlet of the Optimum DAWT was facing the north western direction, on the 28th August it 

was the western direction and on the 30th it was the northern direction, see Chapter 4 Section 

4.6.5. Figure 7.17 provides a comparison of the free stream wind speed and the diffuser 

internal wind speed for the test date 26th August.  

 

Figure 7.17 Overview of the diffuser internal wind speed and the free stream wind seed taken 

using DL1 and DL2 respectively over the 24-hour period on test date 26th August  
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The average free stream wind speed on the 26th August was 0.57m/s, the average diffuser 

internal wind speed was 1.43m/s and the average output power was 0.69W. The maximum 

absolute diffuser internal wind speeds were recorded in the range between 15 and 25m/s. 

These maximum spikes in wind speeds were more frequent than for the free stream wind 

speed. The maximum absolute free stream wind speeds were in the range between 9 and 

32m/s. These considerable spikes in wind speeds near the rotor were may have been due to 

the acceleration of free stream wind speeds. Accounting for varying local atmospheric 

pressures, the diffuser is designed to accelerate air mass flow towards the turbine rotor by 

creating a large and varying pressure gradient along the length of the diffuser. The diffuser 

internal wind speeds were all induced based on the pressure gradient generated by the 

diffuser. The results from numerical studies in this research were based on cases where the 

pressures generated were in controlled atmospheric conditions inside a virtual wind tunnel 

and based on defined fluid inlet conditions. In real wind conditions and pressure gradients 

are far more variable and unpredictable than changes in wind speed. This is reflected in 

generated diffuser internal wind speeds.  

The average wind speeds in Figure 7.17 followed similar trends for the test date 26th 

August. Figure 7.18 depicts the free stream wind speeds and diffuser internal wind speeds 

for the test date 28th August where the Optimum DAWT inlet was positioned facing the 

north western direction. The average free stream wind speed was 0.57m/s and 2.82m/s for 

the average diffuser internal wind speed. The maximum absolute wind speed recorded near 

the turbine rotor was 27m/s. The free stream wind speeds recorded on both test dates 26th 

and 28th August followed similar trends. In both cases, in the 1st and 6th 4-hour intervals, 

the free stream and diffuser internal wind speeds were very close in terms of their profiles. 

Figure 7.19 shows the wind speeds recorded for the Optimum DAWT on test date 30th 

August when positioned facing the northern direction. It is interesting that in the 4th and 5th 

4-hour intervals, i.e. between 43200 and 57600 seconds both the free stream and diffuser 

internal wind speeds followed similar trends but that the diffuser internal wind speeds were 

lower. This patterned was reversed for the last 4-hour interval where the diffuser internal 

wind speeds were much higher but followed a similar pattern to the free stream wind speed. 

The average diffuser internal wind speed for this test date was 1.98m/s and for the free 

stream wind speed it was 0.83m/s. The maximum absolute wind speed recorded near the 

turbine rotor was 20m/s. For all three test dates, the recorded diffuser internal wind speeds 

were on average higher than the free stream wind speeds recorded. 
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Figure 7.18 Overview of the diffuser internal wind speed and the free stream wind seed taken 

using DL1 and DL2 respectively over the 24-hour period on test date 28th August  

 

Figure 7.19 Overview of the diffuser internal wind speed and the free stream wind seed taken 

using DL1 and DL2 respectively over the 24-hour period on test date 30th August  
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7.3.2.2 Recorded Data from the Optimum DAWT in the West Direction 

Figure 7.20 provides the 4-hour interval breakdown of the recorded data for the 26th August 

with the corresponding wind directions in Figure 6.21. For the time period from 3.50pm-

7.50pm, the predominant wind direction was from the north. The free stream wind speed, 

diffuser internal wind speed and output power followed very close profiles during this time 

period. Output power was closer to the diffuser’s internal wind speed. The maximum 

absolute output power for the 26th August was recorded during this time period and was 

8.46W at 3.43m/s.  

In the time period 7.50pm-11.50pm, predominant wind direction was from the south west. 

Power was not generated during this time although the recorded wind speeds near the rotor 

were much higher than free stream. This is further reflected in the 4-hour interval from 

11.50pm-3.50pm where in fact the free stream wind seeds were very low, close to the 

minimum 0.05m/s recorded by DL2. When free stream wind speeds were close to zero, the 

recording of higher magnitude wind speeds inside the diffuser can be attributed to the fact 

that the diffuser creates a pressure gradient across its length due to the lift action at the inlet 

causing the surrounding air particles to gain kinetic energy moving towards the rotor.  

For the time periods 3.50am-7.50am, 7.50am-11.50am and 11.50am-3.50pm the 

predominant wind directions were all in the north western direction. It is interesting that in 

these three time periods, the output power was closer in magnitude to the free stream wind 

speed than the internal wind speeds developed near the rotor. This is especially the case for 

the time period 7.50am-11.50am.  

The average maximum output power recorded during the 24-hour period on the 26th August 

was 3.2W at a free stream wind speed of 2.0m/s for wind coming from the northern 

direction. The average maximum diffuser internal wind speeds recorded was 3.0m/s when 

the free stream wind speed was 1.0m/s. The time periods where output power and the 

diffuser internal wind speed were in close agreement were 3.50pm-7.50pm, 7.50am-

11.50am and 11.50am-3.50pm. It is worth noting here, that the internal wind speeds 

recorded using DL1 were just behind the rotor blades inside the optimum diffuser (see 

Chapter 4 Section 4.6.5). The significant spikes in wind speeds recorded by the cup 

anemometer would not necessarily have contributed to the rotation of the turbine rotor as 

these speeds were beyond the design cut-out wind speeds for the FM910-4. Output power 

synchronised with realisable wind speeds generated inside the diffuser. 
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Figure 7.20 Measurements for free stream wind speed, output power and the diffusers internal 

wind speed during the 24-hour interval on test date 26th August 

 

Figure 7.21 Variation in the predominant wind direction the 24-hour interval on test date 26th 

August. Note: the wind directions shown here represent directions wind was travelling towards 
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7.3.2.3 Recorded Data from the Optimum DAWT in the North-West Direction 

Figure 7.22 presents the 4-hour interval breakdown of recorded data from the Optimum 

DAWT and DL2 located in free stream. Figure 7.23 presents the corresponding wind 

directions recorded for free-stream wind speeds. The time periods from 4.30pm-8.30pm 

and 12.30pm-4.30pm showed that at frequent instances in the 4-hour interval, power output 

exceeded free stream and diffuser internal wind speeds in terms of magnitude. The 

predominant wind direction during both of these time periods was from the north. The 

average maximum power recorded during this time period was 3.5W at a free stream wind 

speed of 2.7m/s for wind coming from the northern direction.  

 

Figure 7.22 Measurements for free stream wind speed, output power and the diffusers internal 

wind speed during the 24-hour interval on test date 28th August 
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Figure 7.23 Variation in the predominant wind direction the 24-hour interval on test date 28th 

August. Note: the wind directions shown here represent directions wind was travelling towards 

Unlike the data recorded for the test dates for the benchmark bare wind turbine, the fixed 

orientation of the Optimum DAWT meant that the turbine rotor was exposed to a restricted 

range of free stream wind speeds. The wind speeds however generated inside the diffuser 

were very high. For the time periods 8.30pm-12.30am, 12.30am-4.30am and 4.30am-

8.30am, virtually no power was generated. It should be stated here that the frequent pikes 

in wind speeds near the turbine rotor as seen in Figure 7.17, Figure 7.18, Figure 7.19, Figure 

7.20, Figure 7.22 and Figure 7.24 are instantaneous wind speeds that are not unstained and 

far beyond the design cut-out wind speed for the FM910-4. These spikes can essentially be 

disregarded in the observation of output power and wind speed trends.  

Following a similar pattern in Figure 7.20, output power, diffuser internal wind speeds and 

free stream wind speeds followed close trends in Figure 7.22. The diffuser internal wind 

seeds were consistently higher than those recorded for free stream wind speed.  

7.3.2.4 Recorded Data from the Optimum DAWT in the North Direction 

Figure 7.24 provides a view on the recorded data for the test date 30th August in a 

breakdown of 4-hour intervals with the corresponding wind directions for free stream wind 

speeds displayed in Figure 7.25. Output power and diffuser internal wind speeds exceeded 

free stream wind speeds in terms of magnitude occurred during the time periods 5.45pm-

9.45pm and 1.45pm-5.45pm where the predominant wind direction was from the north. 

The maximum absolute output power was 11.4m/s at a free stream wind speed 5.67m/s. 

For the time periods 5.45am-9.45am and 9.45am-1.45pm, the predominant wind direction 

was from the north west. The diffuser internal wind speed and output power were in close 

agreement but lower in magnitude than free stream wind speeds. 
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Figure 7.24 Measurements for free stream wind speed, output power and the diffusers internal 

wind speed during the 24-hour interval on test date 30th August 

 

Figure 7.25 Variation in the predominant wind direction the 24-hour interval on test date 30th 

August. Note: the wind directions shown here represent directions wind was travelling towards 
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7.3.3 Comparison between the Benchmark Bare Wind Turbine and Optimum 

DAWT 

The raw data presented for wind speeds and output power in Section 7.3.1 and Section 7.3.2 

provided views of the trend in these parameters over the 24-hour test periods. In order to 

now quantify the different trends, Table 7.6 and Table 7.7 summarise the average wind 

speeds and output power for each 4-hour interval for each test date. Figure 7.26 summarises 

the data from Table 7.6 and Table 7.7 to show how wind speeds and output power recorded 

differed between the benchmark bare wind turbine and the Optimum DAWT.  

The output power from the Optimum DAWT was on average lower than for the benchmark 

bare wind turbine. However, the averages presented in Table 7.6 and Table 7.7 are 

essentially crude and do not represent the performance of either test subjects accurately. 

This is seen when looking through the data in Table 7.6 and Table 7.7 for output power. At 

times when the Optimum DAWT generated large internal wind speeds, the output power 

was higher than for the benchmark bare wind turbine. The overall average in output power 

was lower because the Optimum DAWT wasn’t able to produce power from available wind 

speed in as many directions as the benchmark bare wind turbine. In terms of the generated 

diffuser internal wind speeds, these were on average much higher than the recorded free 

stream wind speeds for all test dates for both test subjects.  

Considering that the test dates were different for both the benchmark bare wind turbine and 

the Optimum DAWT, the actual real wind conditions also differed for all test dates. Despite 

this however, Figure 7.26 shows that the overall trend in free stream wind speeds followed 

similar pattern across the 4-hour time intervals for both the benchmark bare wind turbine 

and the Optimum DAWT. This is because the specified time periods were started in the 

afternoon of the test dates. The exception however was test date 23rd July for the benchmark 

bare wind turbine when recording commenced in the morning. In general, available free 

stream wind speeds were highest during the afternoon periods and lowest during the night 

hours. It is interesting that the trend in internal wind speeds was less conforming to the 

variation in daylight hours as much as the free stream wind speeds. Indeed, wind speeds 

generated inside the optimum diffuser are very much dependent on free stream wind 

speeds. The purpose of the diffuser was to control and accelerate available wind. Wind 

speeds through the diffuser certainly increased from ambient free stream wind speeds. This 

is reflected in output power as seen in Figure 7.26b). 
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Table 7.6 Averages of measurements for free stream wind speed and output power for each 4-

hour interval for each 24-hour test period during field testing of the benchmark bare wind turbine  

28th June – 24 Hour Period 

4-Hr 

Interval 

Time (s) Free Stream Wind Speed, 

Vfs  (m/s) 

Output Power, 

P  (W) 

1 0-14400 0.491 0.837 

2 14400-28800 0.599 0.059 

3 28800-43200 0.017 0.033 

4 43200-57600 0.069 0.031 

5 57600-72000 0.002 0.033 

6 72000-86400 0.836 1.007 

Average 0.336 0.333 

2nd July – 24 Hour Period 

4-Hr 

Interval 

Time (s) Free Stream Wind Speed, 

Vfs  (m/s) 

Output Power, 

P  (W) 

1 0-14400 1.442 1.967 

2 14400-28800 0.206 0.203 

3 28800-43200 0.001 0.036 

4 43200-57600 0.071 0.034 

5 57600-72000 0.429 0.497 

6 72000-86400 0.807 0.986 

Average 0.493 0.620 

23rd July – 24 Hour Period 

4-Hr 

Interval 

Time (s) Free Stream Wind Speed, 

Vfs  (m/s) 

Output Power, 

P  (W) 

1 0-14400 1.534 1.198 

2 14400-28800 1.634 1.648 

3 28800-43200 0.221 0.064 

4 43200-57600 1.032 0.124 

5 57600-72000 1.472 0.346 

6 72000-86400 1.559 0.413 

Average 1.242 0.632 

24th July – 24 Hour Period 

4-Hr 

Interval 

Time (s) Free Stream Wind Speed, 

Vfs  (m/s) 

Output Power, 

P  (W) 

1 0-14400 1.227 1.242 

2 14400-28800 0.328 0.125 

3 28800-43200 2.109 0.950 

4 43200-57600 2.456 1.156 

5 57600-72000 1.369 0.549 

6 72000-86400 1.722 1.019 

Average 1.535 0.840 

25th July – 24 Hour Period 

4-Hr 

Interval 

Time (s) Free Stream Wind Speed, 

Vfs  (m/s) 

Output Power, 

P  (W) 

1 0-14400 1.481 0.949 

2 14400-28800 0.388 0.019 

3 28800-43200 1.855 0.638 
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4 43200-57600 2.541 1.322 

5 57600-72000 1.791 0.752 

6 72000-86400 0.919 1.038 

Average 1496 0.786 

26th July – 24 Hour Period 

4-Hr 

Interval 

Time (s) Free Stream Wind Speed, 

Vfs  (m/s) 

Output Power, 

P  (W) 

1 0-14400 1.546 0.531 

2 14400-28800 0.807 0.042 

3 28800-43200 2.824 1.699 

4 43200-57600 2.734 1.628 

5 57600-72000 2.583 1.225 

6 72000-86400 2.665 1.872 

Average 2.193 1.166 

 

Table 7.7 Averages of measurements for free stream wind speed and output power for each 4-

hour interval for each 24-hour test period during field testing of the Optimum DAWT 

26th August – 24 Hour Period 

4-Hr 

Interval 

Time (s) Free Stream Wind 

Speed, Vfs  (m/s) 

Diffuser Internal 

Wind Speed, Vi (m/s) 

Output 

Power, P  (W) 

1 0-14400 1.584 2.897 2.407 

2 14400-28800 0.062 0.619 0.040 

3 28800-43200 0.050 0.411 0.040 

4 43200-57600 0.369 1.076 0.269 

5 57600-72000 0.532 2.279 0.679 

6 72000-86400 0.860 1.287 0.751 

Average 0.568 1.429 0.698 

28th August – 24 Hour Period 

4-Hr 

Interval 

Time (s) Free Stream Wind 

Speed, Vfs  (m/s) 

Diffuser Internal 

Wind Speed, Vi (m/s) 

Output 

Power, P  (W) 

1 0-14400 0.659 1.830 0.488 

2 14400-28800 0.097 2.402 0.037 

3 28800-43200 0.111 3.350 0.042 

4 43200-57600 0.071 4.776 0.037 

5 57600-72000 0.449 1.978 0.177 

6 72000-86400 2.019 2.612 2.431 

Average 0.568 2.825 0.536 

30th August – 24 Hour Period 

4-Hr 

Interval 

Time (s) Free Stream Wind 

Speed, Vfs  (m/s) 

Diffuser Internal 

Wind Speed, Vi (m/s) 

Output 

Power, P  (W) 

1 0-14400 0.252 2.804 0.671 

2 14400-28800 0.003 1.025 0.062 

3 28800-43200 0.127 1.264 0.147 

4 43200-57600 1.289 1.974 0.942 

5 57600-72000 1.234 1.324 0.840 

6 72000-86400 2.064 3.508 3.029 

Average 0.828 1.983 0.949 
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The generated output power from the benchmark bare wind turbine was sustained for longer 

periods of time than from the Optimum DAWT. However, the magnitude of output power 

produced was higher for the Optimum DAWT. This can be seen in Figure 7.26b) where the 

output power fluctuated more for the Optimum DAWT than for the benchmark bare wind 

turbine. However, there were periods of operation such as in Figure 7.24 for 5.45am-

9.45am and 9.45am-1.45pm where the available free stream wind speeds were coming from 

directions other than parallel to the diffuser inlets. Power was generated, but lower in 

magnitude than free stream wind speeds. This showed that the DAWT was susceptible to a 

smaller range of inlet free stream wind speeds than the benchmark bare wind turbine. For 

this reason, ensuring the portability of the DAWT was paramount.  

 

Figure 7.26 Stacked comparison of the averaged results at each 4-hour interval taken over the 

total field test dates for the benchmark bare wind turbine and the Optimum DAWT: a) Free 

stream wind speeds and the diffuser internal wind speed and b) Output power 
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7.3.4 Synchronised Wind Speed and Output Power 

In order to progress the understanding of the operation of the Optimum DAWT it was 

necessary to address and compare the performance of the two test subjects. The time 

periods where wind speeds and output power synchronised across all test dates have been 

summarised in Table 7.8 and Table 7.9 for the benchmark bare wind turbine and the 

Optimum DAWT respectively. The associated wind direction for free stream wind speeds 

has been included. For the benchmark bare wind turbine, the predominant wind direction 

where free stream wind speed and output power synchronised was in the north. Figure 7.27 

provides a perspective summary of the predominant wind directions experienced by the 

benchmark bare wind turbine during the periods of operation across all test dates. 

Table 7.8 Identified time intervals for each test date during field testing of the benchmark bare 

wind turbine where measurements for wind speed and output power synchronised 

Date 4-Hr Interval Specific Time Range (s) Predominant Wind Direction 

27th June 1 0-14,400 North  

 6 80,100-86,400 North 

2nd July 1 0-14,400 North 

 2 14,400-16,200 North 

 5 65,700-72,000 North 

 6 72,000-86,400 North 

23rd July 1 5400-14,400 North 

 2 14,400-28,800 North 

 4 53,100-57,600 South East 

 5 57,600-68,400 South East 

 6 74,700-86,400 North East 

24th July 1 0-14,400 North 

 2 14,400-15,300 North 

 3 31,500-43,200 South East 

25th July 4 43,200-57,600 South East 

 5 57,600-72,000 South 

 6 72,000-86,400 North East 

26th July 1 0-14,400 North East 

 2 28,800-43,200 East 

 4 43,200-57,600 South East 

 5 57,600-72,000 South East 

 6 72,000-86,400 North East 
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Figure 7.27 A representation of the predominant wind directions experienced by the benchmark 

bare wind turbine while set at its position in the north-west direction 

Similar to the results in Table 7.8, the common predominant wind directions for the 

Optimum DAWT was the north, north east and north west. Figure 7.28 provides a 

perspective summary of the wind directions experienced by the Optimum DAWT with 

respect to its orientation for each of the test dates. 

Table 7.9 Identified time intervals for each test date during field testing of the Optimum DAWT 

where measurements for wind speed and output power synchronised 

Date 4-Hr Interval Specific Time Range (s) Predominant Wind Direction 

26th August 1 0-14,400 North 

 4 51,300-52,200 North West 

 4 56,700-57,600 North West 

 5 63,900-72,000 North West 

 6 72,000-86,400 North West 

28th August 1 0-8100 North 

 5 65,700-68,600 North 

 5 69,300-71,100 North 

 6 72,000-86,400 North East 

30th August 1 0-11,700 North 

 3 39,600-43,200 North 

 4 43,200-57,600 North West 

 5 57,600-72,000 North West 

 6 72,000-86,400 North 
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Figure 7.28 A representation of the predominant wind directions experienced by the Optimum 

DAWT while set at its positions in the north, west and north-west directions 

It should be noted here that ‘synchronicity’ referred to the time periods where free stream 

wind speeds, diffuser internal wind speeds and output power followed the same trends and 

were very close in magnitude. 

74 Evaluating the Augmentation Ratio for the Optimum DAWT 

Table 7.8 and Table 7.9 provided information on the time intervals where output power, 

free stream wind speeds and the diffuser internal wind speeds synchronised. In order to 

calculate the augmentation ratio for the Optimum DAWT, equation (29) was used, see 

Chapter 2 Section 2.2.4: 

𝑟 =
𝐶𝐷

𝐶𝑝,𝑚𝑎𝑥
(
𝑉𝑡
𝑉∞
)
3

 (37) 

𝑷 =
1

2
𝜌𝑉𝑡

2𝐶𝐷𝑄 
(38) 

Re-arranging equation (30) for output power was used to approximate the empirical turbine 

disk loading coefficient for the Optimum DAWT. In is imperative here to state that the 

calculation of the augmentation ratio for the Optimum DAWT is based on the average 
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values for wind speed and output power and that is assumed representative of steady-state 

conditions. Due to experimental limitations, it was not possible to measure the drop in 

pressure across the FM910-4 in the direction of wind flow as it was first necessary to 

understand the responsive behaviour of the Optimum DAWT to changing wind speeds and 

directions. For this reasons, evaluating the empirical turbine disk loading in terms of 

equation (25) was not possible.  

An augmentation ratio was nonetheless sought in order to compare against the results from 

numerical studies for the A5 model in S4. The average free stream wind speed for the 

Optimum DAWT as per the predominant wind directions identified in Table 7.9 was 

1.02m/s. The average diffuser’s internal wind speed was 2.41m/s. The average output 

power was 1.34W. The turbine disk loading was calculated using the diffuser internal wind 

speed as Vt and was 0.374. Substituting this into equation (29) where Cp,max = 0.593 and 

V∞ is the average free wind speed, the augmentation ratio was evaluated at 8.32. The 

increase in average wind speeds from free stream to inside the diffuser was 136.2%. This 

increase in wind speeds can be used to explain why the augmentation ratio was so high. 

Comparing these results to numerical studies, the augmentation ratio using equation (29) 

for the A5 model was 7.43. The increase in wind speeds from the numerical results was 

95.6%. Noting that this augmentation ratio is the maximum achievable, the experimental 

testing of the Optimum DAWT outperformed its theoretical prediction. The non-

dimensional usefulness of the augmentation ratio can be noted here. The numerical and 

experimental ratios were based on very different magnitudes of wind speed and output 

power but could be equally compared.  

7.5 Evaluating Response Behaviour 

The response behaviour of the turbine rotor refers to the two performance characteristics. 

Firstly, the time lapse between free stream wind speeds experienced at the rotor and the 

output power from the turbine. Secondly, the closeness of actual power output compared 

to the expected output power for a range of variable free stream wind speeds. To begin this 

analysis identifying the synchronicity between available free stream wind speeds, diffuser 

internal wind speeds and output power was necessary. For both the benchmark bare wind 

turbine and the Optimum DAWT, the common predominant wind directions were 

highlighted as the north and north eastern directions. These can be seen by referring to 

Table 7.8 and Table 7.9.  The importance in this synchronicity is that where the trends for 

each parameter were closest, it could be assumed that the working operation of the turbine 

rotor in each case was very similar.  
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The next step was to identify the output power from both test subjects at a given free stream 

wind speed. A free stream wind speed of 2m/s was chosen, Vfs = 2m/s. For both the 

benchmark bare wind turbine and the Optimum DAWT, for the selected time periods of 

synchronicity, the data was carefully studied to gather output powers where the free stream 

wind speed was equal to 2m/s. These results can be seen in Table 7.10 and Table 7.11 for 

the benchmark bare wind turbine and the Optimum DAWT respectively.  

Table 7.10 Identified time intervals, output power and wind directions across all test dates during 

field testing of the benchmark bare wind turbine where free stream wind speeds were 2m/s 

Date 4-Hr 

Interval 

Output Power, P  (W) 

at Vfs = 2m/s 

Predominant Wind Direction 

27th June 6 2.75 North East 

23rd July 1 1.7 North East 

 2 2.0 North East 

 5 0.7 North East 

 6 1.0 North East 

25th July 1 1.0 North East 

26th July 1 1.5 North East 

Average 1.521  

Table 7.11 Identified time intervals, output power and wind directions across all test dates during 

field testing of the Optimum DAWT where free stream wind speeds were 2m/s 

Date 4-Hr 

Interval 

Output Power, P  (W) 

at Vfs = 2m/s 

Predominant Wind Direction 

26th August 1 3.1 North 

28th August 6 2.8 North East 

30th August 6 3.0 North 

Average 2.967  

Table 7.12 The formulation of standardised output power for incremental increases in wind 

speeds used in the identification of the responsive behaviour for the benchmark bare wind turbine 

and Optimum DAWT 

 Ave Output Power, 

Pave  (W) at Vfs = 2m/s 

Standardised Output Power, 

Ps (W/m/s) 

Benchmark bare 

Wind Turbine 

1.521 0.761 

Optimum DAWT 2.967 1.483 
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An average of the output powers at 2m/s was obtained. Table 7.12 summarises the 

formulation of the standardised power. This was a new parameter introduced to relate the 

incremental increase in output power (W) for every increase in wind speed (m/s) that was 

representative of the operating performance of the turbine. The relationship between output 

power and wind speed was designed to be linear for the FM910-4 (see Chapter 4 Section 

4.6.3).  Using the profile for recorded for free stream wind speeds for both the benchmark 

bare wind turbine and the Optimum DAWT, a new profile for output power was produced 

that represented the expected output power for a given range of wind speeds. The actual 

output power recorded for each test subject was ten compared to see how they actually 

performed relative to their expected performance. Section 7.3.5.1 and Section 7.3.5.2 

present these results. 

7.5.1 Benchmark Bare Wind Turbine 

For the analysis of response behaviour, it was necessary to identify specified smaller 

intervals of time, 900s, where free stream wind speeds and output power were on average 

almost identical. Figure 7.29, Figure 7.30 and Figure 7.31 show these chosen specified time 

intervals for improved clarity of the change in wind speeds and output power. 

 

Figure 7.29 The time interval between 4500-5400 seconds for wind speed and output power for 

the 1st 4-hour interval on the test date 24th July for the benchmark bare wind turbine  
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Figure 7.30 The time interval between 4500-5400 seconds for wind speed and output power for 

the 1st 4-hour interval on the test date 25th July for the benchmark bare wind turbine  

 

Figure 7.31 The time interval between 74700-75600 seconds for wind speed and output power 

for the 6th 4-hour interval on the test date 26th July for the benchmark bare wind turbine  
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The output power for each of the specific time intervals were taken and plotted against the 

expected output power for the corresponding range of free stream wind speeds. Figure 7.32 

provides the results for the responsive behaviour of the benchmark bare wind turbine.  

The response of the turbine to changing wind speeds varied across each time period 

considerably. Instances where power generated followed a similar trend have been 

identified as ‘synchronised peaks’. In general, the turbine rotor’s average time lapse in 

regaining output power close to the expected trend was 142.5s. Comparing the power 

output peaks, it can be seen for all three time intervals, that often the actual measured output 

power was higher than the expected output power. But this was not sustained for longer 

time compared to the expected output power. This shows that actual behaviour of the 

benchmark bare wind turbine was less predictable and more uncontrolled than expected.  

Furthermore, for the two time intervals on the 25th July and 26th July from Figure 7.32, the 

average output power was lower in reality than expected. The difference however, was 

small at 0.5W and 0.9W respectively. It is interesting that the time interval for the 24th July 

showed a greater increase in the actual power output than the expected. Nonetheless, the 

maximum difference in average output power between both trends was 1.15W and this is 

not large enough to discredit the performance of the benchmark bare wind turbine. On the 

26th July, the measured and expected profiles for power were much closer than for the time 

intervals for 24th and 25th July. A measure of good responsive behaviour is when the 

measured profile follows a similar pattern to the expected, in this case based the 

standardised profile with a time lapse as small as possible. The time lapse is a relative 

comparison. In theory this should be as close to zero as possible. This was not the case for 

the benchmark bare wind turbine. The difference between the average output powers from 

both profiles however was close to 1W and this is favourable. However, the lack in 

repeatability and consistency between the measured and expected profiles for output power 

across the three time intervals shows that during various conditions of operation, the 

benchmark bare wind turbine is unlikely to closely match its expected output power and 

will result in unpredictable performance. The turbine is bare and as seen in the results from 

Figure 7.11, Figure 7.13 and Figure 7.13, is able to produce power for a wider range of 

wind directions than the Optimum DAWT but is greatly influenced by rapid change in wind 

direction causing a continuous disruption of the measured output power against its expected 

output power profile.   
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Figure 7.32 The responsive behaviour of the benchmark bare wind turbine evaluated at the three 

chosen time intervals comparing the standardised output power trend and measured output power 

during field testing of the benchmark bare wind turbine  



287 

7.5.2 Optimum DAWT 

Following the same procedure used in Section 7.3.5.1, three specified small time intervals 

were chosen from the synchronised results for the Optimum DAWT. Figure 7.33, Figure 

7.34 and Figure 7.35 identify these time intervals.  

The diffuser internal wind speeds were included in the zoomed in views of the time 

intervals. However, the diffuser internal wind speed was subsequently used in the 

calculation and comparison of the measured and expected output power. Output power 

from a wind turbine is typically rated and measured against the wind speed experienced 

near the rotor. The purpose in measuring the diffuser internal wind speed is to identify the 

increase in wind speed, i.e. the acceleration of wind toward the turbine rotor. In the 

evaluation of augmentation the average wind speed at the rotor is used. The time intervals 

chosen here like for the bencher bare wind turbine were for small intervals of times where 

the diffuser internal wind speed and output power were close in magnitude and trend of the 

free stream wind speed. The differences between the two wind speeds were similar for each 

time interval. 

 

Figure 7.33 The time interval between 7200-8100 seconds for wind speed and output power for 

the 1st 4-hour interval on the test date 26th August for the Optimum DAWT  
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Figure 6.34 The time interval between 74700-75600 seconds for wind speed and output power 

for the 1st 4-hour interval on the test date starting 28th August for the Optimum DAWT  

 
Figure 6.35 The time interval between 74700-75600 seconds for wind speed and output power 

for the 1st 4-hour interval on the test date starting 30th August for the Optimum DAWT  
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Figure 7.36 presents the results of the response behaviour of the Optimum DAWT. 

Comparing these results to Figure 7.32 and it can be seen that the measured power output 

for the Optimum DAWT followed the expected, standardised profile for power output more 

closely and accurately than the benchmark bare wind turbine. In fact, the number of 

synchronised peaks of output power was greater.  

The number of time lapses between peaks were found and evaluated for the time interval 

for the 29th August and were on average 115s. The event of a time lapse between measured 

and expected output power was less than for the benchmark bare wind turbine and the 

average time lapse was smaller. From further observation of the profiles in Figure 7.36, the 

expected power output profile for the time intervals for the 26th and 30th August rarely 

reduced to zero and further the measured profiles did likewise follow the same pattern 

almost identically. Where the expected power output did fall to zero, the measure power 

did so too as was the case for the time interval for the 28th August. This shows that the wind 

speeds generated inside the optimum diffuser were steady and sustained. For the period of 

900s, the fluctuation in wind speeds near the turbine rotor was much smaller than for the 

benchmark bare wind turbine. This can be seen by comparing the profiles from Figure 7.33, 

Figure 7.34 and Figure 7.35 against Figure 7.29, Figure 7.30 and Figure 7.31. The Optimum 

DAWT was not only able to increase the wind speeds experienced at the rotor compared to 

the free stream wind speeds, the output power was increased compared to free stream 

conditions by a factor of 1.95 based on the standardised output power variables and output 

power fluctuated less than for the benchmark bare wind turbine.  

For the Optimum DAWT the inability to capture available wind speed in a greater range of 

wind directions was a disadvantage. The portability of the Optimum DAWT allowed 

movement of the DAWT between fixed positions. It could not freely move to match 

changing in directions. This does reduce the potential of the DAWT in maximising output 

power from all wind directions. In this research, the Optimum DAWT was placed in three 

different positions facing the expected predominant wind directions and this proved to be 

the correct approach. Additionally, the wind speeds often recorded inside the diffuser were 

much higher than free stream wind speeds. While this raises a question of whether the 

potential of power extraction from these increased wind speeds can be further improved, 

the responsive behaviour of the Optimum DAWT showed that the diffuser was able to 

better control, improve and sustain output power in a manner far superior to the benchmark 

bare wind turbine. 
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Figure 7.36 The responsive behaviour of the benchmark bare wind turbine evaluated at the three 

chosen time intervals comparing the standardised output power trend and measured output power 

during field testing of the Optimum DAWT 
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7.6 Experimental Uncertainties 

For experimental testing, care was taken in the accuracy of measurements for wind speed. 

For the wind tunnel validation study, the data acquisition devices that were used are 

summarised in Table 7.13 with the associated accuracy and resolution. The Pitot tube and 

hot-wire anemometer were connected to the C.A.1052 for readings of wind speed.  

Table 7.13 Details on the accuracy of the data acquisition tools used in the HM170 Wind Tunnel 

Calibration Study 

Data Acquisition Device Accuracy  Resolution 

Manometer (integral to HM170) ±2% 0.02m/s 

Pitot Tube ±1.5% 0.01m/s 

Hot-Wire Anemometer ±1% 0.01m/s 

Chauvin Arnoux C.A.1052 ±3% of reading ±0.03m/s for 0.15-3m/s 

±3% of reading ±0.1m/s for3.1-30m/s 

0.01m/s 

0.1m/s 

For field testing, the data acquisition devices were limited in number in order to reduce the 

risk of increasing uncertainty with a greater number of instruments. Table 7.14 details these 

data acquisition devices with their accuracy and resolution. DL1 and DL2 are cup-

anemometers used to stream data for wind speed and wind direction in the latter device. 

The Picolog 1012 was used to collect a variety of data including output power, voltage and 

current from the benchmark bare wind turbine, local air temperature, PV power and current 

and Load battery voltage. The latter components were included in the set–up of the circuits 

for the benchmark bare wind turbine and Optimum DAWT as in Figure 4.31. Data was 

recorded every second for a specified period of time, 24 hours, and streamed through the 

PicoLog Recorder part of the PicoLog software. The measurements from DL1 were not set 

at absolute zero. All measurements were recorded at an off-set of 0.3m/s. This was 

accounted for and adjusted in every measurement for wind speed from DL1 before analysis 

of experimental data. 

Table 7.14 Details on the accuracy of the data acquisition tools used in field testing of the 

benchmark bare wind turbine and the Optimum DAWT 

Data Acquisition Device Accuracy  Resolution 

Picolog 1012 ±0.5% 12-bit 

DL1: YIGOOD ±(0.3+0.03V)m/s (V is measured 

velocity) 

0.1m/s 

DL2: NRG #40 Anemometer ±0.1m/s for 5-25m/s Response: 

0.78m/s 
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7.7 Summary 

In order to meet the key research objectives 5 and 6 as outlined in Chapter 1 Section 1.4, 

experimental investigations were carried out in this research for the purposes of calibrating 

dada acquisition devices, validating the numerical methodology used in this research and 

the field testing of the manufactured Optimum DAWT. In this chapter, the results from the 

HM170 Wind Tunnel calibration study have been presented. Three measurements for wind 

speed were taken and repeated at three different inlet wind speeds. The results showed a 

close agreement in all measurements within ±10%. The purpose of the calibration study 

was to verify the uniformity and distribution of wind speeds in the wind tunnel test section 

in order to verify the reliability of subsequent wind tunnel testing. The results deemed the 

HM170 fit for purpose and reliable. 

In the second part of this chapter, the results from field testing of the benchmark bare wind 

turbine and the Optimum DAWT were presented. The recorded data was presented for free 

stream wind speeds, the diffusers internal wind speed and output power for each second 

over a period of 24-hours for a range of test dates. The data was compared and evaluated 

for the average free stream wind speeds and corresponding directions. The predominant 

wind directions in which the best synchronicity occurred between wind speed and output 

power for both the benchmark bare wind turbine and the Optimum DAWT was in the north 

and north east directions. The benchmark bare wind turbine was able to produce higher 

power outputs for a larger range of wind directions. However, the Optimum DAWT was 

able to increase free stream wind speeds to the turbine rotor and increase output power at a 

given wind speed compared to the benchmark bare wind turbine. An analysis was 

performed to understand the response behaviour of both test subjects. It was found that the 

Optimum DAWT produced a power profile that was very close to its expected profile in 

terms of both trend and magnitude. This was not the case for the benchmark bare wind 

turbine where the response time was greater and measured output power was more 

unpredictable and uncontrolled compared to the expected output power profile. The 

Optimum DAWT was able to multiply the actual output power by a factor of 1.95 in terms 

standardised power variable and showed better operational characteristics in being able to 

control and direct wind towards the rotor, increase wind speeds to the rotor and increase 

output power. The Optimum DAWT was able to increase the average free stream wind 

speed of 1.02m/s to 2.41m/s (+136.2%) in the wind directions where output power 

synchronised with free stream wind speeds. The augmentation ratio was evaluated at 8.32 

for the Optimum DAWT. 
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Chapter 8 Conclusion 

This chapter brings together the main conclusions from the current research. The broad 

objective of this research was to study and optimise a Diffuser Augmented Wind Turbine 

(DAWT) in terms of the diffuser for free stream and building integrated applications. This 

was achieved by addressing identified gaps from a literature review on DAWT’s. This 

included a comprehensive study on the diffuser cross-sectional profile and the relative 

effect and contribution to performance of the main design ratios (the area ratio and the 

length-to-diameter ratio). Numerical studies were performed to test for various 

performance parameters for each DAWT design in this research. In order to strengthen the 

methodology employed in numerical studies, a CFD validation study was performed. In 

this research, a developing approach was used to identify the Optimum DAWT. Once 

determined, the Optimum DAWT design was tested in the built environment for different 

urban terrains in another numerical study.  

In addition to numerical studies, the importance of experimental investigations for this 

research was paramount. The aim was to be able to realise the actual performance of the 

Optimum DAWT in order to understand how it would respond to generating output power 

in varying wind conditions. The transient response of the Optimum DAWT would enable 

a more profound understanding of the usefulness of the diffuser in its purpose. All of the 

studies conducted in this research were in accordance with the six key research objectives 

that were determined from a review of literature. Refer to Chapter 1 Section 1.4 for a list 

of the key research objectives. The following conclusions are in terms of these key 

objectives: 

Obj. 1: 

The 1st numerical study in this research (S1, see Chapter 3 Section 3.7.1) had two main 

focuses. Firstly, to validate the CFD methodology employed in this against the reference 

study by Wang et al (2008). The methodology was validated (see Chapter 6 Section 6.2) 

and the results were in good agreement within ±10%. The second focus was to establish 

the change in performance between two conditions where a DAWT is roof-mounted and is 

in free stream. The ‘shroud’ design used in Wang et al (2008) was adapted for S1 and was 

tested using a building test section of the Heriot-Watt University Campus, Dubai. The peak 

velocities achieved behind the rotor of the benchmark bare wind turbine (the FM910-4, see 

Chapter 3 Section 3.2.1) in roof-mounted and free stream conditions was 13.4m/s and 

13.6m/s respectively. From an extraction of the velocity and pressure profiles across the 
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shroud in each case, the various performance parameters were evaluated (see Chapter 2 

Section 2.2). The augmentation ratios were close in agreement between the two cases, an 

average of 1.49 for the free stream shroud and 1.47 for the shroud and building test section 

case. Indeed placing the shroud close to the leading edge of the building test section helped 

to control air being direction over the building straight into the shroud. Nonetheless, 

compared to free stream conditions, the distribution of air inside the shroud in terms of 

velocity and pressure was not uniform or equal. The augmentation for the roof-mounted 

shroud was however promising. Details for this study can be found in Chapter 5 Section 

5.2. 

Obj. 2: 

The third numerical study (S3) was performed to test a series of aerofoil profiles as the 

cross-sectional profile for a diffuser (see Chapter 3 Section 3.7.3). Each diffuser was 

designed to a fixed length of 1.38m and the benchmark bare wind turbine was paced at the 

smallest internal throat diameter with a blade tip clearance of 2%. The eight aerofoils tested 

in terms of increasing thickness were S4180, NACA 9610, NACA 0012, NACA 6412, 

NACA 25112, NACA 55112, GOE 789 and FX69 PR281. The latter aerofoil was proved 

as the aerofoil with the best augmentation capabilities. The increase in wind speed to the 

rotor from free stream inlet conditions was 36%. The augmentation ratio was evaluated at 

an average of 1.68. Noting that the FX69 PR281 DAWT was smaller in its dimensions than 

the shroud from S1, the augmentation achieved was an improvement.  The performance 

parameters in terms of tip speed ratio, turbine disk loading, the pressure coefficients and 

the power coefficient were evaluated. The computed tip speed ratios were proportional to 

power coefficients in terms of increasing aerofoil thickness. Tip speed ratios reached a 

maximum of 1.2 and the power coefficient reached 0.35. In general, the larger the pressure 

drop across the rotor in the direction of flow, the more energy is available for extraction. 

This was the case for the FX69 PR281DAWT. This was reflected in the calculated highest 

output power of 102.4W at a free stream wind speed of 9.1m/s. Details for this study can 

be found in Chapter 5 Section 5.4. 

Obj. 3: 

Following the results from S3, the next study (S4) was performed to test the FX69 PR281 

diffuser in different area and length-to-diameter ratios (see Chapter 3 Section 3.7.4). The 

area ratios chosen for testing were At/Ae 0.25, 0.5 and 0.75. The chosen length-to-diameter 

ratios were L/D 0.5, 1, 1.5, 2 and 2.5. A total of 15 DAWT models were tested. It was found 
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that the length-to-diameter ratio had a greater influence on improving the augmentation 

ratio, accelerating ambient wind speeds to the rotor, inducing larger pressure differentials 

across the rotor in the direction of flow and improving the distribution of high magnitude 

wind speeds across the rotor diameter i.e. along the blade length. Increasing the area ratio 

also influenced the improvement of augmentation ratios. The A5, B4, B5 and C5 models 

(see Table 3.12) were highlighted as exhibiting the best augmentation performance. The 

A5 model (At/Ae 0.25 L/D 2.5) exhibited the best overall performance when assessing all 

performance parameters and augmentation ratios. The A5 model was able to increase wind 

speeds by 95.6% and induce a pressure drop of -113.4Pa. The output power was calculated 

at 113.4W at a free stream ambient wind speed of 9.1m/s. The augmentation ratio was an 

average 1.31 and the maximum augmentation ratio calculated (based on the ratio of wind 

speeds from free stream and at the rotor) was 7.43. For smaller length-to-diameter ratios, 

the maximum augmentation ratio was usually closer to the augmentation based on the 

turbine disk loading. For all models, this was usually in the range 1.06 and 1.66.  

For all models, the turbine disk loading was in the range from 0.5 to 1.5 because of the 

consistent use of the benchmark bare wind turbine in all cases. Increasing the length-to-

diameter ratio. The pressure recovery coefficient was usually more positive with an 

increasing length-to-diameter ratio and for all area ratios. Conversely and as expected, 

increasing the length-to-diameter ratio usually meant a less negative exit pressure 

coefficient. Increasing the length-to-diameter ratio meant that both the power coefficients 

and the tip speed ratios increased. The computed power coefficients were in the range from 

0.15 to 0.4 and tip speed ratios were in the range from 0.15 to 1.5. Details for this study can 

be found in Chapter 5 Section 5.5. 

Obj. 4: 

The final numerical study in this research involved the testing of the Optimum DAWT in 

the built environment (see Chapter 3 Section 3.7.5). Four different urban terrains were 

chosen in terms of the power law exponent, α0.142, α0.22, α0.30 and α0.40. The increasing 

alpha value represented a denser urban environment where the number of buildings 

increased for a given area. The Optimum DAWT, the A5 model was identifies from the 

results in S4. The Optimum DAWT was applied at the centre of the building test section of 

the Heriot-Watt University Campus, Dubai. Each power law exponent was used in a user 

defined function (UDF) in the numerical solver to simulate a total of four different 

atmospheric boundary layers (ABL). As a control, for each alpha value the benchmark bare 

wind turbine was also simulated in an identical case set-up to the Optimum DAWT. It was 
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found that the presence of the optimum diffuser significantly improved the distribution of 

air around the rotor. The ambient and inlet wind speed for each case was set at 5m/s. On 

approach to the leading face of the building test section, wind speeds dropped rapidly and 

were deflected over the leading edge away from the rotor. The diffuser was able to capture 

the deflected air and direct it towards the rotor. It was also able to restore the wind speed 

at the rotor to 5m/s and higher. More significantly, the Optimum DAWT was able to sustain 

a pressure drop across the rotor in the direction of flow encouraging the improvement of 

energy extraction. The Optimum DAWT was able to increase wind speeds by 23.4% at the 

rotor from ambient and induce a pressure drop of -19.7Pa. While these results were indeed 

smaller than the free stream results from S4, bearing in mind the lower ambient wind speed 

and the addition of the building test section, these results compared to the benchmark bare 

wind turbine show a significant improvement in velocity and pressure computed. For the 

benchmark bare wind turbine, the wind speeds actually dropped by -90.4% and the pressure 

drop computed across the rotor in the direction of flow was -1.01Pa.  

In general, increasing the value of the power law exponent meant that a higher wind speed 

was encouraged at the rotor for the Optimum DAWT. This was also reflected in a higher 

pressure drop. When assessing augmentation however, the performance was much lower 

for the Optimum DAWT in roof-mounted conditions than in free stream. The average 

augmentation ratio across all ABL’s was 0.704 and the maximum augmentation ratio in 

terms of the ratio of wind speeds (at the rotor and in ambient) was 2.77.  

The pressure recovery coefficient was in the range from 0.25 to 0.4. The exit pressure 

coefficients computed were all positive and in the range from 0.06 to 0.14. Tip speed ratios 

were in the range from 2.05 to 2.2. It was concluded that the addition of the optimum 

diffuser resulted in a significant improvement in the performance of the benchmark bare 

wind turbine in terms of velocity and pressure characteristics. The computed velocities and 

pressures for the Optimum DAWT however did not differ largely in magnitude between 

ABL’s and this was reflected in the augmentation ratios. It was found that the Optimum 

DAWT was able to improve the performance of the benchmark bare wind turbine 

irrespective of the changing ABL, i.e. the changing ABL did not influence augmentation 

capabilities. The augmentation factor broadly refers to the ability of a diffuser to improve 

the output power of a bare wind turbine. It is expressed in terms of power or velocity. In 

the case of power, the augmentation expressed power as a function of a combination of 

pressure coefficients, power coefficient and the turbine disk loading. In terms of velocity, 

the augmentation factor is based on a ratio of the maximum velocities computed (see 
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Chapter 2 Section 2.2). The ratio of actual output power for a given wind speed from a 

DAWT and its bare wind turbine has been expressed as a simple ratio at a given wind speed 

and not referred to as the augmentation factor in this research. The augmentation factor 

seeks to quantify how the diffuser improves the performance of the bare wind turbine in 

terms of the fluid flow conditions generated around the turbine. It is a number that is used 

to compare different diffusers in terms of their effectiveness at improving output power at 

a given wind speed (and not a multiple of output power) by defining a number of key 

parameters that are defined and used in all DAWT analysis. 

Obj. 5: 

In this research, a significant aim was to observe the transient responsive behaviour of a 

DAWT in terms of output power in relation to varying ambient wind speeds and directions. 

Establishing a transient model involved experimental testing. Another purpose of 

experimental testing was for a proof-of-concept of the Optimum DAWT.  

The A5 model was identified as the Optimum DAWT from the numerical results from S4. 

To note here that all of the aerofoil DAWT cases in S3 and most of the models in S4 were 

able to augment output power. The A5 model was among the largest DAWT across all 

models in the numerical studies. The optimum diffuser of the A5 model was 2.3m in length 

and had a maximum diameter of around 1.8m. This meant that in practice, the optimum 

diffuser would have been bulky and heavy. To address these practical issues, thus the 

largest of the DAWT’s was thus chosen from S4. The optimum diffuser was manufactured 

using Styrofoam, a lightweight material. The diffuser was coated for its protection and to 

ensure its aerodynamic smoothness. A metal frame was fashioned to cradle the diffuser and 

heavy duty wheels were added to allow the optimum DAWT manoeuvrability. Before 

manufacture of the optimum diffuser, the benchmark bare wind turbine (FM901-4) was 

tested in free stream conditions on site at Heriot-Watt University Campus, Dubai to record 

free stream winds, prevailing wind directions and output power. These key parameters were 

recorded every second for a period of 24 hours and a total of 3 days. Following this, the 

Optimum DAWT was set-up in identical conditions with the addition of a new key 

parameter, the diffuser internal wind speed. The details for the experimental set-up for these 

recordings can be found in Chapter 4 Section 4.6.  

From a study of the recorded data, periods of time where output power and free stream 

wind speeds synchronised were more closely examined. The average free stream wind 

speed during the recorded hours for the Optimum DAWT was 1.02m/s and the average 
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wind speed recording inside the optimum diffuser was 2.41m/s. This is an increase in wind 

speeds by 136%. The average output power for the Optimum DAWT was 1.34m/s. Output 

power from the Optimum DAWT varied considerably with the average maximum reaching 

6W at a free stream wind speed of around 6m/s. Output power and wind speed follows a 

linear increase for the FM910-4. A new parameter was introduced to standardise the output 

power from the benchmark bare wind turbine and the Optimum DAWT to equally represent 

their performance. The standardised output power in terms of the increase in output power 

per increase in wind speed: W/(m/s). For the Optimum DAWT, this was 1.48 W/(m/s) and 

for the benchmark bare wind turbine 0.761 W/(m/s). This showed that the Optimum DAWT 

was able to multiply output power by 1.95.  

The response behaviour of the benchmark bare wind turbine and the Optimum DAWT was 

compared. The expected profile for output power using the standardised output power was 

compared against the actual output power for the same time interval. It was found that the 

time lapse for the benchmark bare wind turbine was 142.5 seconds with the time lapse 

between the responses of the benchmark bare wind turbine to expected output power more 

frequent than for the Optimum DAWT. The average time lapse for the Optimum DAWT 

was 115 seconds and this was an average of only two periods where the actual output power 

did not meet the expected power. The Optimum DAWT exhibited far better responsive 

behaviour than the benchmark bare wind turbine in terms of matching the profile for 

expected output power very closely. The Optimum DAWT was able to closely match the 

average expected output power for one of the selected time interval however did fall short 

overall of meeting the average output power expected by 1.2W. The augmentation ratio for 

the Optimum DAWT was also evaluated based on the ratio of wind speeds and this was 

8.23. Compared to results for the A5 model from numerical studies at 7.43, this was an 

increase in augmentation based on the greater increase in wind speeds encouraged at the 

rotor for the Optimum DAWT. Details for the results of transient studies can be found in 

Chapter 7 Section 7.3. 

Obj. 6 

The results from numerical studies were compared against experimental results in a wind 

tunnel validation study and then compared against results from literature. The details for 

the set-up of the wind tunnel validation study can be found in Chapter 4 Section 4.5. Two 

models were chosen from S4. These were the A3 (At/Ae 0.25 L/D 1.5) and C3 (At/Ae 0.75 

L/D 1.5) models. Both DAWT’s were scaled down in terms of their dimensions to fit in the 

test section of the HM170 open-loop wind tunnel and conform with the 13.5% blockage 
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ratio that was used in numerical studies from S1 to S4 and was part of the validated CFD 

methodology. Both DAWT’s were 3D printed and tested independently with the inlet wind 

speed set at 9.1m/s identical to numerical studies. Measurements for velocity and pressure 

were recorded and averaged at specified locations in the wind tunnel test section. These 

data points were then sought in the post-processing of the numerical results for the A3 and 

C3 cases and measurements for velocity and pressure were accordingly recorded. The 

numerical and experimental results were compared and the error percentages ranged from 

3% to 14%. The key parameter for comparison was velocity. It was observed and noted 

that in scaling down the models and the domain (i.e. the wind tunnel test section) for 

experimental purposes meant that pressure readings were significantly affected. On a 

comparison of the readings however, the numerical and experimental data points followed 

a similar trend in the transitions from the front of the diffuser inlet to just behind the diffuser 

outlet. The results were then compared against results from literature and were found to be 

in good agreement within ±10%.Details for the results of this study can be found in Chapter 

6 Section 6.3. 

8.1 Contribution to Knowledge  

The current research employed the use of numerical and experimental techniques to address 

the key research gaps identified from literature as detailed in Chapter 2 Section 2.8. The 

current research was focussed on the development of DAWT’s in terms of optimising 

performance, integrating them into the built environment and observing their transient 

operational behaviour. The contributions to knowledge more specifically, were as follows:  

 Extensive numerical data has been provided on the design methodology of the 

optimum diffuser. A study was performed on testing various aerofoil profiles for 

the cross-sectional profile of a diffuser. This has not been done before on a 

comprehensive basis where a comparison of performance parameters and 

augmentation ratios were compared for increasing aerofoil thickness (see Chapter 

5 Section 5.3) 

 

 Furthering the design methodology, another comprehensive study was performed 

to understand the relative influence and contribution to augmentation performance 

of varying are ratios and length-to-diameter ratios for a diffuser. The results 

compared key performance parameters and augmentation ratios for all design ratios 

on a continual basis in terms of maintaining computational consistency (see Chapter 

5 Section 5.4) 
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 To further develop the presentation and discussion of performance, three types of 

augmentation ratios were evaluated for each case in the numerical studies. The aim 

was to establish the maximum augmentation in terms of the ratio of wind speeds 

and the augmentation ratio in terms of the turbine disk loading. All augmentation 

ratios were indicative of output power but it was not possible to understand how the 

actual augmentation ratio based on real operation would differ from the maximum 

augmentation possible (see all results in Chapter 5) 

 

 A computational model was developed for the investigation of the effect of different 

ABL profiles on the performance of a DAWT was conducted. Different ABL’s were 

tested for the roof-mounted Optimum DAWT. Essentially, the building-integrated 

DAWT was subjected to simulated conditions that closely resembled the real life 

wind speed profiles that exist in different urban terrains. Each ABL case for the 

building-integrated DAWT was tested against a bare wind turbine rotor in order to 

provide perspective of the change in performance of the wind turbine rotor due to 

the addition of the diffuser (see Chapter 5 Section 5.5) 

 

 In carrying out a transient experimental testing, it was possible to observe and 

understand the responsive behaviour of a DAWT in terms of output power for 

varying wind speeds and wind directions. The discrete and detailed measurement 

of a range of parameters such as wind speeds, wind direction and output power 

every second for a period of 24 hours over a macro period of several days allowed 

an abundance of data to be studied. Introducing a new standardised parameter for 

output power allowed a quantifiable comparison of the response behaviour for the 

DAWT versus its bare wind turbine counterpart (see Chapter 7 Section 7.2). 

 

 The numerical methodology used in this research was validated with wind tunnel 

testing. This was an experimental validation against results from numerical studies 

and involved the use of a discrete data comparison between both models to identify 

the closeness between the measured points (see Chapter 6 Section 6.3). 

 

 A new and novel technique was employed in the design, manufacture and assembly 

of a full-scale DAWT. The DAWT prototype from this research was made 

lightweight, portable and durable. The manufacture involved use of lightweight 

materials such as Styrofoam and a metal frame to act as a cradle for the diffuser. 

Heavy duty wheels were added to allow manoeuvrability of the prototype so that 
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during experimental testing wind speeds from different wind directions could be 

recorded. This has not been done before. Manoeuvring the DAWT to access more 

wind directions enabled the increased chance for power generation. Its design 

simplicity and robustness meant that the prototype is easily accessible for 

maintenance. (see Chapter 4 section 4.6.2). 

8.2 Scope for Future Work 

Research and the study of any subject is a continual progression. The aims and objectives 

of this research as outlined in Chapter 1 Section 1.4 were met and on a reflective review of 

the results, the scope for future work was identified as follows:  

 Experimental testing of the prototype DAWT in this research was conducted in free 

stream conditions to understand the transient response behaviour. In order to further 

advance an understanding of DAWT performance in the built environment, an 

experimental study of the full-scale prototype roof-mounted to reflect the numerical 

studies in S5 to observe the difference between the ground-mounted and roof-

mounted performance and the change (if any) in response behaviour and operational 

changes between both.  

 

 Another experimental scope for this research would be to be able to assess the 

experimental performance parameters of the full-scale prototype DAWT would. 

This would involve measurements for pressure and an understanding of the local 

atmospheric climate in order to gather empirical and transient data on parameters 

such as the turbine disk loading, the pressure coefficients and the tip speed ratios. 

This could be compared against transient numerical studies using real wind speed 

variations. 

 

  Advancing numerical studies on the atmospheric boundary layer in terms of 

generating more complex computational domains would enable the observation of 

varying wind patterns around the Optimum DAWT. The Optimum DAWT would 

be tested at various roof-mounted locations and altitudes to gain a comprehensive 

perspective of the change in performance for a DAWT in different locations.  

 

 In terms of the prototype DAWT, there were a few avenues for further exploration 

that were identified during the design and manufacture phases. One approach 

involved the use of other lightweight materials such as carbon fibre and being able 
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to reduced weight further with a hollow structured diffuser. The research impact for 

this would be to understand whether the DAWT would still be able augment power 

and increase wind speeds to the rotor in the same magnitudes. A new and advanced 

prototype would need to be manufactured to the same dimensions as the prototype 

from this research.  

 

 In further experimental testing, the study of yaw control could be conducted. A 

study such as this would also involve another study on the change in relative 

performance of DAWT’s as multiple units in a wind farm configuration to 

understand the wake effects of the diffuser on DAWT’s located downstream.  

The above points for future work, once addressed pose a wider and more advanced 

understanding of DAWT’s in terms of economic aspects of their integration into the 

renewable market, a cost of the energy produced as well as energy modelling of the 

operation of the DAWT and the use of a rotating numerical model, i.e. a rotating turbine 

used to simulate a range of variable wind speed (transient) conditions. 
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APPENDIX A – Aerofoil Profiles 

Appendix A1 – Profiles used for the Shroud in S1 

Converging Inlet: NACA 55112 Aerofoil 

Design Coefficient of Lift = 0.85  

Camber Position and Reflex = 25.0% reflex (51)  

Thickness = 12.0% 

x-

coordinate 

y-

coordinate 

 

 

 

 

 

  0.999967   

  0.989021   

  0.956787   

  0.904972   

  0.836125   

  0.753344   

  0.660062   

  0.559935   

  0.456833   

  0.352803   

  0.249999   

  0.155794   

  0.079332   

  0.027129   

  0.001023   

  0.000000   

  0.020830  

  0.059326  

  0.111651   

  0.175076   

  0.250001   

  0.338180   

  0.438638   

  0.544594  

  0.648955  

  0.746656  

  0.833006  

  0.904045 

  0.956759  

  0.989127  

  1.000033  

0.001260 

0.002533 

0.006645 

0.014320 

0.026330 

0.043010 

0.063833 

0.087207 

0.110582 

0.130077 

0.136925 

0.124474 

0.094460 

0.056524 

0.022322 

0.000000 

-0.007186 

-0.001979 

0.008219 

0.016376 

0.018100 

0.011828 

0.000227 

-0.010309 

-0.017244 

-0.019841 

-0.018206 

  -0.013493 

-0.007690 

-0.003031 

-0.001260 

Y 

X 
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Diffuser: NACA 9610 Aerofoil 

Max Camber = 9.5%  

Max Camber Position = 60.0%  

Thickness = 10.0% 

   

x-

coordinate 

y-

coordinate 

 

 

 

 

 

1.000451 

0.990046 

0.959103 

0.908452 

0.839557 

0.754618 

0.656711 

0.551228 

0.444003 

0.338882 

0.241006 

0.155207 

0.085618 

0.035383 

0.006530 

0.000000 

0.015322 

0.051072 

0.105365 

0.175663 

0.258994 

0.352101 

0.451469 

0.553300 

0.652306 

0.745382 

0.829574 

0.900565 

0.954443 

0.988101 

0.999549 

0.000948 

0.007224 

0.024923 

0.050849 

0.080252 

0.107568 

0.127262 

0.135517 

0.135334 

0.127110 

0.111360 

0.089759 

0.064915 

0.039891 

0.017569 

0.000000 

-0.010712 

-0.013500 

-0.009249 

0.000571 

0.013987 

0.028703 

0.042429 

0.053280 

0.059209 

0.055713 

0.044411 

0.029040 

0.013924 

0.003014 

-0.000948 

Data obtained from: Reference: AirfoilGenerator.com. 

http://airfoiltools.com/airfoil/naca4digit Accessed: 25/09/2016 

Y 

X 
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Appendix A2 – Profiles used in S3 

S4180 

Selig S4180 low Reynolds number aerofoil 

Max thickness 9.8% at 26.1% chord.  

Max camber 4% at 39.4% chord 

x- 

coordinate  

y- 

coordinate 

 

  1.00000    0.0 

  0.99684    0.00036 

  0.98746    0.00156 

  0.97208    0.00376 

  0.95106    0.00702 

  0.92482    0.01132 

  0.89384    0.01661 

  0.85861    0.02279 

  0.81970    0.02971 

  0.77768    0.03718 

  0.73313    0.04497 

  0.68660    0.05280 

  0.63859    0.06041 

  0.58961    0.06761 

  0.54018    0.07420 

  0.49082    0.07996 

  0.44203    0.08471 

  0.39426    0.08828 

  0.34797    0.09049 

  0.30354    0.09117 

  0.26125    0.09017 

  0.22126    0.08751 

  0.18382    0.08329 

  0.14915    0.07770 

  0.11756    0.07095 

  0.08934    0.06322 

  0.06475    0.05468 

  0.04398    0.04553 

  0.02725    0.03596 

  0.01466    0.02605 

  0.00607    0.01606 

  0.00129    0.00643 

  0.00016   -0.00200 

  0.00377   -0.00814 

  0.01306   -0.01234  

  0.02779    -0.01523 

  0.04791    -0.01669 

  0.07351    -0.01680 

  0.10453    -0.01584 

  0.14066    -0.01416 

  0.18140    -0.01201 

  0.22624    -0.00956 

  0.27460    -0.00696 

  0.32586    -0.00432 

  0.37937    -0.00177 

  0.43446     0.00061 

  0.49043     0.00274 

  0.54659     0.00456 

  0.60221     0.00602 

  0.65661     0.00709 

  0.70909     0.00775 

  0.75899     0.00801 

  0.80565     0.00787 

  0.84849     0.00736 

  0.88694     0.00652 

  0.92048     0.00541 

  0.94864     0.00407 

  0.97094     0.00263 

  0.98704     0.00131 

  0.99676     0.00035 

  1.00001    -0.00000 

 



318 

NACA 9610- See Appendix A1 

NACA 0012 

Max thickness 12% at 30% chord. 

Max camber 0% at 0% chord 

x- 

coordinate 

y- 

coordinate 

0.0000000   0.0000000 

 0.0005839   0.0042603 

 0.0023342   0.0084289 

 0.0052468   0.0125011 

 0.0093149   0.0164706 

 0.0145291   0.0203300 

 0.0208771   0.0240706 

 0.0283441   0.0276827 

 0.0369127   0.0311559 

 0.0465628   0.0344792 

 0.0572720   0.0376414 

 0.0690152   0.0406310 

 0.0817649   0.0434371 

 0.0954915   0.0460489 

 0.1101628   0.0484567 

 0.1257446   0.0506513 

 0.1422005   0.0526251 

 0.1594921   0.0543715 

 0.1775789   0.0558856 

 0.1964187   0.0571640 

 0.2159676   0.0582048 

 0.2361799   0.0590081 

 0.2570083   0.0595755 

 0.2784042   0.0599102 

 0.3003177   0.0600172 

 0.3226976   0.0599028 

 0.3454915   0.0595747 

 0.3686463   0.0590419 

 0.3921079   0.0583145 

 0.4158215   0.0574033 

 0.4397317   0.0563200 

 0.4637826   0.0550769 

 0.4879181   0.0536866 

 0.5120819   0.0521620  
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NACA 6412 

Max thickness 12% at 30.1% chord. 

Max camber 6% at 39.6% chord 

x- 

coordinate 

y- 

coordinate 

 

1.00025        0.00124 

0.99758        0.00216 

0.98961        0.00490 

0.97640        0.00935 

0.95808        0.01538 

0.93481        0.02278 

0.90682        0.03130 

0.87436        0.04068 

0.83777        0.05062 

0.79740        0.06082 

0.75366        0.07097 

0.70702        0.08079 

0.65797        0.08998 

0.60703        0.09827 

0.55477        0.10543 

0.50176        0.11124 

0.44863        0.11554 

0.39587        0.11817 

0.34306        0.11841 

0.29199        0.11583 

0.24336        0.11060 

0.19780        0.10302 

0.15592        0.09344 

0.11825        0.08231 

0.08524        0.07012 

0.05726        0.05736 

0.03460        0.04452 

0.01745        0.03204 

0.00595        0.02029 

0.00014        0.00955 

0.00000        0.00000 

0.00534       -0.00792 

0.01590       -0.01383 

0.03149       -0.01781 

     0.05186  -0.01999 

     0.07672  -0.02054 

     0.10574  -0.01967 

     0.13861  -0.01763 

     0.17495  -0.01470 

     0.21441  -0.01121 

     0.25664  -0.00748 

     0.30127  -0.00384 

     0.34792  -0.00064 

     0.39622   0.00182 

     0.44685   0.00370 

     0.49824   0.00542 

     0.54976   0.00684 

     0.60088   0.00786 

     0.65105   0.00843 

     0.69972   0.00853 

     0.74634   0.00819 

     0.79039   0.00747 

     0.83137   0.00643 

     0.86878   0.00520 

     0.90220   0.00386 

     0.93121   0.00252 

     0.95546   0.00129 

     0.97465   0.00024 

     0.98854  -0.00057 

     0.99694  -0.00107 

     0.99975  -0.00124 

     1.00000   0.00000 
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NACA 25112 

NACA 25112 5 digit reflex aerofoil 

Max thickness 12% at 29.5% chord. 

Max camber 2% at 27.2% chord 

x- 

coordinate 

y- 

coordinate 

 

0.99998910 0.00125995 

0.99930326 0.00135018 

0.99724778 0.00162080 

0.99382887 0.00207156 

0.98905678 0.00270208 

0.98294579 0.00351178 

0.97551412 0.00449986 

0.96678377 0.00566530 

0.95678046 0.00700680 

0.94553345 0.00852271 

0.93307538 0.01021099 

0.91944213 0.01206912 

0.90467264 0.01409400 

0.88880874 0.01628186 

0.87189499 0.01862815 

0.85397851 0.02112738 

0.83510878 0.02377304 

0.81533754 0.02655743 

0.79471859 0.02947152 

0.77330766 0.03250484 

0.75116223 0.03564536 

0.72834145 0.03887939 

0.70490595 0.04219149 

0.68091774 0.04556448 

0.65644007 0.04897934 

0.63153732 0.05241534 

0.60627487 0.05585006 

0.58071903 0.05925955 

0.55493688 0.06261851 

0.52899619 0.06590052 

0.50296532 0.06907829 

0.47691311 0.07212407 

0.45090876 0.07500994 

0.42499472 0.07770679 

0.39916635 0.08016081 

0.37348845 0.08230129 

0.34803325 0.08406170 

0.32287644 0.08538169 

0.29809696 0.08620863 

0.27377671 0.08649907 

0.25000000 0.08621990 

0.22685286 0.08534941 

0.20442216 0.08387798 

0.18279457 0.08180842 

0.16205540 0.07915600 

0.14228736 0.07594802 

0.12356937 0.07222304 

0.10597530 0.06802970 

0.08957302 0.06342521 

0.07442341 0.05847353 

0.06057978 0.05324341 

0.04808739 0.04780621 

0.03698327 0.04223375 

0.02729620 0.03659618 

0.01904695 0.03095991 

0.01224859 0.02538575 

0.00690697 0.01992730 

0.00302119 0.01462953 

0.00058415 0.00952771 

-0.00041692 0.00464660 

0.00000000 0.00000000 

0.00178739 -0.00430862 

0.00489395 -0.00818444 

0.00929047 -0.01163946 

0.01494543 -0.01469111 

0.02182558 -0.01736166 

0.02989654 -0.01967744 

0.03912337 -0.02166809 

0.04947127 -0.02336572 

0.06090608 -0.02480405 

0.07339482 -0.02601768 

0.08690603 -0.02704127 

0.10140999 -0.02790881 

0.11687873 -0.02865302 

0.13328581 -0.02930468 

0.15060586 -0.02989205 

0.16881400 -0.03044028 

0.18788504 -0.03097086 

0.20779259 -0.03150106 

0.22850810 -0.03204336 

0.25000000 -0.03260495 

0.27223279 -0.03318723 

0.29516640 -0.03378549 

0.31875562 -0.03438866 

0.34294976 -0.03497924 

0.36769251 -0.03553345 

 



321 

NACA 55112 

Max thickness 12%. 

cl=0.85, 25.0% Reflex 

x- 

coordinate 

y- 

coordinate 

 

  0.999967  0.001260 

  0.998421  0.001436 

  0.993797  0.001970 

  0.986130  0.002880 

  0.975481  0.004196 

  0.961931  0.005954 

  0.945581  0.008197 

  0.926550  0.010971 

  0.904972  0.014320 

  0.880993  0.018284 

  0.854771  0.022891 

  0.826471  0.028161 

  0.796268  0.034095 

  0.764339  0.040678 

  0.730869  0.047871 

  0.696046  0.055616 

  0.660062  0.063833 

  0.623113  0.072419 

  0.585400  0.081251 

  0.547128  0.090189 

  0.508505  0.099081 

  0.469746  0.107763 

  0.430989  0.116075 

  0.391962  0.123707 

  0.352803  0.130077 

  0.313783  0.134627 

  0.275237  0.136880 

  0.237569  0.136481 

  0.201247  0.133230 

  0.166781  0.127119 

  0.134680  0.118342 

  0.105406  0.107279 

  0.079332  0.094460 

  0.056723  0.080510 

  0.037737  0.066085 

  0.022441  0.051827 

  0.010837  0.038320 

0.002878  0.026061 

 -0.001512  0.015437 

 -0.002433  0.006708 

  0.000000  0.000000 

  0.005515 -0.004516 

  0.013824 -0.006793 

  0.024752 -0.007079 

  0.038106 -0.005705 

  0.053679 -0.003067 

  0.071257  0.000412 

  0.090637  0.004305 

  0.111651  0.008219 

  0.134188  0.011815 

  0.158213  0.014816 

  0.183771  0.017004 

  0.210968  0.018212 

  0.239933  0.018321 

  0.270773  0.017267 

  0.303533  0.015066 

  0.338180  0.011828 

  0.374592  0.007782 

  0.412576  0.003272 

  0.451795 -0.001250 

  0.491495 -0.005425 

  0.531331 -0.009168 

  0.571034 -0.012420 

  0.610332 -0.015127 

  0.648955 -0.017244 

  0.686638 -0.018743 

  0.723122 -0.019611 

  0.758160 -0.019855 

  0.791518 -0.019505 

  0.822977 -0.018612 

  0.852336 -0.017250 

  0.879413 -0.015508 

  0.904045 -0.013493 

  0.926090 -0.011322 

  0.945425 -0.009118 

  0.961948 -0.007002 

  0.975575 -0.005089 

  0.986240 -0.003483 

  0.993891 -0.002270 

  0.998496 -0.001516 

  1.000033 -0.001260 
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GOE 789 

Gottingen 798 aerofoil 

Max thickness 20% at 30% chord. 

Max camber 6% at 40% chord 

x- 

coordinate 

y- 

coordinate 

0.0000000    0.0000000 

 0.0125000   -0.0267800 

 0.0250000   -0.0360600 

 0.0500000   -0.0451200 

 0.0750000   -0.0496900 

 0.1000000   -0.0504500 

 0.1500000   -0.0503700 

 0.2000000   -0.0485000 

 0.3000000   -0.0427500 

 0.4000000   -0.0370000 

 0.5000000   -0.0312500 

 0.6000000   -0.0255000 

 0.7000000   -0.0197500 

 0.8000000   -0.0140000 

 0.9000000   -0.0082500 

 1.0000000    0.0000000 
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FX69 PR281 

Wortmann FX 69-PR-281 aerofoil 

Max thickness 28.1% at 22.2% chord. 

Max camber 5.6% at 50% chord 

x- 

coordinate 

y- 

coordinate 

  

1.00000     0.00000 

0.99893     0.00086 

0.99572     0.00291 

0.99039     0.00571 

0.98296     0.00930 

0.97347     0.01357 

0.96194     0.01842 

0.94844     0.02386 

0.93301     0.02990 

0.91573     0.03643 

0.89668     0.04320 

0.87592     0.05071 

0.85355     0.05857 

0.82967     0.06671 

0.80438     0.07529 

0.77779     0.08414 

0.75000     0.09314 

0.72114     0.10214 

0.69134     0.11114 

0.66072     0.12000 

0.62941     0.12886 

0.59755     0.13729 

0.56526     0.14529 

0.53270     0.15286 

0.50000     0.15986 

0.46730     0.16614 

0.43474     0.17186 

0.40245     0.17657 

0.37059     0.18029 

0.33928     0.18286 

0.30866     0.18457 

0.27886     0.18514 

0.25000     0.18457 

0.22221     0.18286 

0.19562     0.17957 

0.17033     0.17486 

0.14645     0.16871 

0.12408     0.16100 

0.10332     0.15186 

0.08427     0.14129 

0.06699     0.12929 

0.05156     0.11600 

0.03806     0.10186 

0.02653     0.08700 

0.01704     0.07157 

0.00961     0.05571 

0.00428     0.03886 

0.00107     0.02043 

0.00000     0.00000 

0.00107     -0.01600 

0.00428     -0.03000 

0.00961     -0.04243 

0.01704     -0.05371 

0.02653     -0.06400 

0.03806     -0.07300 

0.05156     -0.08086 

0.06699     -0.08757 

0.08427     -0.09329 

0.10332     -0.09771 

0.12408     -0.10071 

0.14645     -0.10229 

0.17033     -0.10243 

0.19562     -0.10100 

0.22221     -0.09843 

0.25000     -0.09486 

0.27886     -0.09057 

0.30866     -0.08557 

0.33928     -0.08000 

0.37059     -0.07386 

0.40245     -0.06757 

0.43474     -0.06100 

0.46730     -0.05429 

0.50000     -0.04757 

0.53270     -0.04114 

0.56526     -0.03486 

0.59755     -0.02886 

0.62941     -0.02314 

0.66072     -0.01786 

0.69134     -0.01314 

0.72114     -0.00871 

0.75000     -0.00486 

0.77779     -0.00157 

0.80438     0.00114 

0.82967     0.00329 

0.85355     0.00500 

0.87592     0.00614 

0.89668     0.00720 

0.91573     0.00729 

0.93301     0.00717 

0.94844     0.00671 

0.96194     0.00604 

0.97347     0.00514 

0.98296     0.00396 

0.99039     0.00271 

0.99572     0.00160 

0.99893     0.00057 

1.00000     0.00000 
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APPENDIX B – Data Sheets for the Data Acquisition Devices 

Chauvin Arnoux C.A 1052  

Taken from pages 26 and 27 of the manual 
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PicoLog 1000 Series 
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328 

YIGOOD Cup Anemometer – DL1 

Taken from page 1 of the Manual 
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NRG #40 Cup Anemometer – DL2  
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guntHamburg HM170 Open-loop Wind Tunnel 

Taken from pages 25, 26 and 27 of the Instructions Manual 
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Rutland WindCharger FM910-4 

Taken from page 1 of the data sheet. For the owner’s manual, see section References 
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APPENDIX C – Details of the Manufacturers 

Styro were employed for the carving of the optimum diffuser from Styrofoam.  
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