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Abstract 

Utilising scanning lidar devices deployed in active wind farms the 

results presented detail the evolution of the wind speed profile in the 

wake of wind turbines operating in both the on and offshore 

environment. The results of each of the deployments are compared 

against a variety of wake simulation models. 

 Focussing on the measurement of wake data at hub height, data 

captured from the nacelle of an offshore wind turbine detailing flow 

evolution behaviour across a wide range of operational wind speeds and 

inlet operating conditions is presented. 

 Binned in 2m/s wind speed bins the measurements clearly show a 

consistent profile across the captured speed range. This profile 

encompasses an initial flow deficit from inlet measured on the 

downstream side of the rotor. For undisturbed inflow this is seen to be 

around 30%, slightly larger for the disturbed inflow and larger still for 

waked inflow. Moving downstream the measured flow values indicate a 

flow evolution to a maximum deficit from inlet at two rotor diameters 

downstream, the differences between the inflow situations are preserved 

through to this point. This deficit is at a maximum in the 6-8m/s wind 

speed bins where the Power Coefficient is at its highest. As the wind 

speeds increase, and the Power Coefficient decreases, the magnitude of 

the maximum deficit decreases. Beyond this point the flow recovers 

towards inlet values. None of the profiles are found to recover fully 

within thirteen rotor diameters of the rotor plane. 
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 The wake simulation models employed each identify different areas of 

strength in comparison to the lidar measurements. The Eddy-Viscosity 

model with a Turbulence Intensity of 6% shows the closest correlation 

with the results at the maximum deficit through the recovery and into 

the far wake. It does not attempt to model the flow behaviour in the near 

wake region.  
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Nomenclature 

° Degrees k Wake decay constant 

φ Elevation angle (°) KB Kilo bytes 

θ Azimuth angle (°) kg kilograms 
𝛒 Density (kg/m3) km kilometres 
𝛒 Mean density (kg/m3) kW Kilo Watt 
�̃� Variable density (kg/m3) 𝐊𝟏 Dimensionless constant, 0.015 

(EV) 
𝛒′ Deviation density (kg/m3) l Length scale of largest eddies 
𝛆 Eddy-Viscosity term Lidar Light detection and ranging 

μ Viscosit (kg/sm) m metres 

η Length scale of smallest 

dissipating eddies 

m/s metres per second 

δ Kronecker delta MB Mega bytes 
�̅�𝐢𝐣 Shear stress tensor MPE Maximum Permitted Exposure 
𝐀∞ Free-Stream tube area (m2) MW Mega-Watt 
𝐀𝐃 Rotor area (m2) 𝐩′ Deviation pressure (Pa) 
𝐀𝐖 Wake area (m2) �̃� Variable pressure (Pa) 

a Axial induction factor 𝐏𝐢 Mean inlet pressure (Pa) 

b Wake width at x, EV (m) 𝐩∞ Freestream air pressure (Pa) 

°C Degrees centigrade ∆𝐩 Change in air pressure (Pa) 
𝐂𝐏 Power Coefficient 𝐩𝐃

− Pressure on downstream side of 

rotor plane (Pa) 
𝐂𝐓 Thrust Coefficient 𝐩𝐃

+ Pressure on upstream side of 

rotor plane (Pa) 

D Rotor diameter (m) PPA Power Performance Assessment 

DC Direct Current (V) PPI Plan Position Indicator scan 
𝐃𝐦 Centreline velocity as % of inlet 

(%) 

r Radius from centreline (m) 

𝐃𝐦𝐢 Initial velocity deficit  RANS Reynolds Averaged Navier 

Stokes 
𝐃𝐫 Deficit at radial point r (m) ReL Reynolds Number for largest 

eddies 

DFIG Double Fed Induction Centre RG Range Gate Number 

F Filter function RGL Range Gate Length (m) 

g Gravitational acceleration (m/s2) RHI Range Height Indicator scan 

GW Giga-Watt Sodar Sound detection and ranging 

h Hub height (m) SCADA Supervisory Control and Data 

Acquisition 
𝐈𝟎 Ambient turbulence (%) t Time (s) 

𝐈𝐀𝐦𝐛 Ambient turbulence (%) 𝐓 Mean temperature (°C) 

i Denotes properties in the i 

direction 

�̃� Variable temperature (°C) 

j Denotes properties in the j 

direction 

𝐓′ Deviation temperature (°C) 

ĸ Von Karmen constant  T0 Temperature at z = 0 (°C) 
�̅�𝐢𝐣 Shear stress tensor 𝐮�̃� Variable initial velocity (m/s) 

T.I. Turbulence Intensity (%) 𝐮𝐢 Deviation inlet velocity (m/s) 
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u Horizontal velocity component 

(m/s) 

𝐮𝐢𝐮𝐣̅̅ ̅̅ ̅ mean of velocities in i and j 

direction (m/s) 
𝐔𝐂 Velocity at centreline at locationx 

(m/s) 

VAD Velocity Azimuth Display 

𝐔𝐃 Mean flow speed at rotor (m/s) V Voltage 

Ui Inlet wind speed (m/s) Vlos Velocity in the line of sight (m/s) 
𝐔𝐖 Mean wake velocity (m/s) w Vertical velocity component (m/s) 
𝐔∞ Free-Stream velocity (m/s) 𝐖𝐖 Wake width, PARK (m) 

𝐔𝐢 Mean inlet velocity (m/s) x Distance downstream from rotor 

plane (m) 
𝐔𝟎 Inlet velocity (m/s) 𝐳𝟎 Surface roughness (m) 
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1. Introduction 

On the back of government agreed energy targets [1]0 and incentive 

schemes, the renewable energy sector has increased in size and capability in 

recent years. Renewable energy generation sources have begun to capture a 

larger share of the electricity market both nationally and globally. Led by 

solar and wind [2] this increase will be bolstered in the coming decades 

through further deployment of existing technology alongside the 

development of wave and tidal resources [3]. 

This expansion is currently incentivised by UK and EU funding programs [4] 

[5] to promote renewable energy development alongside traditional fossil 

fuel generation. If the full potential of renewables is to be met further 

improvements in installation and operational costs, as well as efficiency in 

design and operation, are vital, in the process allowing a reduction in the 

comparative cost of green energy [6]. Coupled with improvements in storage 

and grid management this will allow these energy sources to be incorporated 

fully into a stable, green and efficient energy supply network [7]. 
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1.1 The wind industry 

Wind energy has a vital role to play in assisting the UK in approaching its 

renewable obligation target of 20% by 2020 [8]. Combined with the Scottish 

Government’s commitment to the equivalent of 100% of Scotland’s electricity 

demand from renewable sources by the same date [9] the expansion of grid 

connected wind energy will be a major development area in the coming 

years, both within Scotland and the UK. Such a commitment will require an 

estimated 11 - 18GW [9] of installed renewable energy capacity, with a 

significant portion of this commitment being met by onshore and offshore 

wind turbine developments. 

At present fully developed and deployed wind farm technology offers 

turbines with ratings of up to and above 6MW, utilising rotor diameters of in 

excess of 100m [10]. To help realise the proposed generation capacities the 

development of larger turbines, such as the 7MW test turbine installed in 

Methil, Scotland, [11] will be required 0. Such devices will allow for higher 

energy density to be achieved in wind farms while larger generating units 

combined with advances in manufacturing techniques will allow for 

reductions in the unit cost of wind energy per mega-watt to be realised [12].  

The unique nature of utilising wind turbine power plants for electricity 

generation requires an understanding of the stochastic and complex flow 

field in which they operate. A significant factor in these flow fields is the 

development of the wake behind an operational wind turbine.  

Installed as part of a wider wind farm a given turbine will operate for a 

period of time in the wake of an upstream device. Understanding this wake 

flow development behind a wind turbine will allow for a greater 

appreciation of how downstream devices can be affected by the wakes of 
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those upstream. Such understanding can be facilitated by capturing flow 

vector measurements along the length of a wind turbine’s wake to build up a 

profile along its’ dimensions. 

Traditional wind field measurement has involved strategically placed 

meteorological masts equipped with anemometers and wind vanes that 

provide wind vector information at their installation location [13]. In recent 

years a variety of remote sensing devices have been adapted and developed 

for the wind energy sector that capture wind vector information remote from 

the device, Chapter 2. Providing measurements across a flow field from a 

single installation point, wind specific remote sensing techniques allow a 

more spatially complete picture of the monitored wind flow field to be built 

up. Measured flow data can be captured relating to wind turbine wakes, 

forestry edges and airflow over complex terrain, while marinised variants 

allow for the capture of offshore flow patterns and wake structures [14].  

Improvements in the measurement and visualisation of these wake flow 

effects can aid greater understanding in the wind farm design process. In 

addition the numerical simulation of these features can provide great 

assistance in this area. At present a variety of simple and more complex flow 

models, Chapter 2, have been developed to facilitate the modelling of wind 

flow through a wind turbine rotor and into the wake. These have been 

adapted to provide predictions of wind speed and energy for potential wind 

farms in a number of wind specific simulation packages. While commonly 

used in industry for potential resource assessment the accuracy of these 

predictions is often cited as the largest source of uncertainty in the 

development of a wind project [15].  
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The availability of wind specific remote sensing devices offers the potential 

to gather live wake measurements for comparison with these models. In the 

process reducing the uncertainty involved in the development of large wind 

farms. 

The work undertaken in this project aims to develop methodologies for the 

use of remote sensing devices in the capture of wake flow information in 

active on and offshore wind farms. The captured measurements will detail 

wake development for a variety of inflow conditions and turbine orientations 

with special resolutions not available from the use of traditional flow 

measurement methods. These measured data sets will then be compared to a 

series of numerical wake flow models that are utilised across the wind 

industry in the analysis of wind farm flow predictions.  

The work will allow an understanding of how the modelled wake velocities 

compare to those measured by the remote sensing devices, while also 

facilitating a development of best practices when deploying such devices for 

wake measurement in active wind farms.  
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Chapter Summary 

The project aim to compare wind turbine wake remote sensing 

measurements with numerical wake models requires a full understanding of 

the state of the art technology in both of these focus areas. 

The literature review presented in the following chapter details the state of 

the art in remote sensing and the principals involved in wind flow field 

measurement and analysis.  

In focussing on numerical flow modelling techniques the methodology and 

characteristics of a variety of flow models developed for the wind industry 

are also explored.  

Finally a literature review of existing academic comparisons between remote 

sensing measurements and a selection of numerical flow models provides an 

analysis of work completed in this field of study. 
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2.1 Background 

The wind industry sector is utilising tools and expertise developed for use in 

a wide variety of different industrial and academic sectors. Aerodynamic 

tools are used to develop blade technology [16], oil and gas expertise used to 

develop and deploy offshore structures and networks [17], mathematical 

modelling techniques are implemented to predict failure rates and electrical 

grid models [18], and transmission grid expertise is being used to plan and 

locate connection networks to reduce transmission losses [19]. The focus of 

the work presented here considers the use of remote sensing technology and 

computational flow modelling tools in the wind industry that have been 

developed from other applications [20] [21]. 

The development of these established technologies into wind specific 

platforms offers new opportunities to apply their capabilities and ensure a 

better understanding of the challenging flow regimes in active wind farms. 

The following review chapter will context the state of the art in wind flow 

measurement technology and numerical analysis tools for characterising 

wind turbine performance. 
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2.2 Remote sensing technology 

It is essential for maximising wind turbine performance to understand wind 

flow characteristics and the complexity of the wind resource. Traditional 

tools for on-site wind vector analysis are physical and intrusive in nature and 

require the erection of large meteorological (met) masts equipped with cup 

anemometers and wind vanes. From these towers, point measurements of 

wind speed and direction can be recorded at defined heights. Current wind 

assessment techniques and standards will not consider a site without a year’s 

worth of on-site measured data [22] making them a crucial factor in wind 

farm developments. 

The availability, accuracy and mobility of remote sensing devices is changing 

the way in which developers and other stakeholders approach site 

assessment [23]. The ability to create virtual met masts above a device or scan 

in two dimensions away from it allows for richer more expansive data sets to 

be gathered. This advance in technology allows a greater level of detail into 

the behaviour of the wind flow characteristics associated with wind farms 

and individual turbines.  

Allowing measurements to be taken at a range of distances from an installed 

unit, remote sensing devices offer a distinct advantage over the traditional 

anemometer and wind vane methods. By utilising sonic and laser technology 

remote sensing devices allow wind vector properties to be captured at 

programmable distances from the physical location. The wind industry is 

embracing this technology in research, performance and characterisation 

roles [24]. 
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Sound Detection and Ranging (sodar) and Light Detection and Ranging 

(lidar) devices have previously found uses in various engineering 

applications. Originally developed by the military and used in target 

acquisition and tracking [25] both have gone on to be used on separate 

platforms including NASA’s Mars exploration programs [26]. Their 

application in the wind sector has been aided by the introduction of 

affordable, robust and compact laser technology [27] and they are 

subsequently being used for a variety of different roles in the wind industry. 

Lidar devices are emerging as the market leader [28] with more versatile and 

compact products. A variety of companies offer lidar solutions to the wind 

industry, Halo Photonics’ [29] Galion Lidar [30] (marketed through 

SgurrEnergy Ltd [31]), QinetiQ’s ZephIR [32] [33] (marketed through Natural 

Power [34]) and Leosphere’s [35] Windcube [36] have a significant presence 

in the UK market. Recent developments have led to the availability of 

smaller more mobile devices, improving the opportunity for potential 

deployments in proposed or developed wind farm. Table 2.1 gives an 

overview of the main lidar devices available in the wind industry at present 

and a summary of their capabilities; the different lidar methodologies 

utilised are explored in Section 2.1.1., while the devices detailed are explored 

in more detail in Section 2.1.2. 

   Methodology 

Product Manufacturer 

(Marketer) 

Max 

Range 

Beam 

Emission  

Distance 

Resolution 

D.o.F Scan 

Geometries 

Galion Halo 

(SgurrEnergy Ltd) 

Up to 

4 km  

Pulsed Time of 

Flight 

2 ‘All-Sky 

Scanning’ 

ZephIR QinetiQ (Natural 

Power) 

150m Continuo-

us Wave 

Beam 

Focussing 

1 Vertical 

Only 

Windcube Leosphere (NRG) 200m Pulsed Time of 

Flight 

1 Vertical 

Only 

Table 2.1: Commercially available lidar models 
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2.2.1 Lidar methodology 

Each of the lidar technologies presented in Table 2.1 utilise a similar doppler 

shift technique to obtain the component of the wind vector aligned with the 

laser orientation (line of sight velocity or Vlos) at a defined distance from the 

device. This doppler shift is established through the laser reflecting on 

microscopic aerosols, or scattering centres, travelling in the wind. The 

changes in laser wavelength and frequency imposed on the beam correspond 

to the component of the wind vector aligned with the laser beam and are 

used to calculate the corresponding line-of-sight component of the local wind 

vector. The key variables defining a lidar device are the emission method of 

the measurement beam and the number of degrees of freedom available in 

controlling the orientation of the beam [27]. 

Emission method 

Wind lidar devices use two types of measurement beam emission principle, 

continuous wave (ZephIR) or pulsed (Galion and Windcube). The difference 

between these two technologies is in the way that the distance to the 

measurement locations in achieved. Continuous wave devices employ a 

method of beam focussing where the strongest measured reflections are 

achieved at the focus point of the beam [37]. In contrast pulsed systems use a 

time-of-flight methodology, determining the distance to the measurement 

location from the time taken to send the pulse emission and the return of the 

reflected light [38]. Consequently a number of measurements can be taken 

simultaneously at different ranges along the laser length. 

Laser emission and reception is facilitated from either a bistatic or monostatic 

source [39], Figure 2.1 shows the basic setup of a bistatic pulsed laser, where 

the emitted beam is compared to the back scattered properties to establish 
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the doppler shift properties. The laser emission and backscatter detection 

optics are separate in a bistatic lidar device; in contrast a monostatic lidar 

device the emission and detection processes share common optics. The 

monostatic arrangement is more common.  Time of flight calculations are 

used to find the distance to the scattering centres this is indicated in the 

system schematic in Figure 2.1.  

 

Figure 2.1: Generic bistatic pulsed lidar system [39] 

 

Single degree of freedom lidar devices 

Single degree of freedom lidar devices allow the user to vary the azimuth of 

the measurement beam while the elevation remains constant. To ascertain an 

absolute wind vector, three or more line of sight velocity (Vlos) measurements 

are required to aid in calculating the three unknowns of Equation 2.1.  

 𝐕𝐥𝐨𝐬 = |𝐀𝐬𝐢𝐧(𝛉 − 𝐁) + 𝐂| Equation 2.1: [40] 

 

Where: 

𝐴 = 𝑢𝑐𝑜𝑠(𝜙) 

𝐵 = 𝑊𝑖𝑛𝑑 𝑏𝑒𝑎𝑟𝑖𝑛𝑔 ± 180° 

𝐶 = 𝑤𝑠𝑖𝑛(𝜙) 

𝜙 = 𝐵𝑒𝑎𝑚 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 angle measured from horizontal 

𝜃 = Beam azimuth angle measured clockwise from North (0°) 
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u = horizontal component of measured wind vector 

w = vertical component of measured wind vector 

 

The common lidar method of achieving this is by varying the azimuth of the 

beam in a circular motion keeping the beam elevation from the horizontal 

plane (𝜙) constant [41], thus defining a conical volume around the zenith 

above the device [42]. Commonly the elevation angle is held constant at 60° 

defining a cone with an apex angle of 60°, this method is defined as a  

Velocity Azimuth Display (VAD) scan. 

A single degree of freedom lidar device can be programmed to obtain 

measurements at a succession of points around a full 360° circle directly 

above the device, Figure 2.2. From these variations at a constant distance, or 

height, from the device, a series of line of sight velocity values can be 

recorded. Under steady state wind flow conditions these values can be 

plotted against azimuth angle (θ – measured clockwise from North) to follow 

a sinusoidal pattern, Figure 2.3. This pattern is produced as the laser 

intercepts the wind flow at different angles and the variations in the line of 

sight values are plotted. The maximum and minimum measured line of sight 

values align with the predominant wind direction while the function passes 

through zero when the azimuth value is perpendicular to the wind direction. 

Each point in the sinusoid can be fitted against Equation 2.1, derived in [23] 

[40]. 
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Figure 2.2: VAD formulation diagram 

 

Figure 2.3: VAD scan fitting technique 

Given three or more points for Vlos and their corresponding azimuth value it 

is possible to determine the three unknown values for horizontal wind speed 

(u) and vertical wind speed (w) along with the value of the wind bearing, B. 

This will allow the formulation of a local wind vector at the height the 

measurements took place.  
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The definition of this height is reliant on the definition of the distance from 

the device. Pulsed lidar solutions employ a fixed probe length that is 

governed by the optics of the device, constraining the measurement location 

to being multiple of this value. Continuous Wave based devices have greater 

ability to tailor the measurement height to the user’s requirements [37] by 

allowing a beam focussing methodology to be employed. With this the user 

specifies the measurement distances required and the lidar focuses on each 

of these in turn. 

Employing a VAD methodology with a pulsed lidar the measurement height 

above the lidar can be given by: 

 ℎ = (𝑅𝐺 ×  𝑅𝐺𝐿)sin (𝜙) Equation 2.2  

 

Where: 

𝑅𝐺 = 𝑅𝑎𝑛𝑔𝑒 𝐺𝑎𝑡𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 

𝑅𝐺𝐿 = 𝑅𝑎𝑛𝑔𝑒 𝐺𝑎𝑡𝑒 𝐿𝑒𝑛𝑔𝑡ℎ 

The user specifies the number of probe lengths from the device a 

measurement is required at, this is known as the Range Gate (RG) number; 

the distance from the device is then given by this value multiplied by the 

probe, or Range Gate, length (RGL) [43]. As the Range Gate Length is a 

constant value controlled by the optics of the device this is the limit for the 

resolution of lidar data sets captured using a single pulsed device. In most 

situations the lidar is programmed to probe a maximum number of range 

gates defined by the user, the required distanced from the device can then be 

chosen from the results. 

This Velocity Azimuth Display method of wind vector formulation is the 

main measurement technique for single degree of freedom based lidar 
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devices. In this methodology the lidar device is creating a virtual met mast 

above the device; it can be employed by all of the referenced lidar devices, 

Table 2.1. The ZephIR continuous wave device takes a large number of 

readings around the 360° azimuth in a short scan time, a sinusoid can then be 

accurately fitted against these measurements. In contrast the pulsed Galion 

Lidar and Windcube devices rapidly take 3 - 4 readings at a given height and 

fit the sinusoid to these results. Using the extended range of the lidar devices 

these virtual masts can attain measurements at heights unattainable by 

traditional met mast installations.  

Although widely used there are a number of weaknesses in the VAD 

methodology that may limit its effectiveness, particularly in complex terrain 

and non-uniform flow situations.  

The resultant vector is an average over the circular area defined by the 

measurement points taken; it is therefore not a true point measurement. As 

the scan is conical, the area of the described circular measurement plane will 

increase with height. A 60° cone apex angle will result in measurement 

diameters of 115.5m at 100m and 230.9m at 200m. Thus, the assumption of 

steady state flow across the measurement plane becomes weaker as height 

increases. The VAD method has been shown to produce measurement errors 

in complex terrain in studies where greater values of vertical wind speed 

may be experienced and turbulent eddies may be prevalent [44]. These 

difficulties can be resolved as the VAD method shows good correlation with 

met mast data in simple terrain for the Galion, the ZephIR and the 

Windcube, these results are covered in Section 2.1.2 below. 
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Two degree of freedom lidar devices 

The ZephIR [33] and the Windcube V2 [36] variant have single degree of 

freedom scanning capabilities. In both devices this refers to an ability to vary 

the azimuth of the measurement beam as the elevation stays fixed; this 

necessitates the use of the VAD scan profiles described in Section 2.1.1.  

Systems which have the capability to vary elevation in addition to the 

azimuth introduce a second degree of freedom in the beam orientation 

definition. Devices with this functionality include SgurrEnergy Ltd’s Galion 

Lidar [30] and the Windcube 200S [36], these devices are often termed 

scanning lidars [44]. This configuration coupled with increased measurement 

range allows for ‘all sky scanning’ [43] capabilities providing the user with 

the option to implement any desired arc scan pattern to fulfil their 

requirements.  

Distance resolution is achieved through time of flight measurements. 

Techniques commonly employed with second generation lidar devices 

involve holding one beam orientation variable constant while changing the 

other tracing an arc pattern remote from the device, these techniques echo 

those used in the aviation industry for radar scanning purposes [45].  

Holding the elevation steady and varying the azimuth creates an arc scan 

across the sky, this methodology can be termed Plan Position Indicator (PPI). 

In contrast holding the azimuth constant and varying the elevation creates a 

vertical plane through the studied flow field and is termed and Range Height 

Indicator (RHI). 

Although the PPI method is identical to that of the VAD the elevation value 

employed is generally applied between 0° and 10° from the horizontal, while 

the azimuthal range is usually less than the 360° of the VAD method. The 
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visualised results lead to a plan like image of the flow field measured; Figure 

2.4 shows a sample PPI scan. The image shows multiple lidar scans averaged 

over a period of one hour on the 11th January 2011 between 22:00 and 23:00 as 

identified in the figure title. The lidar is situated at (0, 0) along the top edge 

of the scan and is scanning from 90° to 185° relative to North. As the image 

represents measurements taken from a ground based lidar device the height 

above the device increases linearly from (0, 0) to the scan edges. This is 

reflected in the measurements as the measured wind speeds increase 

towards the bounds of the scan. Several turbines and their associated wakes 

can be identified in the image. 

 

Figure 2.4: PPI Scan, 1 hour averaged 

Focussing on the PPI scan methodology it is found that the VAD scan 

analysis method of fitting a sinusoid to the data sets to ascertain wind 

direction can be applied to PPI scans given that PPI’s are essentially 
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truncated VAD scans with a lower elevation, usually in a quadrant (i.e. not 

360°) of interest. 

The RHI method holds the azimuthal value constant and varies the elevation 

of the beam creating a vertical slice through the flow field. Figure 2.5 

presents a sample scan using this technique from a Galion Lidar device, the 

flow field presented measured wind flow moving right to left towards the 

device located at (0,0) [43]. The vertical plane scan through the atmospheric 

boundary layer captures evidence of a low level jet of faster moving air 

between heights of 80m and 200m. The negative wind speed values indicate 

flow moving away from the device. 

 

Figure 2.5: Sample RHI scan [43] 

Time and space trade-off 

Under ideal conditions the air flow into a wind turbine will be turbulence 

free, horizontal and consistent in direction and speed. The nature of the wind 

does not allow this to be the case. The wind resource across a given site is 

shown to evolve consistently; it is influenced not only by physical structures 

but also by atmospheric conditions such as localised temperature and 

pressure. These effects can be manifest on a large variety of length scales and 
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move in a variety of directions regardless of the prevailing wind direction. 

The resultant flow field is fully three dimensional and highly stochastic in 

nature. Patterns may emerge at a macro scale but at length scales relevant to 

wind turbines turbulent eddies and induced structures can dominate the 

flow. Such behaviour is particularly evident within active wind farms where 

the rotational and velocity slow down effects created by active wind turbines 

can extend for tens of rotor diameters downstream from the rotor plane.  

In attempting to measure and quantify these structures using scanning lidar 

technology their varying size, movement and evolution necessitates a trade-

off in the resolution of the measured data sets and the time taken to acquire 

them [46]. Although the time taken to capture the measurements on a single 

beam orientation is small the time overhead involved in refocusing the 

devices optics to a new beam orientation is more significant, particularly 

when high resolution data is required. A 4000m radius scan will take several 

seconds to gather measurements along the full beam length, repeating this 

process for a wide scan arc will incur a significant time overhead reducing 

the time resolution of the measurements.  

In the time taken to capture all of the data in the defined arc the flow features 

measured will have moved on and the resultant data set cannot represent an 

instantaneous snapshot of the flow field. Reducing the number of 

measurement points along the beam and beam spacing in the arc scan will 

increase the speed at which a scan arc can be completed thus increasing the 

time resolution; this will however reduce the spatial resolution of the 

attained data set as there are larger spaces between the measurement points. 

This is the nature of the time and space resolution trade off that exists with 

the use of scanning type lidar devices for arc scans. The larger the azimuth 

and distance range of the scans implemented the more these issues will come 
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into play. Each device has slightly different capabilities that can allow for the 

optimisation of the scan arc for given situations but this problem cannot be 

removed completely with the deployment of a single device. To counter 

these issues a scan setup can use either multiple laser beams or average the 

data sets across extended time periods.  

Averaging the data sets allows data sets to capture permanent flow 

structures such as turbine wakes or flow circulation areas. This setup 

assumes steady state flow conditions and cannot capture dynamic turbulent 

structures or gusts present in the flow. For comparison with steady state 

numerical models these averaging techniques provide an attractive prospect. 
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2.2.2. Off the shelf lidar solutions 

The three devices considered in Table 2.1 have been deployed successfully in 

a wide variety of locations and conditions across the globe, Section 2.3. The 

deployments have been undertaken in a wide variety of complex flow 

situations where further understanding of flow behaviour is required by 

clients and researchers. In the following section the characteristics and 

performance of these three devices are considered for operations in the VAD 

mode explored above. 

The three devices examined are portable and are easily deployed for 

measurement campaigns after a period of verification and performance 

testing. When compared to traditional meteorological mast solutions their 

installation location flexibility and range of measurement heights provide 

greater possibilities for wind profile measurements and flow analysis.   

There are two other wind specific lidar devices becoming available but their 

development status is unclear, Catch the Wind’s Vindicator [47] and 

LockHead Martin’s WindTracer [48].  

 

Halo-Photonics (SgurrEnergy Ltd) Galion Lidar 

Developed by Halo-Photonics [29] and SgurrEnergy [31] the Galion [30] is a 

variant of existing Halo remote sensing technology. At present two Galion 

Lidar models are available, the Galion G250 and the Galion G4000, with both 

models offering offshore marinised variants [49]. Table 2. details the 

technical specifications of the Galion device. 
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Performance: Range 250m (Galion G 250) 

4,000m (Galion G4000) 

 No. of measurement 

heights 

15 + (Galion 250) 

130 (Galion 4000) 

 Probe length 

 

24m (Galion 250)  

30m (Galion 4000) 

 Sampling rate 50Hz 

 Laser emission 1 x Pulsed Laser Beam  

 Scan averaging period 10mins / 1hour 

 Speed measurement 

accuracy 

± <0.1m/s 

 Direction measurement 

accuracy 

<0.5° 

 Speed range 0m/s – 70m/s 

3D Scanner Azimuthal scanning 0° - 360° 

 Zenithal scanning 0° - 180° 

 Angular resolution 0.5° 

 Maximum rotation 

speed 

360° in 20s 

Operations: Temperature range  -15°C - +35°C 

 Power consumption 150 Watts 

 Power input, DC 24V DC 

 Weight 85kg 

Data: Variables Horizontal Wind Speed, 

Direction, Turbulence, 

Measurement Location, 

Device Pitch & Roll, 

Measurement Intensity 

 3 second data 3MB/day 

 10 minute averaged 

data 

80KB/day 

Safety: Laser classification Class 1  

 Eye safety standard IEC 60825-1 

Table 2.2: Galion technical specifications [49] 

 

Galion performance verification 

The Galion has undergone a series of independent testing deployments in 

order to assess performance against traditional met mast methods. In 2009 at 

the DTU Risø operated Danish National Test Station for Large Wind 

Turbines located at Høvsøre, Western Jutland, Denmark [50] the device was 

tested for four days against Class 1A cup anemometers and wind vanes 
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mounted on a meteorological mast installed at the site. Each of the mast’s 

anemometers was calibrated to MeasNet Standards [51], at heights of 40m, 

60m, 80m, 100m and 116m above ground level. Comprehensive testing was 

conducted of the Galion’s wind vector measurement capabilities against the 

mast measurements at each height. In addition comparisons of the lidar wind 

direction measurements were conducted against those of the wind vanes, 

mounted at 60m and 100m on the mast. The data set was filtered to exclude 

low wind speeds (< 4m/s), mast and turbine shadow effects (based on 

direction), excess wind veer (greater than 5° in a 10 minute period) and 

precipitation during the period of averaging [50]. In the analysis presented 

ten minute averages and standard deviations were considered for 

comparison. Figures presented in Appendix A detail the results for standard 

regression analyses carried out on the test data for the 100m case for 

horizontal wind speed and wind directions.  

Height  

[m]  

Mean Value  

[m/s]  

Standard Deviation  

[m/s]  

40  -0.16  0.31  

60  -0.05  0.18  

80  -0.07  0.16  

100  -0.09  0.17  

116  -0.10  0.18  

Table 2.3: Mean error value and standard deviation for lidar wind speed measurements at 

multiple heights [50] 

The measured lidar error values, defined as lidar measured horizontal wind 

speed minus the mast anemometer wind speed measurements [50], are 

presented in Table 2.3 for each measurement height. The standard deviations 

of the measurements at each height are also presented.  

Analysis of the findings in Table 2.3 show the largest mean error values to be 

at 40m; this is as a result of the greater scatter seen in the captured data at 

this height [50]. Beyond the 40m height it can be seen from Table 2.3 that the 
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mean error value increases with height, while the standard deviation of this 

error stays reasonably constant. The measurements between 60m and 116m 

show an acceptable correlation with the cup anemometer measurements with 

a maximum error value of -0.1m/s and maximum standard deviation value 

of 0.18m/s at a measurement height of 116m [50].  

 The lidar measurement performance against the meteorological mast data as 

captured in this analysis is acceptable but shows slightly increased variations 

at distance from the device perhaps resulting from the increase of 

measurement volume [50]. 

The Galion, and its variants and functionality, have been tested and verified 

by a number of independent organisations with track records in device 

certification. The studies verify the device’s wind speed and directional 

measurement accuracy for a number of challenging environments both on 

and offshore, details of each of these can be found in Table 2.4. The papers 

detailed show that the Galion’s capabilities and accuracy levels are 

acceptable for a wide range of flow conditions.   

Organisation  Year Description  Reference 

DTU Risø 2009 Onshore test against heavily instrumented 

independent met mast at DTU Risø test site, 

Denmark.   

[50] 

Deutsche 

Windguard 

2013 Onshore performance verification at the DWG 

test field in Rysum, Germany. 

[52] 

DNV KEMA  2013 Reviewed a year’s worth of bank-grade wind 

data captured by Galion lidar on the 

ORQA platform, Hong Kong, China. 

[53] 

Fraunhofer  

IWES  

2013 Verified the accuracy of Galion lidars "remote 

mast" functionality for providing offshore 

power curve tests. 

[54] 

Table 2.2: Galion lidar independent verification tests 
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QinetiQ (Natural Power) ZephIR 

The ZephIR [32] has been developed and manufactured by British company 

QinetiQ [33], and is now marketed and operated by the renewable energy 

consultancy Natural Power [34]. It was the first market ready wind specific 

lidar and achieved a number of firsts for lidar devices in the wind sector [55]. 

Initially launched in 2003 the ZephIR has been through a number of design 

iterations, the current primary device available is the ZephIR 300. Other 

products offered in the ZephIR range include nacelle mounted 

(ControlZephIR) and offshore (SeaZephIR) variants; these are both based on 

the same technology found in the ZephIR 300, Table 2.5 details the main 

ZephIR 300 technical specifications [56] [57]. 

Performance: Range 10m – 200m 

Extended Range 

Option -  300m 

 Number of measurement 

heights 

10 user defined 

 Probe length 

 

0.07m @ 10m 

7.70m @ 100m 

 Sampling rate 50Hz 

 Laser emission Continuous Wave 

(CW) 

 Scan averaging period 1s upwards 

 Speed measurement 

accuracy 

<0.5% 

 Direction measurement 

accuracy 

<0.5° 

 Speed range 1m/s – 70m/s 

Operations: Temperature range -40°C - +50°C 

 Power consumption 69 Watts 

 Power input, DC 12 V 

 Weight 55kg 

Data: Variables Wind speed, direction, 

turbulence 

 3 second data 3MB/day 

 10 minute averaged Data 80KB/day 

Safety: Laser classification Class 1  

 Eye safety standard IEC 60825-1 

Table 2.3: ZephIR 300 technical specification [56] [57] 
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ZephIR performance verification 

Each ZephIR 300 lidar is tested and calibrated at the company’s test site in 

Pershore, Worcestershire. The site accommodates a 90m meteorological mast 

with Vector 100L anemometers [58] calibrated by Risø at heights of 20m, 

45m, 70m and 90m. In addition to this met mast each device is bench marked 

against a reference ZephIR 300 which has been calibrated at the DTU Risø 

test station in Høvsøre, Denmark. This is the same test station and mast as 

utilised in the Galion performance verification identified above [50]. ZephIR 

testing is undertaken to industry approved guidelines and certified for 

‘finance grade wind resource assessments’ if required [57].  

Test results for a ZephIR 300 deployed at the Pershore test site are presented 

in Appendix A. The figures present standard regression analysis applied to 

the ten minute averaged data comparing mast data to lidar data at heights of 

91.5m and 40.5m. The plots compile mast measured horizontal wind speed 

data against lidar measured horizontal wind speed data. The deployment 

took place for two weeks in January 2011; low wind speed filters (< 3m/s) 

were applied to both captured data sets and any erroneous data points 

visible in the cup anemometer data sets were removed from the comparison 

[59]. 

Individual analysis of the errors in the deployments in [59] is not presented, 

instead the measurement statistics have been averaged over 24 non-

concurrent ZephIR 300 deployments. The results presented in Table 2.6 detail 

the mean slope and standard deviation of the regression analysis aggregated 

across the 24 deployments, this has been completed for each measurement 

height. 
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 Gradient Sensitivity 

Height (m) 
Mean 

Slope 

Standard 

Deviation 

Mean  

Slope 

Standard 

Deviation 

91.5 1.0038 0.0069 

1.0350 0.0881 
70.5 1.0039 0.0076 

45.5 1.0005 0.0054 

20.5 0.9967 0.0048 

Table 2.6: Regression analysis for data captured by 24 ZephIR 300 devices at Pershore test 

site [59] 

These results indicate that the calibration consistency across the 24 devices 

lies within 0.5% of the mean value of the regression slope of the analysis for 

each of the study heights, the standard deviation of this slope is found to be 

<1% for all heights.  

The sensitivity study on the right of Table 2.6 compares the results of the 24 

tests to that of a reference ZephIR 300 unit with a sensitivity of unity. The 

regression analysis results presented shows a 3.5% deviation from the unity 

gradient of 1. 

The results of the Gradient regression analysis show a low level of variation 

in the mean across the 24 deployments which showcases the consistency in 

measurement accuracy of the ZephIR device.  

 

Leosphere (NRG) Windcube 

Developer Leosphere [35] are an established name in developing laser based 

atmospheric remote sensing technology. In partnership with NRG, a wind 

monitoring and analysis specialist, they developed and market the Windcube 

[36] product line. The main sales model is the Windcube V2, an offshore 

variant (Windcube V2 Offshore) is also available [60]. Table 2.7 below 

identifies the key technical specifications of the V2 device. 
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The V2 device uses a pulsed laser system employing 5 individual laser 

beams, four point to the cardinal points (N, E, S & W) and the fifth to the 

zenith (Z). The V2 is claimed to be the only wind specific lidar measuring the 

absolute values of horizontal and vertical wind speed [60].  

Performance: Range 40m – 200m 

 Number of Heights 12 User defined 

 Sampling Rate 1Hz 

 Laser Emission 5 x Pulsed Laser Beams 

 Speed Accuracy 0.1m/s 

 Direction Accuracy 2° 

 Speed Range 0m/s – 60m/s 

Operations: Temperature Range  -30°C - +45°C 

 Power Consumption 45 Watts 

 Power Input DC 18V - 32V 

 Weight 45kg 

Data: Resolution 1s or 10min 

 Variables Horizontal & Vertical 

wind speeds 

Min & Max, direction, 

Signal to Noise Ratio, 

Quality Factor, GPS 

Coordinates 

Safety: Laser Classification Class 1M IEC  

 Eye Safety Standard IEC 60825-1 

Table 2.7: Windcube V2 technical specification [60] 

Windcube V2 performance verification 

The Windcube V2 model has undergone testing in a variety of flow 

situations around the world. Renewable energy consultants res [61] have 

carried out a side by side comparison of the Windcube V2 device against a 

met mast and Triton Sodar device [62], all three devices captured ten minute 

averaged data sets. The remote sensors are constrained to take measurements 

at 60m and 80m, the met mast at 62m and 80.2m. Figure A.5 in Appendix A 

shows a comparison between measured horizontal wind speed for both 

remote sensing devices and that of the met mast at 80m [61]. The presented 
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comparison shows that the Windcube performs better in this test than the 

Triton with less scatter present in the measurement results at both heights 

Height 

(m) 
Gradient Uncertainty Intercept Uncertainty R2 

Valid 

data 

60 1.0100 0.0012 0.0096 0.0081 0.9941 99.52% 

80 0.9985 0.0010 -0.0105 0.0071 0.9959 99.92% 

Table 2.8: Windcube V2 vs mast data results from Rotsea test [61] 

Table 2.8 identifies the key calculations presented in [61] for a standard 

regression analysis applied to the measured and filtered V2 data set. The 

correlation gradient at both heights shows a < 1% error to the unity gradient 

which is within the acceptance test criteria [61]. 

In addition to the Windcube V2, Leosphere offer a number of further devices 

with similar technical specifications but with extended range capabilities. A 

further recent addition to their wind profiler range is the Windcube 200S 

[63], a scanning lidar device capable of 3D scanning utilising two degree of 

freedom scanning abilities.  
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2.2.3 Lidar recommended practice and standards 

Lidar devices are not manufactured to set standards governing their 

construction and measurement methodology; instead the three devices 

considered in Section 2.1.2 subject each device for a period of testing and 

calibration before delivery to the customer. The recorded results ensure each 

device has a traceable history and its’ accuracy in a field situation can be 

guaranteed upon delivery, the figures presented in Appendix A above show 

standard field test results for each device outlined in Table 2.1.  

A multitude of working groups and organisations have looked at developing 

sets of standards governing the best practice use of remote sensing devices, 

focussing in particular on the met mast replacement potential of such 

devices. The Lidar Acceptance Group (LAG) [64], have been looking at 

developing a set of standards governing the testing and use of remote 

sensing devices for wind measurements. An outcome of a series of LAG 

meetings the 2010 Boulder Protocol [65] began the process of formalising the 

acceptance of remote sensing data. The main topics considered in this brief 

document identify cases in which remote sensing data is acceptable, methods 

for verification of the device before deployment, and verification operational 

constraints for remote sensing use.  

In April 2011 Det Norske Veritas (DNV) published a recommended practice 

document DNV-RP-J101 titled the ‘Use of Remote Sensing for Wind Energy 

Assessments’ [66]. The document covers the requirements for a lidar 

deployment to be considered acceptable for use in Energy Assessments. It 

states that remote sensing data can be used to quantify the accuracy of 

extrapolations from tower data, as well as that of the shear coefficients 

calculate from tower data.  Remote sensing data may also be used to capture 
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hub height wind speed and direction measurements and to quantify wind 

resource variability across a site [66]. DNV-RP-J101 also describes a number 

of caveats pointing out relevant features of remote sensing methodologies 

that must be understood prior to their use; these are described in full in 

Appendix B. 

The text presented in Appendix B and the wider DNV document seeks to 

establish a set of parameters that define periods in which results captured by 

a remote sensing device can be used in Energy Assessment procedures and 

when the data cannot be verified reliably. DNV-RP-J101 [66] also provides 

guidelines on Site and Operation, Documentation, Instrument Verification, 

and the Planning and Implementation of Measurements for Energy 

Assessments. Enacting these principals will allow for the effective use of 

remote sensing devices in situations where traditional techniques do not 

provide the flexibility required. This is of particular use where planning 

permission for met masts is not available, large rotor turbines are being 

considered, measurements at hub height and across the rotor diameter are 

required, in addition to locations where the installation of a met mast will be 

problematic i.e. undeveloped sites and offshore. 

Work is underway to develop standards and best practice guidelines 

governing Power Performance Assessment (PPA) at operational wind farms, 

in particular IEC 61400-12-1 [67], which covers ‘Power performance 

measurements of electricity producing wind turbines’. If successful this work 

will allow for the use of remote sensing devices in the power performance 

assessment of operational wind turbines. Through accurate characterisation 

of wind turbine inflow and matching this with operational turbine 

performance data a true picture of how a wind turbine is operating 

compared to design specifications will be established.  
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2.3 Numerical modelling techniques 

Computer based numerical flow models have been developed and applied to 

a wide range of engineering problems. Their development for wind turbine 

simulation applications has allowed them to become a widely used tool in 

the development of wind farms. Providing solutions to the Navier-Stokes 

flow equations or incorporating wind turbine wake flow methodologies the 

aim is to provide models of wind flow through a wind farm and 

corresponding predictions of potential power and loading characteristics 

across the site. In the use of Navier-Stokes equations the aim is to produce a 

complete simulation of flow interactions across a site detailing the flow 

across each of the mesh [68]. These tools can be used during the planning, 

deployment and operational stages of wind farm development. 

Wind farm flow modelling 

With the complexity of the wind turbine flow field there is a need for flow 

simulation packages tailored specifically to wind simulations with improved 

accuracy suited to the requirements of the application. 

The flow regime experienced across a wind farm site is a complex mix of 

turbulent flow with a variety of length, mixing and time scales observed. 

Production of full numerical solutions with mesh sizes capable of modelling 

all of these scales results is not practical. Laminar solvers have been used 

across turbulent flow in an attempt to solve this; however solutions from this 

method do not fully characterise the conditions and hence lack accuracy [69].  

In pursuit of workable solutions for wind farm modelling a number of 

methods have been developed to reduce the complexity of the posed 

problem. The most common and proven of these are detailed as follows: 
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2.3.1 Actuator disk theory 

Initial one-dimensional models for idealised wind turbine flow were 

developed by Betz in the 1920s [70] [71] leading to the formulation of the 

Betz limit of the theoretical maximum power co-efficient possible through a 

wind turbine rotor. The methodology has since been developed for modern 

wind turbine flow applications, the basic idea is to impart a pressure drop on 

the incoming flow at the rotor plane; Figure 2.6 illustrates the major concept 

and the behaviour of the flow properties under investigation.   

 

Figure 2.6: Actuator Disk concept [68] 

In Figure 2.6 U represents velocity and P pressure, while the subscript ∞ 

represents freestream conditions, w conditions at the wake and D conditions 

at the rotor.  

The idealised flow assumption incorporates steady-state conditions at the 

boundaries of the control volume along with uniform thrust across the rotor. 

Rotational aspects of the flow present in the wake are not modelled. The 

ambient pressure is assumed to be equal to the local pressure at the inlet and 
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outlets of the control volume. The methodology employed by Actuator Disk 

Theory concept is explored in Appendix C.  

This theory has proven highly reliable for the modelling of simple flow 

situations but does not provide the depth of resolution required from 

numerical solutions, in particular in the evolution flow velocities in the wake 

and the subsequent recovery towards inlet conditions. In modern CFD 

programs it is often used to infer the upstream inflow velocities based on 

boundary conditions input by the user [72]. 
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2.3.2 Blade Element Momentum Theory 

In the Betz models described in Section 2.3.1 angular momentum is not taken 

into account. Blade Element Momentum (BEM) Theory allows for the 

introduction of the rotational effects of the rotating blades and their impact 

on downstream flow properties while introducing the conservation of 

momentum into the system, Figure 2.7 [73].  

 

Figure 2.6: The trajectory of an air particle passing through the rotor disk [73] 

In Figure 2.7 the flow is moving through the rotor plane from right to left, r 

represents the radius from the rotor centre and Ω the rotational speed of the 

blades. Breaking the rotor plane into small discs the BEM model attempts to 

account for the lift and drag forces of the rotating blades as they pass 

through the air flow [74]. Additionally employing the Bernoulli [75] 

equations for the conservation of momentum and treating each annular ring 

as an isolated system the model allows for the calculation of wake properties 

developing behind the rotor plane.  

The BEM methodology improves upon standard actuator disk theory but it 

also has a number of drawbacks that limit its accuracy. Expansion in the 

wake is not taken account of and system losses introduced through turbulent 

flow interaction and wake losses are not modelled.  
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2.3.3 Industry modelling packages 

In the preliminary design and planning stages for wind farms a number of 

packages are currently used by industry. Packages such as WindFarm [76], 

WindPro [77], OpenWind [78] and WAsP [79] are all used by developers to 

plan and optimise farm layouts based on terrain and local roughness as well 

as local wind measurements and characteristics.  The outputs evaluate wind 

speed profiles through the analysis domain and the corresponding potential 

power and loads that can be expected during operation. Incorporating 

meteorological measurements and predictions for a prospective site they 

allow developers to assess potential energy yield. These packages make use 

of a number of accepted flow models, of which PARK and Eddy-Viscosity 

models are two of the most commonly used. 

PARK models 

Developed by Jensen [80] and Katic et al [81] in the 1980s this model employs 

a simple numerical modification to the freestream inlet to account for the 

initial velocity deficit and subsequent recovery downstream of the rotor. The 

velocities in the turbine wake are assumed to be uniform across its extents 

and symmetrical around the wake centre line at any given point downstream 

of the rotor. Outside the wake bounds the wind speed returns to the 

freestream value, Ui, as seen in Figure 2.8.  

An initial velocity deficit, based on the turbine specific thrust coefficient 

value (CT), is applied at the rotor disk. The wake speed value, UW, then 

recovers towards freestream related to the distance from the rotor (x) and the 

wake-decay constant (k), this is demonstrated in Figure 2.8. The horizontal 

arrows represent the size of the local wind vector. 
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The wake width expansion predicted by the model is calculated using the 

same variables and is found to expand linearly with distance from the rotor 

plane.  Equations 2.3 - 2.5 show the formulae for PARK wake speed 

evolution calculation. 

 

Figure 2.8: PARK Model Wake Velocity Development [82] 

Velocity in the wake at a given downstream distance x: 

 
𝐔𝐰 = 𝐔𝐢 [𝟏 − (𝟏 − √𝟏 − 𝐂𝐭) (

𝐃

𝐃 + 𝟐𝐤𝐱
)

𝟐

] Equation 2.2 

[82] [83] 

Wake width at a given downstream distance x: 

 𝐖𝐖 = 𝐃 + 𝟐𝐤𝐱 Equation 2.3 [82] [83] 

 

Where the wake decay constant, k, is:  

 
𝐤 =  

𝐀

𝐥𝐧 (
𝐡
𝐳𝟎

)
 

Equation 2.4 0 0 

Where z0 is the surface roughness, h is the turbine hub height, D is rotor 

diameter, Ww is Wake Width, Uw is velocity in the wake and Ui is inlet 

velocity. 
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The profiles presented in Figure 2.9 detail the changes in the PARK model 

wake velocity behaviour with changes in local surface roughness. The 

models consider the wake behaviour of a multi mega-watt wind turbine for a 

range of surface roughness values. The parameters employed include a 

constant inlet wind speed of 15m/s, thrust coefficient of 0.74 and variable 

surface roughness values of between 0.0001 and 0.005 which lead to wake 

decay constants of 0.0365 to 0.0509. The resultant profile shows an initial 

velocity deficit at the rotor plane, followed by an arc profile that trends 

towards full recovery at freestream velocity.  

 

Figure 2.9: PARK predicted variation of wake velocity deficit with distance from rotor 

plane, z0 variable (0.0001 – 0.005), wake decay constant, k (0.0365 – 0.0509) 

The profiles in Figure 2.9 show that an increasing value of surface roughness 

(z0) in the PARK prediction leads to an arc profile with a decreasing radius 

while having no effect on the initial deficit value at the rotor plane. This 

change in behaviour indicates that the wind speeds in the wake will recover 

marginally quicker with increases in local surface roughness levels.  

Increasing zo 
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For comparison the profiles presented in Figure 2.10 show the PARK model 

wake profiles for a range of inlet wind speeds, Ui. The range of Ui 

incorporated in the analysis is from 5 - 10m/s, at 0.5m/s intervals, and 

corresponding thrust coefficient range from 0.76 - 0.83.  

The results presented show that the inlet wind speed value, and 

corresponding thrust coefficient, has a direct impact on the deficit from inlet 

experienced at the model initiation at the rotor plane. Increasing values of 

inlet wind speed lead to lower initial deficits and the development of flatter 

wake speed profiles.  

 

Figure 2.10: PARK predicted variation of wake velocity deficit with distance from rotor 

plane, Ui variable (5 – 10m/s) 

  

Increasing Ui 
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Eddy-Viscosity models 

The Ainslie developed Eddy-Viscosity Model [84] offers a CFD approach to 

solving the Navier-Stokes equations. The formulation sets initial conditions 

for the wake at two rotor diameters downstream of the rotor plane, Equation 

2.6, and the modelling approach predicts wake velocity development 

downstream. The evolution of flow is given by: 

 
𝑈

𝛿𝑈

𝛿𝑥
+ 𝑉

𝛿𝑈

𝛿𝑟
=

휀

𝑟

𝛿 (𝑟
𝛿𝑈
𝛿𝑟

)

𝛿𝑟
 

Equation 2.6 [83] 

Where U is the velocity in the downstream direction, V is the velocity in the 

radial direction, x is the downstream distance from the rotor plane, r is the 

radial distance from the centreline of the wake and ε is the Eddy Viscosity 

and each downstream (x) location.  The system of equations can be solved 

using a numerical solver such as the Crank-Nicholson Method [63]. 

The initial wake centre line deficit (at two rotor diameters downstream) is 

prescribed in Equation 2.7, with the full wake behaviour developing after 

this point. The width of the wake at any point can be defined as a function of 

the calculated centre line deficit and the thrust coefficient, Equation 2.8. The 

initial wake width profile is Gaussian in form with the peak occurring at the 

wake centreline; the velocity at a given distance, r, from the wake centre line 

can be calculated from Equation 2.9.  

In Equations 2.7 – 2.9; Dmi is the initial velocity deficit at two rotor diameters 

downstream, Ui the velocity in the freestream on the upstream side of the 

rotor, Uc,i the initial velocity at two rotors diameters downstream, Ct the 

thrust coefficient, IAMB the ambient turbulence the turbine is operating in, bj 

the wake width at a given point j downstream from the rotor, Dm,j the 
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velocity deficit on the centreline at the given location j downstream and Dr,j 

the velocity at a radial point r from the centreline. 

Initial Velocity Deficit (at two Rotor Diameters): 

𝐷𝑚,𝑖 = 1 −
𝑈𝑂

𝑈𝑐,𝑖
= 𝐶𝑡 −  0.05 −  [

(16𝐶𝑡 − 0.5)𝐼𝐴𝑚𝑏

1000
] 

Equation 2.7 [84] 

Wake Width at point j downstream: 

 𝑏𝑗 = √
3.56𝐶𝑡

8𝐷𝑚,𝑗(1 − 0.5𝐷𝑚,𝑗)
 Equation 2.8 [84] 

 

Gaussian Wake Width Profile at point j downstream: 

 𝐷𝑟,𝑗 = 𝑈𝑐,𝑗 (1 − 𝐷𝑚,𝑗𝑒
−3.56

𝑟2

𝑏𝑗
2
) Equation 2.9 [84] 

 

 

Figure 2.11: Eddy-Viscosity Wake Speed Development [82] 
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The Ainslie predictions show a Gaussian wake width profile recovering with 

radial distance from the maximum deficit at the centreline to the freestream 

velocity at the predicted bounds of the wake, Figure 2.11 details this 

behaviour. The maximum extent of this deficit is at its peak at the model 

inception at two rotor diameters downstream, before recovering towards the 

freestream. 

Simplified Eddy-Viscosity Model 

While the original Ainslie models are used in the software mentioned above 

a Renewable Energy Systems [85] developed ‘Simple Solution to the Eddy-

Viscosity Model’ [86] offers highly accurate results when considering wake 

velocity development behind the same initial conditions described by Ainslie 

above. Given that for wake profiling the centreline velocity is solved for first, 

the paper observes that the Ainslie wake model can be re-written as: 

 
𝑑𝑈𝑐,𝑗

𝑑𝑥
=

16휀(𝑈𝑐,𝑗
3 − 𝑈𝑐,𝑗

2 − 𝑈𝑐,𝑗 + 1)

𝑈𝑐,𝑗𝐶𝑇
 Equation 2.6 [86] 

Where the variables are defined as below 0: 

𝑈𝑐,𝑗 = 𝑈0(1 − 𝐷𝑚,𝑗) 

휀 = 𝐹(𝐾1𝑏(𝑈0 − 𝑈𝑐) + 𝐾𝑚) 

In which 0: 

𝐾1 = 0.015 

𝐾𝑚 = ĸ2
𝐼𝐴𝑀𝐵

100
 

𝐼𝑓    𝑥 < 5.5,        𝐹 = 0.65 + (
𝑥 − 4.5

23.32
)

1
3
 

𝐼𝑓     𝑥 ≥ 5.5,        𝐹 = 1.0 

κ is the Von Karmen constant, 0.41. 
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A Runge-Kutta [87] [88] numerical solver can be applied to Equation 2. in 

order to calculate the evolution of the velocity deficit along the wake length. 

The Wake Width and Gaussian Width profile can then be described for each 

point using Equation 2.7 and Equation 2.8 respectively. The behaviour 

identified in Figure 2.12 shows the velocity recovery as predicted in the 

Simplified Model for range of turbulence intensity (T.I.) values with inlet 

velocity kept constant. Increasing values of ambient turbulence intensity are 

seen to induce greater mixing between freestream and wake flow and cause a 

faster recovery towards freestream velocity values. 

 

Figure 2.12: Simplified Eddy-Viscosity predicted variation of wake velocity deficit with 

distance from rotor plane, T.I. variable (1 - 10%) 

  

T.I. = 10% 

T.I = 1% 



55 
 

The behaviour presented in Figure 2.13 presents the velocity profiles 

predicted by the Simplified Eddy-Viscosity model for variations in inlet wind 

speed, Ui (5- 15m/s), while the T.I. is held constant. As the inlet wind speed 

increases up to 10m/s there is little effect on the profile described. Above 

10m/s the deficit from inlet values at the boundary of the model is less 

significant. This behaviour results in shallower initial recovery rates and a 

flatter profile towards freestream conditions than at lower wind speeds.  

In this model the defined inlet wind speed is not directly used in the 

calculation of the wake profile. Instead the turbine specific thrust curve in 

combination with the inlet wind speed is used to calculate a thrust coefficient 

value that is used in the calculations. The inlet velocity term in the equations 

is kept at unity throughout. 

 

Figure 2.13: Simplified Eddy-Viscosity predicted variation of wake velocity deficit with 

distance from rotor plane, Ui variable (5 – 15m/s) 

Ui = 15 m/s 

Ui = 5 m/s 
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2.3.4 Turbulence modelling with Reynolds Averaged Navier-Stokes 

(RANS) equations  

Computational modelling methods first established in fluid flow analysis 

have been applied to a variety of wind farm specific packages using solutions 

to the RANS equations, some of the modelling packages available are listed 

in Table 2.9 [72] [89]. 

Model Primary Method Turbulence Closure 

Method 

Riso (1) (RISOE) 

[90] 

 

- Actuator disk method interfaced to aero 

elastic code 

- Iterative method 

 

Riso (2) [90] - Semi-Analytical engineering model  

MIUU, Uppsala 

University 

(MIUU)  

[91] 

- Based on Taylor hypothesis using the 

transport time for the wake development 

 

GH Windfarmer 

(GH) 

[92] 

- Axis-symmetric NS solver 

- initiates at 2D downstream 

- Gaussian initial profile varies according 

to Ct and ambient turbulence intensity 

- Eddy Viscosity using 

turbulence in wake 

Robert Gordon 

University (RGU) 

[93] 

- Fully elliptical turbulent 3D solver 

- Requires upstream boundary layer 

profiles for velocity and turbulence 

- k-ε turbulence closure 

University of 

Oldenberg (UO) 

[94] 

- Ainslie wake model 

- 2D axis-symmetric solving NS 

momentum and continuity equations 

- Eddy Viscosity 

Netherlands 

Energy Research 

Foundation [95] 

- Near wake model uses standard 

moment theory, adding empirical 

conditions later 

- k-ε turbulence closure 

ANSYS 

Windmodeller 

[96] 

- Wakes modelled with uniformly loaded 

actuator disk theory, uses Ct and 

freestream wind velocity 

- Upstream flow inferred using actuator 

disk theory from hub speeds 

- Rotor disk resolved via mesh adaption 

during solving 

Can be chosen from 

- k-ε standard model 

- k-ε RNG 

- k-ω SST  

Table 2.9: Available CFD packages methods [72], [89] 
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In order to converge CFD numerical solvers, RANS introduce apparent (or 

Reynolds) stresses into the Navier Stokes equations. Adding a ‘second order 

tensor of unknowns’ [97] RANS equations can be solved using a Boussinesq 

Hypothesis [98] or Reynolds Stress Models (RSM) [99]. 

The Boussinesq approach is more widely used in modelling as RSM is more 

computationally costly as it introduces new transport equations related to 

the stresses that increase the complexity further [97]. The Boussinesq 

hypothesis instead is based on the introduction of Eddy Viscosity terms to 

model the momentum transfer caused by turbulence within the flow field.  

Incorporating these decompositions into the Boussinesq approximation for 

instantaneous flow gives the modified NS equations of motion [100]: 

Continuity: 

  
𝜕𝑈𝑖

𝜕𝑥𝑖
= 0     For Mean Flow 

Equation 2.7 [100] 

  𝜕𝑢𝑖

𝜕𝑥𝑖
= 0     For Turbulent Fluctuations 

 

Momentum: 

 
𝐷𝑈𝑖

𝐷𝑡
=

1

𝜌0

𝜕𝜏�̅�𝑗

𝜕𝑥𝑗
− 𝑔[1 − 𝛼(�̅� − 𝑇0)]𝛿𝑖3 Equation 2.8 [100] 

 

Where the stress term is defined as: 

 
𝜏�̅�𝑗 = −𝑃𝛿𝑖𝑗 + 𝜇 (

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
) − 𝜌0𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ Equation 2.9 [100] 

 

In which the −𝜌0𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ term is the Reynold’s Stress Tensor acting in mean flow. 
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Heat: 

 𝐷�̅�

𝐷𝑡
=

𝜕

𝜕𝑥𝑗
(𝜅

𝜕�̅�

𝜕𝑥𝑗
− 𝑢𝑗𝑇′̅̅ ̅̅ ̅) Equation 2.11 [100] 

 

Algebraic equations are introduced to model the stresses; this includes 

modelling unknowns in the flow such as turbulent viscosity, kinetic energy 

and dissipation. These are included depending on resolution required and 

the computational resource available. The most common type of algebraic 

models are the Linear Eddy Viscosity two equation models, these solve to 

find the turbulent kinetic energy (k) as the first variable. The second variable 

depends on the model but is commonly described as the variable that defines 

the length, or time-scale, of the turbulence [97] [100]. Some two equation 

models are briefly considered in the following section. 

RANS additional two-equation models 

Two equation models are commonly applied in a range of academic and 

industrial sectors. The two extra transport equations represent the turbulence 

more completely and allow historical effects to be taken into account [97]. 

k-ε Standard Model: In this closure model the two equations represent 

turbulent kinetic energy (k) and the turbulent dissipation (ε) of the flow, 

where ε is the turbulent and stochastic variations moving the flow [97]. The 

model developed provides good accuracy in relatively small pressure 

gradients, particularly in cases of free shear boundary layer flows and 

internal flows [97]. A single turbulent length scale is used to determine eddy 

viscosity and thus turbulent diffusion properties.  

k-ε RNG Model: The Re-Normalisation Group (RNG) is a modification of 

the standard k-ε model developed by Yakhot et al [101] to account for 
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smaller scales of motion. In the standard model turbulent properties can only 

be developed at a single length scale. As turbulence occurs at all scales the 

RNG model was developed to account for this. The approach results in a 

modified version of the ε equations.  The smaller scales are essentially 

removed from the calculation while their effects are accounted for and 

incorporated into the rest of the calculations. The result is sub-grid scale 

models for large eddy simulations which can be processed more accurately 

[101] [102]. 

k-ω SST Model: The standard k-ω model has been shown to produce 

favourable results in modelling right down to wall conditions in the 

boundary layer but has difficulties in freestream flow. By combining the k-ω 

approach with the k-ε methodology for modelling freestream flow, the Shear 

Stress Transport (SST) model produces good results in modelling adverse 

pressure gradient and separating flow situations. The SST modelling 

configuration addresses this and improves overall accuracy when compared 

to a single approach. There is still a tendency in SST formulation to over 

predict turbulence levels, however it provides better performance in 

applications with significant flow separation than the standard k-ε approach 

produces [97] [103]. 

The turbulence models considered above have been developed for internal 

flow simulations i.e. flow inside pipes, channels or housings. While 

producing good results under these flow conditions the adaptation of these 

methodologies for the complex flow situations experienced in wind farms is 

at an early stage [72]. The adaption of these methodologies into wind specific 

packages must account for a change in scale of all of the flow features 

modelled. The atmospheric boundary layer, in which wind turbines operate, 

is assumed to have a similar profile to boundary layers in internal driven 
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flow with a flow velocity of zero at ground level. However, its behaviour is 

driven by a series of complex relationships with the surface and its local 

roughness features, temperature, solar radiation and higher altitude winds. 

Modelling these local, externally driven and constantly varying features 

accurately is a unique challenge. Atmospheric stability can also be included 

in the setup of these models incorporating atmospheric features (i.e. stable 

and instable boundary layers) to accurately model the flow development in 

the vertical domain. 

Large Eddy Simulation (LES) 

LES models focus on the larger flow features and interactions, allowing for 

improvements in computational time when compared to the Direct 

Numerical Simulation of the NS equations. The smallest flow scales are 

removed via low-pass filtering and the larger more important turbulence 

scales can then be solved separately and explicitly. A variety of sub-grid 

scale models can be used to account for the removed small eddy effects. 

Based on Kolmogorov’s [104] theory of large eddy flow being predominantly 

dependent on geometry and containing the majority of flow energy, LES has 

been used widely across CFD applications but has been hampered by the 

computational cost required when compared to the RANS two-equation 

models detailed previously [97] [104]. 
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Figure 2.14: Turbulence prediction methods. [104] 

The image in Figure 2.14 details a range of turbulence closure methods 

employed in numerical flow solutions and the length scales associated with 

these. The range of eddy length scales being solved for is shown moving 

from larger lengths at the left of the image to smaller at the right. The greater 

the variety of resolved flow scales the greater the computational cost 

incurred in running the simulation as each must be solved in turn. As can be 

seen the Large Eddy Simulation methodology solves for the larger length 

scales and utilises models to solve for the smaller length scales reducing the 

computational time needed for solving the Navier Stokes equations [105]. 

In the Figure 2.14 the eddy flow variables are defined as: 

𝑙 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑠𝑐𝑎𝑙𝑒 𝑜𝑓 𝑙𝑎𝑟𝑔𝑒𝑠𝑡 𝑒𝑑𝑑𝑖𝑒𝑠  

𝜂 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑠𝑐𝑎𝑙𝑒 𝑜𝑓 𝑠𝑚𝑎𝑙𝑙𝑒𝑠𝑡 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑛𝑔 𝑒𝑑𝑑𝑖𝑒𝑠 =
𝑙

𝑅𝑒𝐿

3
4⁄
 

Where ReL is the Reynolds number of the flow at large eddy scale, η can also 

be referred to as the Kolmogorov scale [104] [105] [106]. 
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2.4 Measurement and model comparisons 

In the following section a series of academic and industrial papers are 

presented summarising work completed in the comparison of numerical and 

remote sensing data sets. Detailing a variety of deployment and flow 

situations these provide context to the state of the art in numerical and 

experimental analysis applied to wind turbine flow behaviour. An outline of 

the modelling packages used in the studies can be found in Table 2.9. 

 

2.4.1 Comparison research 

Montavon, C., S.-Y. Hui, and e. al., Offshore Wind Accelerator: Wake 

Modelling using CFD, U.C. Trust, Editor. 2009. [72] 

This Offshore Wind Accelerator program [107] study utilises commercial 

ANSYS CFD software applied to operational data from two wind farms, 

North Hoyle in Wales and Horns Rev in Denmark. North Hoyle is a 30 

turbine wind farm in a 6 row and 5 column layout while Horns Rev consists 

of 80 turbines in an 8 row and 10 column format. 

Comparing normalised measured power along each of the wind farm 

columns the ANSYS CFD normalised power predictions provide a good 

comparison to the operational data.  

The analysis considers the power production behaviour of the wind farms 

with varying sized directional envelopes of valid data. These are based 

around a wind direction perpendicular to the columns of each wind farm. 

The comparisons from the North Hoyle wind farm for two separate valid 

directional envelope sizes (10° and 30° around 260°) can be seen in Figure 

2.15.  
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For the Horns Rev analysis the valid envelopes are defined as 2°, 10° and 30° 

around flow originating from a 270° direction, Figure 2.16. In this Figure the 

Columns have been labelled as Groups. The data used in the Horns Rev 

analysis has been sourced as part of the UpWind project [108]. For both 

analyses the k-ε turbulence modelling methodology was applied in this 

study. 

 

Figure 2.15: Normalised Power comparison (10 Diameter separation), North Hoyle [72] 

 

 

Figure 2.16: Normalised Power comparison (7 Diameter separation), Horns Rev [72] 
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Comparing the measured data sets with the numerical analysis the results 

show similar behavioural profiles in both cases. The normalised power is 

seen to reduce between wind turbine columns. This is to be expected as each 

column turbines operates in the preceding column’s wake and as a result the 

inflow to each turbine is subject to wake induced vorticity and turbulence, 

this reduces the energy available at the inlet to the next stage. The numerical 

results tend to under predict the available power at each row of the 

comparisons with the exception of columns 4 and 5 in the Horns Rev 

comparison where there is a small over prediction of normalised power. 

Comparing the studies this discrepancy is more pronounced in the North 

Hoyle simulation.  

While a number of different local factors can explain this the primary reason 

is presumed to be the column separation [72]. The seven diameter separation 

at North Hoyle is modelled more accurately than the ten diameter separation 

of Horns Rev where beyond the second column a constant power deficit 

from the measurements is modelled. This deficit would translate into an 

underestimation of power output from the site.  

The turbine models at both sites are identical with the main difference in the 

simulations being the spacing between the turbines and the incident 

upstream turbulence intensity employed; 7% at North Hoyle and 6% for 

Horns Rev. The resulting analysis indicates that the simulation setup 

incorporating 7% turbulence provides a more accurate prediction of wake 

development and recovery in the ten diameter spacing wind farm in 

comparison to the seven diameters situation.  
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Rados, K., et al., Comparison of Wake Models with Data for Offshore 

Windfarms, Wind Engineering 2001. 25 (No. 5): p. 271-280. [89] 

Using single wake data from a Danish offshore wind farm, Vindeby, a 

number of numerical models are presented and considered against wake 

data from the active turbine. The details of these models can be seen in Table 

2.9 and have been developed by a number of different companies and 

institutions across Europe. The measured data has been captured from two 

sea met masts that dependant on wind direction are at varying distance 

downstream of the turbines in the wind farm. The measurements present 

vertical wind speed profiles at increasing distance downstream of the active 

turbines. The images in Figure 2.17 show the velocity profile predictions 

against the mast measurements at a series of distances along the wake. The 

undisturbed flow velocity variation with height is also plotted; hub height is 

indicated by the horizontal line. 

 

Figure 2.17: Downwind velocity profiles from measurements and CFD [89] 
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The presented data in the study does not allow clear identification of the 

individual solver approaches but does allow identification of the overall 

wake profile. In all simulations the greatest velocity deficit occurs at hub 

height with different degrees of accuracy attained across the solvers, this 

level of deficit decreases towards full freestream with distance from hub 

height, this is known as the ‘wake recovery’. As expected the velocity profiles 

converge towards that of the freestream velocity at increasing distance 

downstream as seen at the top of Figure 2.17. Each solver models the overall 

profile well with differences in recovery profile and maximum deficit. 

Considering the 9.6D wake distance case Figure 2.17 presents a clearer 

picture of the different solver behaviours. The MIUU [91] solver consistently 

shows the largest deviation from the measured data with the 3D solver from 

Robert Gordon University [93] showing a more accurate velocity profile 

prediction.  

 

I. Dinwoodie, F. Quail, and D.P. Clive, Comparison of Measured and 

Modelled Wind Turbine Wakes in Non-Uniform terrain Using lidar and 

CFD, in DTC Wind Energy Systems, Project One. 2010. [109] 

The work presented models the single wake of an onshore wind turbine at 

Whitelee Wind Farm, Scotland. Measurements obtained from a ground based 

arc scan from a Galion Lidar are compared to a numerical analysis of the 

same turbine and domain using ANSYS Windmodeller. Three separate 

closure methodologies are considered. Applying actuator disk theory the 

study considers standard k-ε, k-ε RNG and the k-ω SST models as outlined 

in Section 2.2.4.  
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The image at the top left of Figure 2.16 shows the captured lidar data with a 

clearly identifiable wake present at the right hand side of the image. In 

addition a less distinct area of low wind speeds can be seen at the centre of 

the image, this corresponds to the wake of another turbine but one in which 

the angled scan plane dissects the wake at a lower level than is optimum for 

capturing the wake fully. The hub height simulation planes of the three 

models can be seen in the rest of the images in Figure 2.18. 

 

Figure 2.18: Comparison of lidar measurements in an operating wind farm to ANSYS 

Windmodeller simulations of the same setup [109] 

To facilitate a comparison the lidar data has been corrected to hub height by 

applying a log law for boundary layer evolution [110] to the measurements 

on the inclined scan plane. The comparison has been completed by extracting 

data points corresponding to the centreline of the wind turbine wake in the 

lidar measurements and each of the simulations. The results of a comparison 

between this corrected lidar data and the three solving methodologies 

applied details flow evolution both upstream and downstream from the 

rotor, Figure 2.19. 
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Figure 2.19: Hub height comparison of wind speed velocity [109] 

The comparison of the three models to the lidar measured and height 

corrected profile produces satisfactory results in general behaviour. Each of 

the data sets can be seen to indicate a steady inlet wind speed profile into the 

rotor, followed by a drop in speed through the rotor and a subsequent 

recovery into the wake. The wake deficit imparted through the rotor plane is 

larger in the corrected measurements when compared to the models, this 

results in the lidar measurements exhibiting a longer recovery period into the 

wake. The behaviour of the wake recovery presented in Figure 2.19 shows 

that the recovery rate is broadly similar between the measured and 

simulated data, with similar gradients to the presented wake profiles.  

The simpler k-ε model presents a far smaller velocity drop through the rotor 

plane leading to a faster recovery towards freestream when compared to the 

RNG and SST methods that utilise turbulence models. The recovery rate of 

all three models is similar.  

The lidar data also shows some inconsistencies in measured behaviour 

profile possibly indicating issues with measurement methodology employed, 
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in particular the use of a single scan only in the comparison to the steady 

state profiles simulated in the models. 

 

Creech, D.A.; Myres Hill Study: A Comparison Between the Heriot-Watt 

Wind Farm Model and lidar Data, School of Engineering and Physical 

Sciences, Heriot-Watt University: Edinburgh; 2009. [111] 

A single wake study by Dr Angus Creech at Heriot Watt University 

compared the Galion Lidar and an in house development of the Fluidity CFD 

program. Fluidity is an open source multi-phase computational code 

allowing numerical solutions to the Navier-Stokes equations [112]. The wind 

turbine considered in the study was a stall regulated 950kW NEG Micon 

[113] installed at Myers Hill test facility.  

The comparison is complicated by a 67° offset in orientation of the wind 

direction employed in the simulations and that of the measurement 

campaign leading to uncertainties in the results. This variation results from 

uncertainties in the location of the lidar and of the flow evolution from the 

boundary within the measurement domain. Figure 2.20 details a comparison 

between the wind speeds generated in the wake structure and those 

measured for increasing distances downstream from the rotor plane. The 

measurements are seen to end at approximately 145m downstream at which 

point there is an approximate 1.3m/s deficit to the simulated wake speeds at 

the same location. 

The overall shape of the prediction resembles that produced from the 

measurement with an initial deficit at the downstream side of the rotor 

moving to a maximum further downstream. After this both data sets identify 
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recovery back towards inlet values. The velocity values presented show that 

the model over predicts the wake deficit at all points downstream.  

 

Figure 2.20: Measured vs Modelled wake wind speeds [111] 
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2.4.2 Comparison conclusions   

The works presented in Section 2.3 show comparisons between measured 

and numerical modelling techniques for a variety of different situations and 

methodologies. Each comparison details wake profile behaviour in wind 

turbine wake flow for both measured and simulated situations. The overall 

profiles of the predicted velocity and power characteristics are shown to 

reproduce that of the measurements across the different comparative 

analyses with varying degrees of success. In the modelling of wake flow 

behaviour the main areas of discrepancy appear in the initial deficit 

predictions and that of the wake recovery profile. A current challenge is to 

obtain high resolution measurements of wake flow behaviour to allow 

accurate corroboration with the numerical models. The point measurements 

available with met mast data do not provide sufficient detail or flexibility for 

full wake analysis. In the study presented by I. Dinwoodie 0, incorporating 

measurements from a scanning lidar, the data resolution allowed a more 

comprehensive comparison with numerical wake development. However, 

some limitations can be identified in the correction of the lidar measurements 

to corresponding hub height values using a log law approach. This method 

of data transformation is not appropriate for complex flow such as 

experienced in a wind farm. It is also clear from data presented that the 

initial deficit is an important factor in the wake recovery time rate. None of 

the modelling approaches considered were found to capture this 

phenomena.  
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2.5 State of the art review conclusion 

The use of remote sensing devices provides the opportunity to collect 

detailed data sets without the expense and physical intrusion of met masts. 

In addition, instead of a single point measurement provided when utilising 

met masts, devices such as lidar can provide two dimensional measurements 

of the flow field in the scan envelopes. The study presented by Dinwoodie et 

al [109] offers the most complete characterisation of wind turbine wake 

behaviour.  In presenting a measured wind speed profile detailing velocities 

upstream of the rotor, through the rotor plane and the subsequent recovery 

towards freestream the study demonstrates the potential of a scanning lidar 

offers to characterise flow structure and evolution through the entire wind 

turbine stream tube.  

Building on this work the deployment of scanning lidar devices within wind 

turbine arrays for an extended measurement period would allow for the 

capture of high resolution flow behaviour over a wide range of inflow wind 

speeds and conditions. Extended deployment and analysis for a variety of 

installation methodologies will allow the uncertainties and unknowns 

associated with the deployment of scanning lidars in the complex flow 

environment experienced in wind farms to be quantified. Resulting in an 

idea of the best practices involved in utilising this technology. 

Focussing on wake research high resolution data sets would allow for the 

visualisation of wake centreline velocity profiles across the operational 

envelope of the wind turbine. Of particular interest will be the evolution of 

this profile under different inflow conditions, such as wind turbine operation 

in the freestream, under the influence of far upstream turbines or directly 

under the influence of neighbouring turbines. An understanding of such 
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flow features will allow wake affects in large turbine arrays to be better 

understood and incorporated in the design and operation of wind farms. 

The comparative studies presented in this chapter clearly show that there is a 

great deal of uncertainty in the accuracy of flow models available to industry. 

While this remains the case these uncertainties will continue to limit their use 

in the development of wind assets. A comparison between high resolution 

wake data sets and wake flow models, such as explored above, will allow for 

a unique insight into these flow phenomena as well as providing a greater 

deal of confidence and understanding in their results. 
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Chapter 3:  

Methodology 
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3.1 Background 

To ensure the success of the project it is vital to develop robust 

methodologies ensuring the large data sets captured during the lidar 

deployments are processed consistently to ensure an accurate picture of the 

measured flow behaviour is presented. In the capture of wake data two 

different types of lidar deployment installation location have been utilised, 

ground based and nacelle mounted. As a result two separate data processing 

methodologies have been developed in order to extract the appropriate wake 

data from the large data sets captured through these deployments; these are 

both explored in Chapter 4. 

Completing the comparisons with the different models requires the pre 

simulation setup of each of the different flow models being utilised in the 

comparisons with measured data. These fall into two categories that require 

separate methodologies to complete their simulations and extract relevant 

wake profiles for comparisons. The PARK [80] and Eddy-Viscosity [89] 

models can be run in tandem with the lidar data processing and profile 

extraction while the more complex Windmodeller [96] based models require 

a more involved setup of the simulation domain for each situation, the setup 

and execution of these models for each deployment are explored in Chapter 

5.  

The methods outlined in Chapters 4 and 5 identify the broad processes 

undertaken to extract the relevant lidar data sets and to run the numerical 

simulations based on the measured inlet values for these such that the full 

comparisons can be completed. A project flow chart to enable the successful 

completion of the project has been developed and presented in Figure 3.1 

below.  
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3.2 Project flow chart 

Outlined in Figure 3.1 is the envisioned flow chart for the project outlining 

the structure of the work undertaken over the course of the PhD. The project 

splits into two main focus areas, lidar data capture and analysis and wake 

flow modelling, with the two areas being brought together for comparison 

once complete. These exist side by side with important paths of feedback that 

inform the numerical models and subsequent lidar deployments ensuring 

the continued development of the project and consistent improvement in the 

quality of the data captured and the subsequent comparisons. 

Focussing on the methodology outlined the red and blue dashed lines 

indicate areas of iteration where experiences, procedures and results dictate 

future projects. Working with SgurrEnergy Ltd [31] in deploying the Galion 

Lidar [30] devices allows the development of an understanding of the 

procedures involved and the capabilities of the device in relation to physical 

placement, scan geometry implementation and data resolution. The 

knowledge gained allows deployments to be organised more efficiently and 

effectively for the PhD project. The iterative process allows areas of further 

research to be identified and explored based on previous work, with the 

results and experiences allowing qualitative improvements to be made in the 

deployment and simulation processes.  

The dark blue dashed line indicates the cross-over between measurement 

and simulation work, at this point the selected data sets will be used to 

inform the computational models and domain, ensuring a valid comparison 

between measured and simulated data sets.  

The outlined methodology is that envisioned for the overall project, as work 

has continued in these areas the timings, structures and methods have by 
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necessity become more fluid in concept and execution. Through this it is 

important that the broad themes remain in place and the iterative nature of 

the sections outlined remains, ensuring the planned outcomes are achieved 

and the focus of the project remains true. 

 

  

Research and Literature Review 

Lidar Work Modelling Work 

Reconnaissance 

work with 

SgurrEnergy 

Campaign Design 

Deployments 

Result Collection, 

Process and 

Analysis 

Lidar Procedure 

Analysis 

Testing/Understanding 

Gathering of Location 

Data 

Boundary Selection 

and Problem 

Definition 

Problem Run and 

Analysis 
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interesting data sets 

Simulation to Measurement Comparison 

Analysis Method Development 

Results Analysis 

Write-Up and Completion 

Figure 3.1: PhD methodology flow diagram 
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4.1 Lidar data capture and analysis  

Capturing wake measurement data sets to support the project required the 

installation of devices for up to 12 months providing detailed flow 

measurements over these time periods. The methodologies employed to 

process the resultant raw lidar data sets are explored in Section 4.2.   

Onshore deployments were carried out within the Myers Hill [114] test 

facility adjacent to the Whitelee wind farm [115] in Scotland. Deploying the 

device at ground level the lidar was programmed to scan continuously 

across the wind farm capturing wake behaviour throughout the deployment. 

The methodologies employed in providing and processing ground based 

lidar captured data in support of the project are explored in Section 4.3.  

The capture of offshore wake data was completed at the Alpha Ventus wind 

farm [116] in the North Sea utilising two nacelle mounted Galion lidar 

devices [53]. Deployed for over six months the two lidars operated 

continuously with the resultant data sets being accessed weekly. The 

methodologies employed for wake data capture and processing are explored 

in Section 4.4. 
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4.2 Lidar data processing 

Each scan of the lidar as programmed by the user creates an individual scan 

file detailing the measurements captured; the structure of these files as 

produced by the Galion devices utilised in this study are detailed in 

Appendix D. By employing scanning configurations holding either the 

azimuth or elevation of the scan constant two dimensional images detailing 

the measurements across the scan domain can be created.  

 

Figure 4.1: Sample ten-minute averaged lidar scan, January 2012 deployment 

The image in Figure 4.1 shows a sample ten minute averaged two-

dimensional lidar scan from a ground based Galion device lined up with the 

North. The x and y axis have a unit value in metres (m) and show the 

distance from the device of the scan points, the device being situated at 0, 0 at 

the top edge of the image in from the left edge. The colour axis of the image 

shows measured wind speeds in metres per second (m/s) horizontal to the 
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ground plane the lidar sits on. Numbered in the image are five wake 

structures evolving behind the scanned wind turbines. The wind direction 

measured by the lidar during the scan is displayed in the header as 196° 

measured from North.  

The large blank white slice present across the image represents an area of 

low intensity in the back scattered component of the results, such that no 

usable wind speeds could be derived from the measurements in these areas. 

As is noticeable from the wind direction this pie slice shaped area is centred 

on a line perpendicular to the measured wind direction when measured from 

the lidar device. The scanning lidar is measuring the laser aligned line-of-

sight component of the ambient wind vector and at this point the component 

is zero, either side of the line the component is still near enough zero to be 

indistinguishable. A total of 8° of azimuth are unusable in this image, an 

inherent problem of using this static configuration for scanning lidar studies. 

At the lower bounds of the empty data slice a number of regions of high 

wind speeds are noticeable. These do not correlate with any flow features in 

the scan envelope and must be treated as anomalies in the measurement 

translation in this region. As a result the uncertainties of the measurements 

here must be increased which leads to an increase in the area in which data 

cannot be used. This again demonstrates the difficulties in using a scanning 

lidar in this manner. 

The processing software allows the user to average the individual scans over 

a ten minute or over an hourly period if desired. Choosing this option allows 

the user to visualise permanent flow structures not initially visible in the 

individual scans due the movement of the airflow between scan beams as the 

optics manoeuvre.  
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The project development and comparison with numerical models calls for 

steady state analysis across a wider flow field, due to this the ten minute 

averaging function will be the most heavily utilised in comparison with 

models. 
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4.3 Onshore lidar deployments 

The mobility and flexibility associated with the scanning Galion Lidar device 

allows for deployments to be carried out in active onshore wind farms. In 

support of the project two separate deployments at Whitelee wind farm were 

completed. In both deployments the devices were installed on the ground 

within the Myers Hill wind turbine test facility adjacent to the wind farm. 

The deployment location and wind farm layout allowed the device to 

capture data sets relating to multiple wind turbines.  

The image detailed above in Figure 4.1 shows a sample ten-minute averaged 

PPI arc scan from the ground based lidar devices. The nature of this type of 

deployment requires that the scan plane have a non-zero elevation resulting 

in an inclined scan plane capturing data across the boundary layer. When 

focussing on wakes this inclined scan plane will produce measurements at 

different heights in the wake.  

 

Figure 4.2: Three dimensional lidar scan surface January 2012 deployment 

Figure 4.2 shows a sample inclined scan plane in three dimensions with the x 

and y axis corresponding to the Ordnance Survey [117] map projection 

locations of the scan range used in this instance. The scan plane identified is 

that used in the creation of Figure 4.3 below; with the Ordnance Survey 



84 
 

based axis values reflect geographical position of the scan plane. The z-axis 

identifies the physical height of the measurements above the lidar position. 

The colour variations applied to the figure allow a more distinct image of the 

scan plane height increases to be achieved, improving the visual 

understanding of the scan plane orientation. The white points on the scan 

plane relate to the individual scan points of the lidar scan arc, as can be seen 

these get higher and more spread out with distance from the device. The 

increase in scan height along the length of each beam means that each 

measurement is higher in the atmospheric boundary layer than the last. In 

order to fully understand the flow measurements and their development it 

will be important to gather an understanding of local shear conditions and 

how the local freestream velocity changes with height.  

The point source emission of the measurement beam implies an increasing 

spread of the scan points with distance from the device. This leads to an 

increase in the area over which the measurements are combined to calculate 

local wind vectors as per the lidar methodology explored in Chapter 2. In 

complex flow this will lead to an increasing uncertainty in the lidar 

measured wind vectors as distance increases from the device. 

The images created from ground based lidar deployments show the 

formation of wakes behind the devices within range of the device. 

Dependant on the flow orientation during the time averaged scan these can 

be seen extending in the corresponding manner behind the device. The 

stationary nature of this deployment and the passive control of the lidar 

mean that it is not possible to track the variations in flow orientation at this 

stage. As a result the extraction of wake behaviour and profiles must be done 

for each individual image and data set.  
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Figure 4.3: Lidar scan points overlaid onto original measured data  

From the lidar scan presented in Figure 4.3 the user can extract data 

corresponding to the theoretical wake and inflow centreline. This is achieved 

by plotting the individual scan points (white crosses) onto the lidar captured 

images along with white lines corresponding to the measured wind direction 

through the rotor location. Selecting points along the line through the rotor 

the lidar measured centreline inflow and wake profiles can be plotted against 

distance from the studied turbine’s rotor. A small margin of error from the 

line can be allowed given the inconsistent match up of measurement scan 

points to the wake’s predicted orientation. 

The profiles captured from this methodology detail the flow evolution 

through the rotor plane of the wind turbine into the wake. However the 

inclination of the scan plane will have a significant effect on the measured 

results dependant on the relationship between the scan envelope outlined 
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and the ambient wind direction during the scan being analysed. It is vital 

that these features are taken into account and understood clearly when 

performing comparisons and analysis on the data sets captured from these 

ground based lidar deployments. Sections 4.3.1 and 4.3.2 detail the two 

separate lidar deployments and the scan methodologies implemented 

further. 
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4.3.1 Myers Hill/Whitelee wind farm, July 2011 

 

Deployment Dates: July 13th – 18th 2011 

Lidar Location: 

(OS Co-ordinates) 

N: 256925 

E: 646424  

Elevation: 332m 

Scan Arc: 100° – 244° Azimuth Range 

2° Beam Intervals  

6° Elevation 

Beam Length: 2010m  

67 Range Gates 

Individual Beam Time: 0.17 Hz 

Total Arc Time: 246s 

Number of Points per scan: 4964 

Number of Scans: 1953 

Table 4.1: Scan geometry for June 2011 Galion deployment at Myers Hill 

A single Galion device was deployed at the Myers Hill wind turbine test site 

over a 5 day period. The campaign was planned to scan wakes in Whitelee 

wind farm to the South adjacent to the test site. The location of the lidar and 

the scan arc implemented relative to the turbines of Whitelee are presented in 

Figure 4.4. The full details of the deployment are indicated in Table 4.1. The 

initial strategy was to scan from a compass bearing of 100° - 244° with 2° 

intervals at an elevation of 6° and a range of 2010m. Each beam length 

consists of measurements at 67 positions (Range Gates) along this length. The 

lidar device was setup to take 6 seconds to take measurements along a full 

beam length. 

 Siemens 2.3 - 93 

Max Power 2,300 kW 

Cut–In  3 m/s 

Rated 12 m/s 

Cut-Out 25 m/s 

Hub Height 74 m 

Rotor Diameter 120.5 m 

Table 4.2: Whitelee wind farm turbine physical characteristics [118] 
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The defined scan plan surveyed 14 Siemens 2.3MW [118] turbines in the 

active wind farm, the key physical characteristics of these turbines are 

identified in Table 4.2. The power and thurst curves for the Siemens turbines 

are identified in Appendix E. The physical turbine locations are identified 

with respect to the Ordnance Survey National Grid positioning system [117] 

in Cartesian coordinates (Northings and Eastings). This measurement 

strategy would facilitate capture of multiple turbine wakes maximising the 

potential for usable data sets. In favourable weather conditions it was hoped 

a detailed data set would be captured that may show turbine wakes and their 

interactions as well as inflow behaviour in free stream and wake effect 

turbine operation.  

The campaign was initiated in the position shown in Figure 4.4 on 13th July 

2011 and left onsite until the 18th July 2011.  

 

Figure 4.4: Whitelee turbine locations and scan profile 
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The location at ground level of the lidar device results in the implementation 

of a scan arc with an elevation of 6°. This elevation was selected to allow the 

scan plane to intersect the hub height plane as close as possible to the hub 

location of the nearest turbines. The low elevation also keeps the scan as near 

to horizontal as is practical from a ground based measurement location. The 

wind forecast for the duration of the deployment showed an expected 

directional shift in the wind vector over the 5 days of deployment, the large 

scan envelope was chosen in order to capture this behaviour. Analysis of the 

results showed that despite low wind speeds during the deployment a 

number of usable data sets were captured.  

The measurements captured throughout this deployment were averaged 

over ten minute time periods allowing the visualisation of wake structures in 

the flow field. The highest quality data sets were then separated and 

analysed in preparation for further exploration and comparison with 

numerical models. A single ten minute data set was chosen for further 

analysis and wake centreline extracted using the methodology outlined 

above. The numerical simulation setup for the comparison is explored in 

Chapter 5 and the results explored in Chapter 6.  
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4.3.2 Myers Hill/Whitelee wind farm, January 2012 

 

Deployment Dates: January 10th – 23rd 2012 

Lidar Location: 

(OS Co-Ordinates) 

N: 256860       

E: 646514 

Elevation: 325m 

Scan Arc: 90° – 187.5° Azimuth Range 

2.5° Beam Intervals    

5° Elevation 

Beam Length: 2010m  

67 Range Gates 

Individual Beam Time: 0.33 Hz 

Total Arc Time: 151s 

Num. of Points Per Scan: 2613 

Number of Scans: 6794 

Table 4.3: Scan Geometry for January 2012 Galion deployment at Myers Hill 

A further deployment at the Myers Hill test site was conducted under 

identical set up conditions as the previous deployment. The aim of this 

deployment was to look at the effects of averaging the captured data sets 

over different time periods along with using different methods to define the 

simulation inlet conditions. A more focussed scan arc was implemented in 

order to scan the turbines on Whitelee wind farm. The turbines are the same 

as identified for the July deployment above in Table 4.2 and Appendix E. The 

PPI scan arc as described in Table 4.3 featured a narrower azimuthal range of 

90° – 187.5° with a lower elevation of 5° and intervals of 2.5°. The increased 

beam separation interval leads to a lower spatial resolution than the previous 

deployment with larger distances between the beam lines leading to an 

increase in the areas measurements are averaged over. As with the previous 

deployment the range was limited to 2010m with 67 range gates along this 

length. The device setup was changed to decrease the scan period of each 

beam to 3 seconds. Coupled with the narrower scan arc and increased beam 
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separation this allows for a greater time resolution of the captured data sets 

with the overall time period for each arc scan decreased and more scan arcs 

captured per time period. 

In the employed measurement strategy 11 Siemens 2.3MW [118] turbines 

were within the bounds of the scan arc with the lower scan elevation 

facilitating clearer wind turbine and wake structure visibility compared to 

previous deployments. Depending on operational variables such as visibility, 

turbine operation and scattering centre concentration some or all of the 

turbines closer to the lidar should be visible within the results. 

 

Figure 4.5: Panoramic View of Scan Envelope 

 

Figure 4.6: lidar scan envelope and Whitelee turbines January 2012 deployment 
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The scan envelope presented in Figure 4.5 and Figure 4.6 shows the locations 

of the wind turbines and those expected to be within range of the defined 

scan envelope. Subject to operational variables such as visibility, turbine 

operation and scattering centre concentration it was envisioned a significant 

number of turbines would be visible in the data sets. The lidar scanned 

continuously throughout the deployment period and the device and data 

sets were then retrieved for analysis.  

Figure 4.7 presents the results of a range of time averaging periods on a 

sample of the scans from the deployment. Image 1 is an individual scan, 

Image 2 a ten minute average, Images 3 and 4 are hourly averages. 

 

Figure 4.7: Sample processed lidar scan, January 2012 deployment. 

1) Single Scan, 2) 10-Minute Averaged, 3) 1- Hour Averaged, 4) 1- Hour Averaged 
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The measurements presented were captured on different days throughout 

the deployment period and shows the variation in wind speed and direction 

experienced. As observed the wakes of the six turbines closest to the device 

in a South Westerly direction can be seen in images 2, 3 and 4; the ten minute 

and hour averaged measurements. The averaging period allowing the 

visualisation of steady state features in the measured flow field. The single 

scan measurement of images 1 does not show flow structure and wake 

development and no steady state flow features can be identified. The 

turbines towards the outer bounds of the scan envelope do not appear in any 

of the images.  

This is a feature of the inclined scan plane enforced by the ground based 

installation of the lidar. The measurement points increase in height above the 

device with distance from it and at the further reaches of the beam the 

measurement height of the scan points has exceeded that of the rotor and its 

corresponding wake, Figure 4.8. Meaning that no wake induced velocity 

deficits were recorded in these regions.  

 

Figure 4.8: Inclined scan plane measurement location height increases 
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During the deployment a second device was sited at Myers Hill. This device 

was programmed for Velocity Azimuth Display (VAD) scans throughout the 

deployment measuring wind vectors at pre-defined heights, essentially 

acting as a virtual met mast. The location of the VAD device is indicated by 

the green triangle in Figure 4.6. Measurements were taken at 5m intervals 

from 40 - 105m directly above the device. The sample rate set on the VAD 

lidar allowed 19 seconds for the measurements at these heights in the North 

East, South East, South West and North West directions. Four line-of-sight 

point measurements were used to create a wind velocity and direction vector 

at the height of interest, Figure 4.9. These values are assigned to the point at 

the measurement height, H, directly above the device, accounting for angle 

of the cone. The data gathered will allow the measurement of the variation of 

horizontal wind speed with height above the device. Allowing atmospheric 

and boundary layer conditions to be analysed in parallel to the PPI results. 

The wind speed measurements will also be used to provide the 

computational domain inlet conditions where appropriate. 

 

Figure 4.9: VAD scan measurement technique 



95 
 

From the captured scans two separate analysis streams were completed. 

Analysing both the ten minute and one hour averaged data sets a number of 

suitable images were selected for comparison with the models. Initially a 

single ten minute averaged data set detailing uniform inlet wind speed 

conditions of around 10m/s and resultant distinct wake definitions was 

chosen for further analysis. In addition the focus of this deployment required 

selecting a single ten minute lidar data set and a single hour lidar data sets. 

This allowed comparisons of the two averaging time periods to be made 

using inlet definitions from both the arc scanning lidar and the virtual met 

mast lidar. The simulation setups for these are explored in Chapter 5 and the 

results and comparison in Chapter 6. 
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4.4 Offshore lidar deployment 

The flexibility of the Galion Lidar setup allows for the installation of devices 

onto the nacelle of active wind turbines. Installation of the device in such a 

location allows the uncertainties associated with inclined scan planes to be 

negated. The lidar fixed to the nacelle can also yaw with the turbine ensuring 

the scan envelopes are constantly optimised for the ambient wind direction. 

The potential improvement in the results captured from such a deployment 

is significant. The image in Figure 4.10 shows a sample ten minute averaged 

data set from a nacelle mounted deployment, clearly seen in the image is the 

wake of the studied turbine extending down from the top of the image. Also 

visible are the wakes of adjacent turbines in the wind farm. 

 

Figure 4.10: Sample rear facing ten minute averaged data set 
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Aligning a nacelle mounted lidar device with the centreline of the wind 

turbine allows for scan envelopes to be centred on this axis, with the 0° 

azimuth pointed upstream and the 180° downstream. In perfect operational 

conditions a wind turbine wake will be centred on this 180° azimuth of the 

scans, along the centreline of the turbine [84]. However, due to the variable 

nature of the wind flow the wake is rarely centred at this point.  

The size of multi mega-watt scale operational turbines prohibits their ability 

to dynamically yaw according to the constantly changing wind direction 

[73]; as a result the lidar is not aligned exactly towards the wind most of the 

time. Simply choosing the measurements attributed to the 180° azimuth 

value will not necessarily capture the wake’s centreline, the azimuth 

corresponding to the wake’s centre must be found from the averaged flow 

field. Employing a selection algorithm to find the minimum Doppler values 

at each measurement distance from the device it is possible to find an 

average of this. Extracting the data corresponding to this average azimuth 

from the measured data then allows the centreline wake profile to be 

separated for analysis. The wake centreline data can then be plotted to show 

the evolution of the wake velocity downstream from the turbine rotor.  

The advantage of this elevated and yawing installation location means that a 

series of scripts can be developed to process the data set and extract the wake 

centreline data from each ten minute data set and thus allow the entire set of 

weekly downloaded data to be processed in one go. In addition the 

timestamps for each averaged data set can be used to align with the 

corresponding information from upstream scanning lidar devices, turbine 

Supervisory Control and Data Acquisition (SCADA) data and nearby met 

mast data.  
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All of this information can be used to filter, sort and characterise each data 

set such that it can be attributed to individual flow characteristics as required 

such that they can be analysed and trends found for these. The methodology 

developed to allow the consistent extraction of the wake centreline profile 

from a nacelle mounted lidar is outlined below: 

1. Average all data sets over ten minute time period 

- Remove poor quality data sets such as: 

- In complete data sets: 

 where a high percentage of the required data has 

not been recorded due to low intensity 

measurement of the back scattered lidar beam 

- Evidence of yawing during averaging period: 

 where multiple wakes can be seen originating 

from behind the turbine rotor  

 evidence of multiple hard target returns from a 

single downstream turbine 

- Evidence of beam blockage by hard targets: 

 where data is missing behind a solid structure as 

the beam has been blocked and cannot register 

values beyond this point 

- Low wind speeds: 

 where the turbine is not operational and no wakes 

are generated to measure 

 

2. Isolate each ten minute averaged and filtered data set in turn 
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3. Find wake centreline of studied turbine in individual scan as it 

extends behind the device 

- For each measurement distance (range gate) downstream from 

the lidar find the lowest measured doppler value and the 

azimuth value attributed to it 

- Continue this for the first 30 range gates (900m) to ensure only 

data relating to the studied turbine is used and adjacent wakes 

are not accounted for 

- Take an average of the 30 azimuth values attributed to the 

minimum doppler values at each range gate 

 Round this average to the nearest beam azimuth value in 

the defined scan arc 

- Extract all the data from the averaged data set along this 

averaged azimuth value 

 This data is attributed to the wake centreline for the ten 

minute period under study 

 

4. Combine extracted centreline data with corresponding time stamped 

data from other relevant data sets.  

- Wind speed measurements taken at 2.5 rotor diameters 

upstream of rotor from the second hub height lidar unit 

- Wind speed and direction data from nearby FINO 1 met mast 
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5. Filter combined data sets according to desired attributes 

- Inlet wind speeds filtered into 2m/s wind speed bins between 

4m/s and 20m/s 

- The ambient wind direction measured from FINO 1 is used to 

establish the inflow conditions to the turbine 

- Undisturbed inflow with no turbines upstream 

- Disturbed inflow where the inflow has come through the 

wind farm but not from an adjacent turbine 

- Waked inflow where the turbine is operating directly in 

the wake of an adjacent turbine 

This process can be repeated for each of the averaged data sets gathered from 

the deployment. By filtering the resultant data into defining bins they can be 

grouped together such that repetitive behaviour and common characteristics 

in each bin can be captured. The primary method of individual scan filtering 

is through the use of inlet wind speed measurements. Grouping the data sets 

into 2m/s wind speed bins across the operational range of the studied wind 

turbine allows the effects of the varying conditions to be quantified and 

analysed. The further filtering done according to flow direction allows the 

isolation of periods where the turbine is operating in the freestream, under 

directly waked situations or from flow passing through the wider wind farm. 

As a result the behaviour of the wake for these conditions and differing wind 

speeds to be analysed together. 
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4.4.1 Alpha Ventus offshore, February 2013 – May 2013 

Three Galion Lidar G4000 Offshore devices were deployed in an offshore 

measurement campaign in the North Sea as part of the Efficient Offshore 

Wind Program (EOWP) [119]. All three devices were deployed in the Alpha 

Ventus [116] wind farm on turbine AV7, a fully instrumented AREVA 

M5000-116 [120]. Deploying one device on the turbine transition piece and 

the other two on top of the turbine’s nacelle a unique measurement 

campaign was implemented in partnership with SgurrEnergy Ltd and 

AREVA Wind GmbH [121].  

The three Galion’s operated continuously gathering data sets in a variety of 

scan regimes for a full year. Communication to the devices was enabled 

through the turbine’s communication systems and could be accessed at any 

time. This direct access allowed the scan envelopes to be restructured 

throughout the deployment according to data capture needs.  

The lidar deployment was complimented by SCADA data from the subject 

turbine made available by AREVA. As well as full met mast measurements 

from FINO 1 [122], a nearby offshore research installation providing wind 

data as well as atmospheric, temperature and sea state data. These 

measurements are available free of charge from the Research at Alpha 

Ventus [123] group who maintain the facility. 

There are eleven further turbines within the offshore wind farm; these can be 

seen in the resultant measurements at different times dependent upon wind 

direction. As the prevalent wind direction varies the wakes developing 

behind these devices are seen to interact with the turbines downstream. The 

six Southern turbines are the same model as the subject turbine while the six 

Northern turbines are Senvion 5M turbines [124]. 



102 
 

Lidar installation 

Of the three Galion devices available two were installed on the wind turbine 

nacelle and one on the turbine transition piece in order to characterise flow 

conditions fully [125]. As indicated in Figure 4.11 and Figure 4.12 the two 

Galion Lidar devices fixed to the nacelle, referred to as Lidar 23 and Lidar 24 

henceforth, were positioned to provide downstream and upstream 

measurements respectively, staying fixed to the nacelle as it yaws. Lidar 25 

was positioned on the transition piece of the turbine to fully capture inflow 

and power performance assessments. Installed below the nacelle this device 

scans with varying elevation in order to capture inflow in front of the turbine 

rotor. Figure 4.13 identifies the location of the turbine AV7 within the wind 

farm and the horizontal distances between turbines. The information 

presented in Table 4.4 identifies the basic characteristics of the AREVA and 

REPower turbines installed in the Alpha Ventus wind farm.  

 

Figure 4.11: Diagram of AV7 nacelle roof lidar installation 
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Figure 4.12: Image of AV7 nacelle roof lidar installation, Lidar 23 foreground, Lidar 24 

background  

 

 

Figure 4.13: Alpha Ventus wind farm map, subject turbine AV7 at (0, 0) 
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 Turbines AV 1 – 6 Turbines AV 7 - 12 

 REPower 5M AREVA M5000 

Max Power 5,075 kW 5,000 kW 

Cut–In  3.5 m/s 4 m/s 

Rated 14 m/s 12.5 m/s 

Cut-Out 30 m/s 25 m/s 

Topography Pitch Regulated 

i = 97 Gearbox Ratio 

6-Pole DFIG 

Pitch Regulated 

1:10 Gearbox Ratio 

Synchronous PM 

Hub Height 92 m 90 m 

Rotor Diameter 126 m 116 m 

Table 4.4: Alpha Ventus Turbine Properties [120] [124] 

Scan envelopes 

The deployments yielded a continuous data set during the active operation 

of the wind turbine.  Continuous monitoring of the results and weather 

forecast facilitated the individual lidar measurement variables to be adjusted 

to capture high resolution data sets detailing wind turbine wake behaviour 

for a variety of inflow conditions.  

The installation and setup of the three lidar devices offered the opportunity 

to monitor remote real time measurements. This enabled the scan geometry 

to be tailored throughout the deployment ensuring the data sets gathered 

provide insight into projects aims. For wake study the fore (Lidar 24) and aft 

(Lidar 23) nacelle mounted lidars were programmed to point upstream and 

downstream respectively. Lidar 24 performed a wide arc scan capturing data 

pertaining to the flow field in front of the rotor. Lidar 23 initially performed 

an arc scan to capture wake behaviour down the centreline and in the 

horizontal plane and was then re-programmed to capture aspects of the 

wake flow in the vertical centreline plane.  

Anchored to the nacelle roof and centred on the wind turbine centreline 

Lidars 23 and 24 allow the implemented scan envelopes to track with the 
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turbine ensuring the centre of the arc scans are aligned to the turbine 

centreline. In addition the installation setup facilitates horizontal arc scans 

with a scan elevation of zero, thus removing the complications and 

unknowns of ground based lidar scans producing inclined scan planes that 

dissect the wake at an angle. Table 4.5 presents the scan configurations used 

from Lidar 23 to capture wake features in the horizontal plane.  

Dates Envelope Spacing 
Arc Scan 

Period (s) 

Usable Ten 

Minute 

Averages 

19th February – 7th March 120° – 240° - 120° 1° 678 258 

6th August – 18th August 165° – 195° 2° 68 1205 

Table 4.5: Utilised horizontal scan configurations, Lidar 23 

The third lidar deployed, Lidar 25, on the transition piece was primarily used 

for comparisons with the FINO 1 met mast and Power Performance 

Assessments of the turbine. As this work is focussed on the wake structure 

created behind the wind turbine the work presented from Lidar 25 is out of 

the bounds of the work presented here. 

Inflow characteristic filtering 

The captured data sets encompass a wide range of inlet wind speeds and 

conditions. The full data sets are averaged over ten-minute periods and 

filtered according to a variety of criteria. Initially the data sets are filtered to 

remove: 

- Low ambient wind speeds 

 < 4m/s 

- Low quality results due to low levels of scattering centres in the 

ambient wind flow. This results in the intensity of the back scattered 

results being below the acceptable threshold 
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- Turbine yaw during the ten minute averaging period resulting in 

turbine echoes in the results 

- Hard target returns from adjacent turbines 

The remaining data sets have then been paired with the ten minute averaged 

time correspondent wind speed measurements at 2.5 rotor diameters 

upstream from the scanning Lidar 24. This allows an inlet wind speed in 

front of the rotor plane to be defined. In addition wind direction information 

from the nearby FINO 1 met mast allows the orientation of the turbine to be 

estimated.  

Each ten minute data set is then sorted and binned according to inlet wind 

speed, in 2m/s bins from 4m/s to 22m/s, and by inflow condition. The 

orientation value of the turbine allows the scan to be separated by incident 

inflow condition. These are Undisturbed where there are no turbines 

upstream of the device, Disturbed where flow into the turbine rotor passes 

through the wider wind farm and Waked where flow into the turbine is 

directly influenced by upstream turbines. The definitions of the range of 

orientations corresponding to each inflow condition were set during 

consultation with the project partners [31] [121] and are detailed in Table 4.6. 

As can be seen the Waked flow directions correspond to a subset of those 

attributed to the Disturbed inflow directions. Waked inflow conditions are 

not considered as part of the Disturbed inflow analysis. 

The envelopes as defined in relation to the wind farm are presented in Figure 

4.14. The information presented in Table 4.7 details the breakdown of the 

filtered centreline results in each bin with the width breakdown in Table 7.8. 
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Inflow Condition Azimuth Range 

Undisturbed 200° – 270° 

Disturbed 5° – 175° 

Waked 85° - 95° 

Table 4.6: Inflow condition azimuth definition 

 

 

Figure 4.14: Inflow envelope definitions in relation to studied wind farm 

 

Wind Speed Bin 

(m/s) 

Undisturbed 

Inflow 

Disturbed 

Inflow 

Waked  

Inflow 

4 – 6 64 21 0 

6 – 8 57 93 7 

8 – 10 57 149 26 

10 – 12 133 192 44 

12 – 14 43 151 39 

14 – 16 3 80 30 

16 – 18 0 22 7 

18 – 20 0 14 2 

20 – 22 0 3 0 

Table 4.7: Breakdown of ten-minute averaged data sets into each bin 
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Wind Speed Bin 

(m/s) 

Undisturbed 

Inflow 

Disturbed 

Inflow 

Waked  

Inflow 

4 – 6 - 1 - 

6 – 8 - 9 - 

8 – 10 - 20 - 

10 – 12 - 19 - 

12 – 14 - 10 - 

14 – 16 - 20 - 

16 – 18 - 17 - 

18 – 20 - 14 - 

20 – 22 - 3 - 

Table 4.8: Breakdown of width data sets into each bin 

The comprehensive data sets facilitate the analysis of wake flow 

development to be assessed along two axes: 

- Wake centreline profiles along the wake length at hub height 

- Wake width profiles at selected distances from the device tracking 

development of wake velocities out from the centreline at hub height 

The methodologies employed in initiating numerical simulations for 

comparison with the resultant data sets are explored in Chapter 5. 
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Chapter 5:  

Numerical analysis 
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5.1 Background 

The lidar deployments outlined in Chapter 4 provide unique data sets from a 

variety of installation locations at both onshore and offshore wind farms. The 

resultant measured data sets allow comparisons with a variety of wind 

industry flow models to be made. 

Onshore the ground based location and inclined scan plane facilitate 

comparisons with three dimensional solvers modelling the entire wind farm 

domain. For comparison with the measurements gathered at the Whitelee 

wind farm the ANSYS Windmodeller platform has been employed. Within 

this package a number of different turbulence closure models have been 

considered. 

Offshore the nacelle based installation and horizontal scan plane allow 

comparisons to be completed with the industry standard PARK and Eddy-

Viscosity models in addition to the ANSYS Windmodeller [96] platform 

utilised previously. 

The three numerical solvers included in this study require the development 

of distinct methodologies in order to achieve high quality comparisons with 

the lidar data sets captured. 

The ANSYS Windmodeller flow solver allows for wind flow evolution 

models to be solved in three dimensions through a simulated wind farm, 

with wake data being extracted from specified points within this domain. 

The simulation of the domain and the extraction of wake data for comparison 

can be split into two separate processes.  

- Simulation setup and execution 

- Results visualisation and data extraction 
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For the onshore lidar deployments at Whitelee wind farm the ANSYS 

Windmodeller simulation setup methodology remains broadly similar with 

the wind turbine locations, local terrain roughness and elevation information 

remaining constant. The inlet conditions for each analysis are then specified 

individually. In contrast the extraction of results methodology is dependent 

on the nature of the deployment undertaken and the pattern of the 

measurements to be extracted.  

For the PARK [80] and Eddy-Viscosity [84] models the simulation setup is 

based upon the development of codes to model the flow evolution in the 

wake as predicted by the models. Measured values of inlet wind speed are 

used alongside turbine specific power and thrust curves to complete the 

simulation.  

The different methodologies employed for extracting wake simulation data 

from the onshore and offshore cases are explored in the following chapter. 
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5.2 Onshore numerical simulations 

The inclined scan plane and subsequent three dimensional nature of the 

onshore measurement campaign data sets provide an ideal platform to utilise 

the ANSYS Windmodeller wind farm flow simulation package for 

comparison with wake measurements. Incorporating terrain and roughness 

features a three dimensional simulation domain can be created 

encompassing the bounds of the lidar scan plane. The Windmodeller setup 

also allows the use of variables unique to the studied turbine to be 

incorporated, improving the accuracy of the simulation. 

The turbines at the focus of both studies are Siemens 2.3MW [118] devices, 

the simulations were setup utilising the turbine specific power and thrust 

curves. In each case the numbers of turbines encompassed within the scan 

envelope implemented have been reproduced in the simulation domain. The 

terrain maps for the wind farm under study also need to be employed and 

the exact geographical location of the turbines in this identified.  

5.2.1 Onshore simulation setup and execution 

For the onshore deployment simulations the setup of ANSYS Windmodeller 

simulation packages is completed through the package’s graphical user 

interface (GUI). This allows the user to define the boundary conditions and 

domain setup of the proposed simulation. As both onshore deployments 

took place from similar locations scanning over Whitelee wind farm similar 

methodologies were used in establishing the simulations. The key input 

decisions to be made at the setup stage for the onshore simulations are 

detailed below. 
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- Domain dimensions 

Taking into account inlet locations and required focus area ensuring the 

bounds of the lidar scan are covered. For each simulation these have 

been tailored individually to reflect the focus of the study. The specific 

domain dimension details are presented in Tables at the head of each 

setup section for each simulation. 

- Terrain features 

The contours for the terrain within Whitelee onshore wind farm have 

been applied. The terrain maps of Whitelee wind farm [115] were 

sourced from the Ordnance Survey Panorama [117] product and 

incorporate 10m height contours. 

- Roughness characteristics 

A surface roughness map for Whitelee wind farm has been created 

using WAsP Map Editor, the resultant .map file is compatible with 

Windmodeller and can be used for each of the onshore simulations. The 

values for each surface roughness type found in the wind farm were 

defined according to the values set out in the WAsP wind farm 

simulation manual [126]. Values for the separate roughness types are 

defined as follows: 

- Forestry – 0.3, Farmland – 0.08, Grassland – 0.03, Buildings – 

0.7, Inland Water – 0.001 

- Mesh structure and resolution 

ANSYS Windmodeller allows the mesh to be tailored to domain 

geometry and wind turbine locations. To improve the quality of the 

simulations higher resolution mesh in the key areas, such as around the 
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each of the turbine rotors, of the simulation can be implemented to 

improve simulation results 

- In discussions with ANSYS Windmodeller development 

experts a refinement value of 12-15k nodes per turbine is 

recommended [127] in order to provide the necessary detail 

around the turbines to capture the flow evolution through the 

rotor plane. 

- A background mesh with resolution of 40% of the wind turbine 

diameter is recommended to capture the flow in the rest of the 

domain 

- Turbine locations and characteristics 

The locations of each Whitelee turbine within the lidar scan domain are 

input into the domain setup in terms of x, y and z values. In addition 

individual turbine hub height and rotor diameter along with turbine 

specific thrust curves and power curves have been defined.  

- Inlet conditions 

The inlet for each flow situation being analysed can be defined in terms 

of its wind speed at the defined height and the direction to be analysed. 

The ANSYS Windmodeller methodology separates the outer surface of 

the defined domain into 24 regions, 12 are defined as inlet and 12 outlet. 

The velocity conditions are defined in the inlet as Dirichlet and the 

outlet are entrainment with constant pressure [128]. The definition of 

the 12 inlet and 12 outlet sectors is automated for each simulation based 

on the defined wind direction. The inlet velocity is applied at the height 

defined in the simulation setup.  
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Stability and temperature gradient options are also available that allow 

the boundary layer characteristics to be defined if enough information 

is available. For the  

- Turbulence closure models to be utilised 

The ANSYS Windmodeller software allows the user to define the 

turbulence closure method employed in each simulation. The user can 

choose between: 

- k-ω, k-ε RNG, k-ε STD, k-ε Modified or Shear Stress 

Transport (SST)  

Running the simulations with the desired criteria produces results files 

detailing the calculated flow properties across the three dimensional domain 

implemented based on the inlet definitions supplied. Multiple simulations 

can be run consecutively with the computational time for each simulation in 

a 5000m x 1000m domain with twelve turbines being in the region of 2-3 

hours region. 

Results visualisation and data extraction 

Utilising the CFD Post facility the simulation domain and predicted flow 

evolution through it can be visualised in three dimensions. The required 

calculated flow properties can then be extracted for each individual 

simulation. This is completed by loading the .res file into the CFD Post GUI 

for each simulation the user can create flow evolution visualisations in two 

dimensional planes across the domain.  

In visualising the results it is helpful to represent the simulated flow field at 

turbine hub height above the ground detailing flow evolution up to the rotor 

plane and into the wake. Figure 5.1 below details a sample hub height wind 

speed contour plot for an onshore flow simulation. The simulation was 
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defined with a 4m/s inlet wind speed and visualised at a hub height of 74m. 

Two wakes are clearly seen extending behind the turbines in the simulation, 

the height contours of the local terrain are also presented with interval 

heights of 10m. The three dimensional simulation and visualisation domain 

allows the user to repeat this process for any user defined plane and visualise 

the corresponding predicted flow values across it.  

 

Figure 5.1: Hub height (74m) horizontal wind speed contour plot for onshore simulation, 

4m/s inlet wind speed at 74m above ground level 

In order to complete the comparison with lidar measurements the simulated 

data must be extracted from within the computational domain from data 

points corresponding to the exact same geographical position as that of the 

measurement points on the lidar scan plane.  

In order to complete this process these measurement points must be 

reproduced in the simulation domain. Each measurement point can be 

defined as a function of the lidar location, the scan envelope implemented 

and its distance from the device. To allow a robust comparison between the 
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measured and simulated data the scan point position in relation to the device 

must be translated into the corresponding position within the measurement 

domain. The flow vectors at each measurement point can then be extracted 

for comparison with the measured data. 

For ground based lidar deployments, the inclined scan plane implemented 

will mean that the measurements points extracted from the scan plane will 

be at varying heights across the wake profile dependant on the flow 

orientation being studied, this is covered in Figure 4.8. The changing 

elevation of the measurements will have a significant effect on the measured 

results and the subsequent comparison that will increase uncertainty in the 

conclusions drawn. 

This visualisation and data extraction process must be completed for each of 

the individual flow situations being analysed as well as for each turbulence 

model used. The detailed simulation setups associated with both onshore 

lidar deployments at Whitelee wind farm are explored below. 
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5.2.2 Myers Hill/Whitelee wind farm, July 2011 

As was detailed in Chapter 4 a single scan from the July 2011 deployment 

was chosen for comparison with the Windmodeller numerical models. The 

domain setup employed for this scan is outlined below in Table 5.1. Based on 

measurements extracted from the lidar scan the inlet wind speed was set at 

4m/s with a wind direction of 289°. This value was extracted from the ten 

minute average measurements at approximately 2.5 rotor diameters 

upstream of the rotor. The variables defining the simulation domain are 

identified in Table 5.1. The simulation assumes a neutral boundary layer. 

Geometry Centre  

(OS Grid reference based) 
257469, 645947 

Mesh Height 500m 

Mesh Radius 1000m 

Centre Block Radius Fraction 0.33 

Horizontal Resolution 50 

Inner Expansion Factor 1.1 

Mesh Structure Option Peripheral Extension 

Outer Block Radius Fraction 1.5 

Outer Expansion Factor 1.1 

Mesh Expansion Factor 1.15 

Vertical Resolution 1.15 

Table 5.1: Simulation domain setup parameters 

An individual simulation was run for each of the turbulence models 

incorporated within the Windmodeller package, Figure 5.2 shows a hub 

height (74m) horizontal velocity contour plot extracted from the k-ω 

simulation. The characteristics of the Siemens 2.3 turbines modelled are 

detailed in Table 4.2 and Appendix E. The black lines represent the height 

contours of the wind farm terrain at 10m intervals; the wakes developed by 

the two turbines can clearly be seen extending behind the turbines. This 

simulation method was repeated for each of the turbulence models.  A line 
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corresponding to the wind direction was plotted through each turbine at hub 

height above ground level in the simulation domain. Data from along these 

lines can be exported and plotted in the same manner as the lidar data. The 

comparison results are explored in Chapter 6. 

 

Figure 5.2: Hub height (74m) horizontal velocity plot for Eastern turbine, 4m/s inlet at 

74m, Wind Direction 289°, Cp = 0.47  
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5.2.3 Myers Hill/Whitelee wind farm, January 2012  

As detailed in Chapter 4 the analyses completed from this January 2012 

deployment incorporated two separate focus areas. The first aims to use the 

same strategy as the previous July 2011 deployment utilising a single ten 

minute scan to analyse wake centreline flow measurement in this period. The 

second analysis involves utilising both ten minute and hourly averaged lidar 

data sets for comparison along with two different methodologies for defining 

the simulation wind speed and direction inlet conditions. The methodology 

for initiating the simulation and extracting the results for both the lidar scans 

and the simulations is the same as that employed in the previous study. 

While the turbines simulated in the both analysis are the same as in the July 

deployment, the characteristics for these are identified in Table 4.2 and 

Appendix E. 

As both analyses originate from the same data set the domain setup utilised 

for both is identical. The variables defining the structure of this domain are 

identified in Table 5.2. 

Geometry Centre  

(OS Based) 
257490,  645713 

Mesh Height 500m 

Mesh Radius 1000m 

Centre Block Radius Fraction 1 

Horizontal Resolution 50 

Inner Expansion Factor 1.1 

Mesh Structure Option Peripheral Extension 

Outer Block Radius Fraction 1.5 

Outer Expansion Factor 1.1 

Mesh Expansion Factor 1.15 

Vertical Resolution 1.15 

Table 5.2: Simulation domain setup parameters, ten minute averaged analysis 
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For the single ten-minute averaged scan the inlet conditions were defined as 

10.9m/s from a direction of 178° at a height of 166m above ground level. The 

wind speed value was extracted from the arc scan lidar measurements 

upstream of the device and the direction value taken from the calculations of 

the scan processing program. 

For the second analysis in the January deployment multiple simulations were 

completed in order to compare the different inlet definition and averaging 

periods. For each simulation the inlet wind speeds and wind directions 

employed are identified in Table 5.3. The heights of the inlets in Table 5.3 

relate to the physical location above ground level of the measurements in 

each case. The inlet wind speed is defined at these heights in each simulation. 

All simulations assume a neutral boundary layer. 

 Wind Speed 

(m/s) 
Direction (°) 

Height 

A.G.L. (m) 

Ten Minute Average     

ARC Scan Input 13.1 278 64 

Virtual Met Mast Input 18.5 278 105 

One Hour Averaged     

ARC Scan Input 15.8 283 60 

Virtual Met Mast Input 18 283 105 

Table 5.3: Inlet definitions for Windmodeller simulations, 10min and 1hr comparisons 

Using these inlet definition methods in the present deployment means that 

both the arc and VAD inlet cases require that the turbines and wakes are in 

the lower left portion of the CFD domain and in close proximity to the edge 

of the domain. This requires the specification of the mesh parameters to 

ensure that the domain setup allows for sufficient detail in the areas of 

interest, Table 5.3. 

To ensure the high resolution mesh detail extends to the mesh extremities 

where the turbines are sited the Centre Block Radius Fraction was set to 1. 



122 
 

This means that the area of high resolution mesh structure extends across the 

whole domain to its’ bounds. This will increase computational time as the 

number of calculations increases with the number of mesh elements and a 

finer mesh increase this value. This is an acceptable trade off to ensure the 

quality of the simulation at the bounds of the domain being analysed.  

Running the Windmodeller simulation for the four turbulence models the 

simulated wind speed measurements for the plotted lidar points locations 

can be extracted for comparison.  
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5.3 Offshore numerical simulations 

The nacelle mounted location of the lidars utilised in offshore data capture 

opens up the possibility of employing a variety of models in the numerical 

analysis. As with the onshore deployments the ANSYS Windmodeller 

package has been employed. In addition the PARK and Eddy-Viscosity 

models have also been incorporated into the comparison.  

The industry standard PARK and Eddy-Viscosity models have been setup to 

allow them to be run for each individual ten minute averaged data set 

captured by the lidar. The inputs are defined by the inlet measurements 

associated with each scan and the turbine specific thrust and power curves. 

The complex Windmodeller flow models require a more involved setup and 

computational overhead such that they are only run for a single simulation at 

a time. Only the SST model has been included in the analysis of offshore 

wake behaviour. The methodologies utilised for each of the models 

employed in the offshore numerical analysis are explored below. 
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5.3.1 Offshore Windmodeller simulations 

The same methodology utilised for setting up the onshore simulation domain 

in Windmodeller is used for the offshore case.  For the offshore simulations 

however there is no need to incorporate terrain elements and a single surface 

roughness value can be used instead of a roughness map. For offshore flow 

simulations a surface roughness value, or z0, of 0.0002 is employed. This 

value is commonly used and accepted by industry to simulate open water 

[129]. Figure 5.2 below presents a hub height velocity contour plot for an 

offshore wind farm created in the CFD Post facility. As can be seen the wakes 

are more clearly defined in comparison to the onshore simulation case. This 

is as a result of the lower levels of surface roughness and a homogenous 

ground level producing a consistent and stable boundary layer across the 

wind farm. This results in less mixing and movement of the air mass 

surrounding the wakes allowing them to be more defined from the 

surrounding flow.  

 

Figure 5.2: Hub height horizontal velocity contour plot for an offshore wind farm 
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In tailoring the offshore Windmodeller simulations for comparison with the 

PARK and Eddy-Viscosity models the setup implemented only modelled a 

single turbine. In Figure 5.2 the wakes of the modelled turbines can be seen 

interacting with each other downstream while both the PARK and Eddy-

Viscosity models employed simulate wake flow behaviour for a single 

turbine operating in the freestream un affected by surrounding turbines. To 

ensure a fair comparison the Windmodeller SST model was run similar 

conditions with no adjacent turbines modelled. The characteristics of the 

AREVA M5000 turbines under study are defined in Table 4.4 and Appendix 

F. 

For data extraction in relation to the hub height lidar deployment the wake 

velocity data can be extracted in the same process as for the onshore case 

with the individual scan points plotted through the centre of the wake. In 

this instance there are no issues with the inclined scan plane and the scan 

points plotted in the domain are all located at the same height. In addition to 

plotting the individual scan points the user can extract data along a line 

corresponding to the centre wake of the simulated turbine. This allows for 

more data points to be extracted and for an improvement in the resolution of 

the simulated centreline profile. 

The simulations employed in the offshore analysis called for comparisons 

with lidar data averaged across 2m/s wind speed bins. In order to complete a 

valid comparison with these averaged profiles the numerical models will be 

run using the average of the inlet conditions measured in each wind speed 

bin. These measured inlets for each simulation in the Centreline and Width 

profile analyses are defined in Table 5.4. As only one turbine is modelled in 

the Windmodeller domain and the terrain is constant across the whole 

domain the wind direction is will not affect the wake simulations. For this 
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simulation it was set at 180°. The inlet height is defined at hub height for the 

AREVA 5M turbine under study, 90m. 

Wind Speed Bin 

(m/s) 

Centreline Profile 

Average Inlet (m/s) 

Width Profile 

Average Inlet (m/s) 

4 - 6 - 4.5 

6 – 8 7.1 7.1 

8 – 10 8.9 8.8 

10 – 12 11.1 10.7 

12 – 14 13 13.3 

14 – 16 15 15.2 

16 – 18 - 16.8 

18 – 20 - 19 

20 - 22 - 20.3 

Table 5.4: Inlet wind speed definitions for numerical simulations 

For the SST simulation setup the domain was defined as in Table 5.5. 

Geometry Centre  

(OS Based) 
0, 0 

Mesh Height 1000m 

Mesh Radius 5000m 

Centre Block Radius Fraction 0.33 

Horizontal Resolution 46.4 

Inner Expansion Factor 1.1 

Mesh Structure Option None 

Outer Block Radius Fraction 1.5 

Outer Expansion Factor 1.1 

Mesh Expansion Factor 1.15 

Vertical Resolution 1.15 

Table 5.5: Windmodeller domain setup for offshore numerical simulation 
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5.3.2 Offshore PARK and Eddy-Viscosity simulations 

Utilised in industry standard wind farm simulation packages the Eddy-

Viscosity and PARK flow models are commonly used by engineers and 

developers during the planning and development of new wind farms. 

Utilised in these packages their methodologies provide wind flow 

predictions through simulated wind farms and inform the power potential 

calculations based on these. The equations and methodology behind both 

models are outlined in Chapter 2. The models use these processes to create a 

prediction of the wake velocity evolution downstream of the wind turbine 

rotor. The models also provide a method for calculating wake width and the 

velocity evolution within this at any given point downstream. 

In order to allow the wake models to be incorporated into the comparisons 

presented a series of scripts to recreate each of the models in turn have been 

developed in Matlab [130]. The scripts are built to calculate the wake profile 

development downstream according to the methods and formulae outlined 

in Chapter 2 for both wake flow models. Separate scripts have been 

developed to calculate wake centreline and wake width behaviour. These 

allow the models to be initialised and run based on inputs defined by the 

user. Both models require a user defined inlet velocity which is used to 

define the thrust coefficient from the turbine specific thrust. The turbine 

being studied is the AREVA M5000 [120]. In addition to these values the 

PARK model requires a user defined Surface Roughness level, while the 

Eddy-Viscosity model requires a Turbulence Intensity definition. For 

offshore wind farm analysis a surface roughness of 0.0002 is accepted, 

leading to a wake decay constant of 0.038 [131]. While a Turbulence Intensity 

of 6% is common for offshore flow simulations [132]. Theese values for z0 

and T.I. have been agreed with the project partners [31] [132]. 
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Side by side comparisons of the two models predictions for wake centreline 

velocity and wake width evolution can be seen in Figure 5.3 and Figure 5.4 

respectively. The setup of the numerical simulation for these models allows 

these wake profiles to be created for each ten minute averaged data set. 

These models are simple in nature and do not provide a full calculation of 

wake evolution in the three dimensional domain. As a result they are not 

suitable for comparison with data gathered from the inclined scan planes 

implemented by ground based lidar devices. The results of these simulations 

provide ideal comparisons with the data captured from nacelle mounted 

lidar deployments where there are less uncertainties involved with the hub 

height measurements and comparisons with steady state model predictions. 

 

Figure 5.3: Centreline comparison of PARK and Eddy-Viscosity models,  

Inlet Wind Speed = 10m/s, Turbulence Intensity = 6%, Surface Roughness = 0.0002,  

Wake Decay Constant = 0.03841 
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Figure 5.4: Width wake comparison of PARK and Eddy-Viscosity models,  

Inlet Wind Speed = 10m/s, Turbulence Intensity = 6%, Surface Roughness = 0.0002,  

Wake Decay Constant = 0.03841 

The Eddy-Viscosity model does not appear in the wake width below two 

rotor diameters downstream predictions in Figure 5.4. It does not attempt to 

model the near wake velocity and as a result values for the wake width 

predictions can only be found beyond this point.  

As in the Windmodeller simulations identified in Section 5.3.1 the model was 

run for each wind speed bin using the inlet wind speeds defined in Table 5.5. 

There is no need to define wind directions or inlet heights for these models. 
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Chapter 6:  

Results 

 

  



 
 

6.1 Background 

The deployments outlined in Chapter 4 each yielded a large number of data 

sets for further analysis and comparison with the numerical wake models. 

From the onshore deployments a number of single time period averaged 

scans were chosen and analysed. While for the offshore deployment the lidar 

installation utilised facilitated a more in depth and complete analysis across 

the operational range of the turbine. The following chapter presents the lidar 

data sets chosen from each deployment alongside the corresponding wake 

analysis and simulation results completed. 

Primary wake characterisation in this project deals with analysis along the 

length (x-direction) of the active wind turbine wake; how far the wake 

extends behind the rotor plane and the velocity profile along that length. The 

ultimate length of the wake is known to vary dependant on a number of key 

factors such as inlet wind speed, surface roughness and local turbulence 

levels. Direct comparison of measured velocities along the centreline and the 

simulation velocities at the same locations will provide insight into key 

characteristics and an understanding of wake development for given flow 

conditions. 

Secondary wake characterisation deals with the wake velocity development 

perpendicular to the wake centreline. This deals with the characterisation of 

the flow velocities in the horizontal axis. Lidar measurements to capture 

detail in this axis will provide understanding of the velocity evolution at 

given lengths downstream, from the maximum deficit at the turbine 

centreline back towards the freestream velocities at the wake boundaries. 

These measurements will allow a picture of the variation in the ultimate 

wake width with distance and wind speed to be captured and the velocity 
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profile out to this point. Modelling approaches generally assume that the 

wake is symmetrical around the centre line in all directions. This is unlikely 

to hold true as flow boundary layer properties and local surface roughness 

will affect the velocity evolution in the vertical plane. In the horizontal plane 

there is likely to be a more symmetrical behaviour around the centreline 

however the effect of the wake rotation is unknown.  

CFD Simulation Limitations 

The comparisons with numerical models completed for the two deployment 

types make use of the four models incorporated in the ANSYS Windmodeller 

software along with the PARK and Eddy-Viscosity models. All three 

methodologies have been used for the offshore comparisons while only the 

ANSYS Windmodeller simulations have been used for onshore cases.  

In completing the comparisons with the three dimensional models in ANSYS 

Windmodeller each simulation was setup up to reflect the conditions 

encountered. The unique setup parameters used for each simulation are 

detailed in the associated Tables in Chapter 5. For each case the inlet 

parameters have been chosen to recreate the conditions incident upon the 

studied turbine. In addition the mesh resolution and associated expansion 

factors in the domain have been tailored to provide maximum resolution at 

the focus areas of each simulation. Every effort has been made to ensure that 

the available data has been used to provide the highest quality comparisons 

possible with the measured data sets. However, it must be noted that there 

are short comings in the setups and comparisons that limit the quality of the 

simulations and their suitability for analysis with the measured wake data. 

These issues are outlined below: 
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- No mesh sensitivity studies were completed on any of the analyses to 

assess the quality of the simulations and tailor the defined domain to 

each flow situation. 

- The inlet locations defined in the domain do not always reflect the 

location of the measured data used to define them, this increases the 

uncertainties associated with their definition. For the offshore 

simulations these uncertainties are smaller given there are no terrain 

or variable roughness effects in the domain. 

- The data utilised has not captured boundary layer conditions 

associated with the measured flow field and these have not been 

included in the setup.  

- No data has been captured to allow the characterisation of 

atmospheric stability during the period of measurements, neutral 

conditions have been assumed. 

As a result of the above issues the ANSYS Windmodeller simulations, while 

providing a good comparison with the measured wake profiles and other 

numerical models, cannot be treated as providing anything more than 

indicative simulations of the model behaviour. There are clearly a number of 

features that will affect the wake flow evolution that have not been 

represented in the domain setup and inlet conditions definition in a cases.  
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6.2 Onshore lidar measurements and comparisons 

Three separate onshore analysis streams have been completed based on the 

ground based lidar deployments to Myers Hill/Whitelee [114] [115] in July 

2011 and January 2012. The lidar data sets chosen and the resultant wake 

profiles and comparisons are presented below. The results are discussed in 

Chapter 7. 

6.2.1 Ten minute averaged, MyersHill/Whitelee wind farm, July 2011 

The single scan and data set chosen from the July 2011 lidar deployment for 

further analysis is presented in Figure 6.1 below. Evident in the images is the 

clear development of wakes behind two turbines in the right side of the scan; 

these turbines are identified as East and West. The prevailing wind direction 

at this time was found to be a West to East orientated 289° with an average 

freestream wind speed of approximately 4m/s.  

 

Figure 6.1: Ten minute averaged scan, MyersHill/Whitelee wind farm, July 2011 

x-axis (m), y-axis (m), z-axis (m/s) 

The large blue ‘no data’ slice of the arc scan relates to the attempted 

measurement of flow orientated perpendicular to the measurement beam. At 

this angle the velocity component of the wind vector aligned with the 
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measurement beam, Vlos, is zero and no flow vector can be calculated using  

Equation 2.1. This results in the area of zero value measurements in this 

region. This is an inherent difficulty in using a scanning lidar to measure 

across a flow field from a static ground based location. The methodology 

outlined in Section 2.2 for lidar velocity measurement and formulation 

covers this effect more fully. To the left hand side of this blue slice the 

measured flow field shows far less structure and higher wind speeds than 

the rest of the image. It is unclear what this represents and there are no 

known obstacles in the area that could have biased the results. It likely 

indicates wind speed formulation errors resulting from utilising data in the 

‘no data’ slice. This shows the limitations of the measurement methodology 

employed and the uncertainties associated with it in particular the use of 

scans with a section of measurements taken perpendicular to the ambient 

wind direction. 

For the extraction of wake centreline profiles the methodology employed for 

each turbine is outlined in Section 4.3. The results detail the velocity profile 

corresponding to the turbine centrelines for the East and West turbines. 

These velocity evolution profiles plotted against wind turbine diameters up 

and downstream from the rotor are presented in Figure 6.2. Each 

measurement point chosen is within a 10m distance of the projected wake 

centre line. Wind flow in Figure 6.2 is left to right; negative values indicate 

locations upstream of the turbine rotor. The freestream is approximately 

4m/s. 

As explored in Chapter 4 the inclined lidar scan plane means that the 

measurement points obtained increase in height with distance from the 

device. With the wind flow orientation of the scan under analysis this means 

that the measurement heights in the wind turbine stream tube get higher in 
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the flow direction through the rotor, thus measurement points to the left of 

Figure 6.2 are lower than those to the right, this demonstrated for the lidar 

centreline measurement points in Figure 6.3. 

 

Figure 6.2: Two turbine lidar wake measurement comparison, Ten minute averaged, 

MyersHill/Whitelee wind farm, July 2011 

 

Figure 6.3: Lidar scan plane measurement locations, East Turbine 
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Focussing on the results for the East turbine a numerical Windmodeller [96] 

analysis was setup for the four available turbulence models for the flow 

conditions measured. The inlet value was set at a wind speed of 4m/s and a 

wind direction of 289°. The wake centreline profiles extracted from the 

numerical results can be seen in Figure 6.4. These values were all extracted 

from a plane corresponding to hub height in the simulation domain. 

 

Figure 6.4: East turbine Windmodeller turbulence model comparisons, hub height  

The Windmodeller simulation results presented in Figure 6.4 predict a clear 

hub height velocity profile that is broadly similar for all four turbulence 

models. The inlet wind speeds remain constant through to the inlet to the 

rotor stream tube. From this point the flow is seen to slow dramatically 

through the rotor plane leading to a maximum deficit value downstream of 

the rotor, this is followed by a gradual recovery towards the free stream 

velocity.  
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A direct comparison between wake data extracted from the lidar 

measurements and that extracted at representative hub height from the 

simulations would be of little benefit as the varying discrepancies in height 

between the measured and simulated points will result in significant errors. 

These will result as the flow within a wind farm will be affected not only by 

boundary layer interaction but also by areas of flow recirculation, wake 

effects and turbine induced flow structures that cannot be predicted and are 

difficult to model. 

For comparison the lidar measured velocity values plotted against the 

corresponding numerical analysis at the same points in the model are shown 

in Figure 6.5. The numerical results show a smooth profile in line with 

actuator disk model predictions, predicting a gradual slowing of flow 

velocity upstream of the rotor followed by a larger drop through the rotor 

and a subsequent recovery towards freestream beyond the rotor. The 

measured results show a significantly less stable profile that does not agree 

with the models. Upstream of the rotor lower wind speeds are measured 

while the wind speeds are found to increase through the rotor plane and 

downstream of the rotor.  
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Figure 6.5: Lidar vs Windmodeller k-ω model, 14th July 2011, 23.55.12  
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6.2.2 Ten minute averaged, Myers Hill/Whitelee wind farm, January 2012 

The first analysis undertaken from the January 2012 lidar deployment 

incorporated the analysis of a single ten minute averaged scan. The wind 

direction during this time was measured as 178° with a freestream velocity of 

close to 10m/s. The ten-minute averaged scan chosen for further analysis is 

shown in Figure 6.6. In this image six wind turbine wakes can be clearly 

identified moving towards the top edge of the scan envelope behind the 

turbines present. In addition some less well defined features are present. 

Upstream of the 6th wake some indistinct flow features can be also be 

identified, these are likely to relate to upstream turbines in the wider wind 

farm that are not present in the scan envelope. Also visible at the top right 

outer edge of the scan envelope a large area of near zero wind speeds can be 

identified. It is not clear what this relates to and as the measurement heights 

at the extremities of the scan are higher than the turbine wakes it is likely to 

be a feature in the flow field above the turbines and not of the wind farm. 

 

Figure 6.6: PPI arc scan from lidar deployment, 16th January 2012, 2320-2330 

1 

2 

3 

4 

5 
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In order to compare wake centreline velocity evolution with the 

corresponding numerical predictions the same approaches for extracting 

wake centreline data from a ground based lidar deployment detailed in 

Chapter 4 can be employed. These have been completed for each of the six 

turbine wakes identified.  

Analysing the freestream operating Turbine 1, the lidar measurement height 

profile in Figure 6.7 indicates that the scan plane passes very close to the hub 

of this device making it ideal for use in comparisons. The turbine rotor 

diameter of 90m dictates that upstream of the turbine the scan points fall 

within the hub diameter while downstream all but the final two scan points 

remote from the turbine are outside. These downstream points are still likely 

to fall within the wake given the expansion predicted. The wind flow in 

Figure 6.7 is from left to right; negative x-axis values indicate upstream 

positions. 

 

Figure 6.7: Lidar measurement plane, Turbine 1, January 2012 
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Using lidar measurements on the line indicated in Figure 6.7 the numerical 

model considers the wake flow evolution of Turbine 1. The plot of the data 

extracted to create the measured wake centreline velocity profile can be seen 

in Figure 6.9 (black line). 

The methodology and domain parameters outlined in Chapter 5 allow a 

simulation of the measurement domain to be completed. The values input at 

the setup of the Windmodeller simulation are a direction of 178° with an inlet 

velocity of 10.9m/s. The simulation was run with the six turbines identified in 

the lidar measurements and for each turbulence model available in the 

Windmodeller package, the k-ω, k-ε RNG, k-ε STD and k-ε Modified models.  

 

Figure 6.8: Windmodeller Turbulence model comparison, Wind Direction 178° 
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The four images in Figure 6.8 present the Windmodeller simulation 

visualisations for the four turbulence models. The velocity profiles are 

plotted on a horizontal plane at hub height above ground level in the 

domain; this corresponds to as to hub height for the Whitelee turbines. As in 

the lidar data the six modelled turbine wakes can be seen extending towards 

the top of the domain, the same turbine numbering system as in the lidar 

scan can be used to identify the turbines. Focusing on the presented wake 

structures it is clear that the turbine wakes that extend to the domain edges 

show unexpected behaviour and are truncated by the flow interactions at the 

domain edges. As a result these turbines and associated wakes are not 

appropriate for use in comparison with the lidar models 

Extracting wake centreline data for the Turbine 1 lidar measurement points 

in the simulation domain a comparison with the lidar measurements can be 

presented, Figure 6.9. The flow direction in the figure is from left to right 

with the turbine situated at zero on the x-axis. 

 

Figure 6.9: Turbine 1 centreline horizontal velocity comparison  
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The lidar measurements presented in Figure 6.9 show the measured velocity 

evolution through the rotor plane. Upstream of the rotor a gradual slow 

down towards the rotor plane is followed by a large drop through the rotor 

to a negative value which is followed by a subsequent recovery towards 

freestream. The steep drop through the rotor plane is far larger than is 

expected and indeed the negative value indicates a flow reversal at the rotor 

plane. This feature does not agree with any theory of flow evolution and is 

likely to be a feature resulting from the measurement location. As the scan 

plane at the rotor plane passes close to the hub it can be surmised that this 

measurement has been affected by the structure of the turbine itself and is 

not a true flow measurement. 

The four numerical flow profiles presented show broadly similar behaviour 

to each, indicating a velocity profile in keeping with expected theory with a 

velocity drop through the rotor plane followed by a subsequent recovery 

towards freestream. The k-ω and RNG models show a slightly larger 

predicted velocity drop across the rotor. There is then a resulting increased 

recovery time than the two k-ε based models, which appear to have strong 

correlation throughout. Beyond four diameters downstream of the rotor disc 

the wake behaviour of the four models is almost identical. However, towards 

the end of this recovery it is seen that the simulated velocities begin to fall 

again as the measured recovery stalls. This feature is brought about as the 

lidar scan points used to extract the data from the measurement domain are 

steadily decreasing in height with length along the wake, Figure 6.7.  
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6.2.3 Inlet definition and time averaged comparison 

Utilising data sets captured from the same lidar deployment as the work 

undertaken in Section 6.2.2 comparisons for a different flow orientation at 

Whitelee wind farm are presented. The data sets chosen encompass different 

time averaging periods, ten minutes and one hour. In addition the 

deployment described in Section 4.3.2 utilises a second Galion lidar deployed 

onsite during the deployment, Figure 4.6. This device is constrained to 

measure vertically creating a virtual met mast at its location.  

Visual analysis of the resultant images allowed a single data set relating to 

each averaged time period to be selected for further analysis, Figure 6.10 and 

Figure 6.11. The six turbines focussed upon are visible to the south east of the 

device in the ten minute and one hour averaged images.  

 

Figure 6.10: Ten Minute averaged lidar scan 
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Figure 6.11: One hour averaged lidar scan 

For both time periods the prevailing wind direction was approximately West 

to East with the breakdown of the wind speed and direction values extracted 

from each scan presented in Table 5.3. These values have been utilised in 

defining the inlets of the four numerical simulations. The inlet locations of 

the domain were chosen to allow the measured definition of the inlet values 

from either the time averaged arc scans or through the virtual met mast 

scanning second lidar device.  

Where the methodology used requires that the inlet is located within the arc 

scan the inlet variables must accurately relate to the measurements at the 

scan point chosen as the inlet location. The domain inlet location is therefore 

identical to that of the scan point that the inlet wind speed is extracted from. 

The wind direction will come from the average direction measured by the 

lidar in the scan period. For the virtual met mast inputs the numerical 

domain inlet location is defined as the same x and y location as that used for 
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the arc scan inlets but at the same height as that at which the wind speed 

value is extracted from. The corresponding velocity and directions used must 

relate to the values measured during same period of time as the arc scan 

being considered. The domain definition for these simulations is presented in 

Table 5.2 with the inlet conditions for each one in outlined in Table 5.3. All 

simulations assume a neutral boundary layer. 

The flow orientations selected allow Turbine 1 to operate in a clear inflow 

and turbine free wake thus making it an ideal candidate for further analysis 

as there are no external factors affecting it. Utilising the same methodology 

for extracting wake centreline measurements from the averaged scans as 

used in the previous section the lidar measured data corresponding to the 

wake centreline for Turbine 1 can be extracted for each time period. 

The lidar measured wake centreline measurements are presented in Figure 

6.12, with the charts labelled to reflect the averaging periods and inlet 

definition method they relate to. Wind direction is from left to right with the 

turbine situated at zero on the x-axis. The charts show velocity on the y-axis 

against the absolute distance from the turbine rotor of the measurement 

point in diameters (90m) on the x-axis.  

The numerical models in each image have been run based on the inlet 

conditions defined in Table 5.3. Each of these values have been measured 

during the same time period under study and are extracted from either the 

ARC scan data upstream of the device or the second virtual met mast 

scanning lidar. The heights defined for the inlet location are taken from the 

measurement height above the ground level. 
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10 Minute averaged, VAD 10 Minute averaged, PPI 

  

1 Hour averaged, VAD 1 Hour averaged, PPI 

  

Figure 6.12: Turbine 1 wake centreline comparisons, multiple inlet definitions 

The ten minute wake centreline profile presented in Image 1 and Image 2 in 

Figure 6.12 shows an immediate rise in wind speed from the inlet followed 

by a slowing down through the rotor plane to a minimum on the 

downstream side of the rotor. As the flow moves downstream it is seen to 

recover towards freestream with in initial shallow gradient increasing after 4 

rotor diameters. The one hour averaged wake centreline profile in Image 3 

and Image 4 in Figure 6.12 shows a decrease in wind speeds from the inlet 

2 1 

3 4 
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and through the rotor plane to minimum on the downstream site of the rotor. 

The downstream recovery towards freestream identifies a sharper initial 

gradient to the recovery that decreases with distance downstream. At the 

rotor plane there is a slight increase in measured velocity from that measured 

immediately upstream of it. 

Using the exact locations of the scan points extracted for the lidar profiles the 

numerical simulation data can be extracted for comparison. The resultant 

numerical model profiles for each case are presented alongside the lidar data 

in Figure 6.12. The models again predict behaviour in keeping with that 

described in theory and presented in previous numerical analysis in Section 

6.2.1 and Section 6.2.2. It is observed that the four turbulence models show 

similar behaviour patterns along the length of the wake with small variations 

in magnitude found in the recovery towards freestream. These are most 

prominent in the region up to eight rotor diameters downstream of the rotor.  
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6.3 Offshore results 

6.3.1 Lidar measurement wake profile extraction 

Wake centreline profile extraction 

 

The procedures outlined in Chapter 4 allow for the extraction of wake 

centreline velocity profiles for each ten-minute data set captured from the 

Alpha Ventus [116] offshore wind farm. Custom Matlab [130] scripts 

developed for this project facilitate the production of the visualisation of this 

centreline velocity profile. An example of a measured wake centreline 

velocity evolution profile for a single averaged scan is presented in Figure 

6.13. 

 

Figure 6.13: Single ten-minute average measured wake centreline velocity evolution 

The red line in Figure 6.13 represents the measured data. The orientation of 

the turbine during the ten minute time period in comparison to the wide 

wind farm is presented in the image at the bottom right of Figure 6.13. At the 
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top right of Figure 6.13 the time correspondent lidar measured inlet velocity 

and mast measured velocity and direction are also identified. 

The wake centreline data is plotted to show the magnitude of the velocity 

downstream from the rotor plane. The measured velocity data is presented 

as a percentage of the upstream lidar measured inlet velocity and the 

distance downstream of the rotor disk as a function of rotor diameter. The 

diameter of the studied turbine is 116m [120] in this case.  

The overall trend described in Figure 6.13 and throughout the experiments 

follows a distinct pattern. An initial velocity drop from the inlet is evident at 

the rotor plane, evolving to a maximum deficit a number of diameters 

downstream in the near wake. Recovery towards inlet conditions is 

experienced; however this occurs well into the far wake behind the turbine. 

The results presented in Figure 6.13 however are not seen to prescribe a 

smooth and predictable trend but a more fluctuating profile around a 

predicted mean value.  

Each ten minute averaged data set is binned according to the inlet wind 

speed and the inflow conditions. Plotting all of the data sets for a single 8-

10m/s undisturbed inflow wind speed bin as detailed in Figure 6.14 

highlights the extent of this fluctuation within each bin to be visualised. This 

level of fluctuation is evident in all of the wind speed bins analysed for each 

inflow condition. These bins are identified in Table 4.6. 
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Figure 6.14: All centreline velocity profiles, 8-10m/s bin undisturbed inflow 

In order to consider a more representative analysis of the wake centre line 

data each wind speed bin data set can be averaged for each distance 

downstream. The results as detailed in Figure 6.15 for the 8 - 10m/s bin show 

a more stable characteristic profile of wake flow behaviour for each of the 

bins and the three inflow characteristics. For each measurement position 

downstream the standard errors of the measurements around the mean can 

also be plotted using Equation 6.1, Figure 6.16.  

 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑀𝑒𝑎𝑛 =  
𝜎

√𝑛
 Equation 6.1 [113] 

Where σ is the standard deviation of the measurements around the mean at 

the location downstream and n is the number of measurements at the same 

location. 
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Figure 6.15: Averaged centreline measurements, 8-10m/s undisturbed inflow 

 

Figure 6.16: Standard error at each measurement point along wake centreline, 8-10m/s bin 
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The above process can be repeated for the three inflow conditions in a given 

wind speed bin to allow a direct comparison of the measured flow 

behaviours for each bin. The inflow condition comparative results for the 8-

10m/s wind speed bin are presented in Figure 6.17; the thrust coefficient (Ct) 

in this speed range is between 0.827 and 0.831. The numbers of ten minute 

averaged data sets used in defining each binned wake profile are presented 

in the captions below each of the figures. 

 

Figure 6.17: 8-10m/s wind speed bin inflow comparison, Ct = 0.827 – 0.831 

Undisturbed (Ave=8.9m/s, 149 profiles), Disturbed (Ave=9.1m/s, 57 profiles),  

Waked (Ave=8.9m/s, 26 profiles) 
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Wake width profile extraction 

In contrast to the centreline analysis, where data is extracted from one 

azimuth only, wake width analysis can be considered by looking at data 

corresponding to multiple azimuths in an arc across the measured flow at 

discreet distances along the length of the wake. The resultant measurements 

can be plotted to show the velocity evolution out from the wake centreline in 

the horizontal plane. Selecting points equidistant along the wake centreline 

the evolution of the wake width with distance from the rotor plane can be 

plotted; Figure 6.18 details the measurements for a single scan.  

 

Figure 6.18: Lidar measured single scan wake width profiles, disturbed inflow 

Data sets for width analysis require high resolution measurements across the 

wake. From the scan envelopes identified in Table 4.4 only the data set 

utilising a 1° beam separation provides sufficient resolution to complete this 

analysis. The envelope identified incorporates a 60° scan back and forth 
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across the wake centred on the turbine centreline. As the period of this scan 

exceeds ten minutes averaging the data over ten minutes, as in the centreline 

analysis data, does not produce a true average as in some cases only one data 

value at each location is available. As a result the width data sets are not 

averaged over ten minutes before they are binned; the single scans on their 

own therefore show a larger variation in measured behaviour with a less 

defined profile, Figure 6.18. At farther distances from the device the intensity 

quality of the data points begins to drop causing incomplete wake width 

profiles. Repeating the same averaging process across the points and bins as 

completed in the centreline analysis a more complete profile across the 

results appears. The wake width profile plot for the 8 – 10m/s wind speed bin 

under disturbed inflow conditions is presented in Figure 6.19 with the 

number of individual samples used to create the average profile identified in 

Table 4.7. The full analysis across the speed range captured is presented in 

Section 6.3.4.  

Due to the scan configurations utilised, and the ambient wind conditions 

when the width profile measurements were captured, only data sets 

corresponding to width evolution during disturbed inflow conditions have 

been captured. 

For the measurement locations closer to the device data is not available 

across the full rotor diameter and the width profiles cannot be completed, 

this is as a consequence of the scan envelopes implemented. The width plot 

at distances greater than 2.97 rotor diameters show measurements across the 

full rotor diameter and beyond. 
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Figure 6.19: Lidar measured wake width averages, 8 – 10m/s wind speed bin, disturbed 

inflow, Ct = 0.827 – 0.831, Ave = 8.8m/s, 20 profiles 
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6.3.2 Lidar measured wake centreline profiles  

The Alpha Ventus deployment has allowed the capture of unique data sets 

presenting wake flow behaviour from an active offshore wind farm. The 

captured profiles show wind speed measurements along the wake centreline 

up to 20 rotor diameters downstream at 30m intervals. The deployment 

duration has also allowed for wake profile capture across the wide range of 

wind vector operational conditions experienced by the turbine as well as the 

opportunity to capture some key wake phenomenon. Analysis of the 

centreline measurements for the three inflow conditions reveals a number of 

interesting and challenging observations.  

Following the process outlined in Section 6.3.1 the evolution of the centreline 

velocity profiles for each of the wind speed bins (subject to the availability of 

data for all three inflow conditions) between 6m/s and 14m/s can be 

presented. The average inlet speed and the number of scans under each 

condition are detailed in the Figure captions. 
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Figure 6.20: 6-8m/s wind speed bin inflow condition comparison, CP = 0.326-0.447  

Undisturbed (Ave=7.1m/s, 93 profiles), Disturbed (Ave=7m/s, 57 profiles),  

Waked (Ave=7.1m/s, 7 profiles)

 

Figure 6.21: 8-10m/s wind speed bin inflow comparison, CP = 0.447-0.472 

Undisturbed (Ave=8.9m/s, 149 profiles), Disturbed (Ave=9.1m/s, 57 profiles),  

Waked (Ave=8.9m/s, 26 profiles) 
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Figure 6.22: 10-12m/s wind speed bin inflow condition comparison, CP = 0.472-0.423 

Undisturbed (Ave=11.1m/s, 192 profiles), Disturbed (Ave=11.1m/s, 133 profiles),  

Waked (Ave=11.1m/s, 44 profiles) 

 

Figure 6.23: 12-14m/s wind speed bin inflow condition comparison, CP = 0.423-0.281 

Undisturbed (Ave=13m/s, 151 profiles), Disturbed (Ave=12.6m/s, 43 profiles),  

Waked (Ave=12.9m/s, 39 profiles) 
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Figure 6.24: 14-16m/s wind speed bin inflow condition comparison, CP = 0.281-0.189 

Undisturbed (Ave=15m/s, 80 profiles), Disturbed (Ave=14.5.6m/s, 2 profiles),  

Waked (Ave=15.1m/s, 30 profiles) 

Considering the wake centre line velocity deficit and downstream evolution, 

presented in Figure 6.20 - Figure 6.24 a clear pattern of behaviour is evident. 

As the air flow approaches and passes through the rotor plane a significant 

velocity deficit is experienced in the downstream flow observed as a velocity 

drop from inlet windspeed after the turbine rotor. The value of this velocity 

deficit is of the order of magnitude of approximately 30% deficit from the 

inlet value for most of the speed ranges studied, 35% for the disturbed inflow 

and close to 38% for the fully waked inflow. 

For lower inlet wind speeds there is a further velocity reduction behind the 

rotor. The position of this maximum deficit occurs at around two rotor 

diameters downstream for the 6-8m/s wind speed bin, Figure 6.20. This 

distance is consistent across each of the wind speed bins up to 12m/s. At 

wind speeds above this value the wake profile in the initial three rotor 



162 
 

diameters downstream is essentially flat at the same initial deficit value as 

measured at the downstream side of the rotor plane. The average wind speed 

for the site falls into the 8-10m/s wind speed bin [116] Figure 6.21, where the 

maximum velocity deficit is found to be around 40% of the inlet values at a 

distance of two rotor diameters downstream.    

The recovery from the maximum deficit value in the lower wind speed bins 

exhibits a steeper high gradient recovery in the initial stages before levelling 

out to a more gradual low gradient trend towards inlet values, Figure 6.20 – 

Figure 6.24. This trend continues until the 14–16m/s wind speed bin, Figure 

6.24, where the recovery is more consistent along the length of the wake 

measured. The overall behaviours described are consistent between the 

undisturbed, disturbed and waked inlet conditions across the wind speed 

bins up to thirteen rotor diameters. 

While the overall profile is similar for the undisturbed inlet measurements in 

each wind speed bin compared to the other inflow situations there are subtle 

differences between the profiles. In the wake measurements presented in 

Figure 6.20 – Figure 6.24 it appears that the initial and maximum deficit 

values are very closely matched for all of the flow situations, with the initial 

and maximum deficit values increasing from the undisturbed to disturbed 

inflow by approximately 5% and again to the waked inflow by 

approximately 3%. Beyond the maximum deficit point however the gradient 

of the initial recovery phase shows minor yet consistent differences between 

the inflow situations. For the disturbed inflow the gradient of this initial 

recovery is less than the undisturbed inflow situation leading to lower 

experienced wind speeds in the recovery stage, this in turn leads to a larger 

radius to the recovery curve as the gradient decreases towards a more flat 

profile into the far wake. This behaviour deficit is repeated in the disturbed 
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to waked inflow situations. For the four wind speed bins between 6m/s and 

14m/s, Figure 6.20 – Figure 6.24, this behaviour is consistent for the three 

inflow situations, except in the 6–8m/s bin, Figure 6.20, where the disturbed 

recovery gradient is initially identical to that of the undisturbed situation 

before tailing off later in the recovery. In the 14-16m/s wind speed bin, Figure 

6.24, the waked and disturbed inflow situations present near identical 

behaviour along the wake centreline. The undisturbed inflow case in this bin 

presents a lower initial deficit that is preserved until around five rotor 

diameters when the three profiles gradually begin to converge, eventually 

doing so around twelve rotor diameters downstream. 

Beyond fourteen rotor diameters the averaged velocity profiles for all three 

inflow conditions in Figure 6.20 – Figure 6.24 begin to exhibit a higher degree 

of variance and mean error. This is particularly evident in the 14-16m/s wind 

speed bin presented in Figure 6.24 with large variations evident between the 

three inlet conditions. This behaviour is as a result of a reduction in the 

quality and consistency of the back scattered results captured by the lidar in 

each scan. This can be interpreted as an increase in the uncertainties 

associated with the measurements beyond this point, the greater variability 

in results increasing the associated uncertainty at each point. As a result it is 

not possible to draw conclusions about the wake behaviour from the lidar 

measurements beyond fourteen rotor diameters. 
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6.3.3 Numerical wake centreline comparison results 

The analysis with the three numerical models is completed by repeating the 

processes outlined in Chapter 5 for nacelle mounted model comparison. The 

comparisons presented below in Figure 6.25 - Figure 6.29 present the 

numerical predictions for the PARK [80] and Eddy-Viscosity [84] models 

along with the SST closure model. In each wind speed bin the models are 

setup using the averaged inlet wind speed of the measurements in the bin for 

the undisturbed flow situation. As covered in Section 5.3 the Eddy-Viscosity 

and PARK models used create wake flow predictions for a single turbine 

operating in undisturbed flow, the SST model has been simulated under the 

same principles in order to allow a consistent comparison between the 

models. In addition no effort has been made to tailor the models to the three 

separate inlet conditions by varying the turbulence or surface roughness 

values associated with each model. These values stay constant with a 

Turbulence Intensity (T.I.) 6%, a surface roughness (z0) of 0.0002 and a wake 

decay constant of 0.038. The inlet wind speeds for each of the simulations 

have been defined as the average of the Undisturbed wind speeds presented 

in the captions of each Figure below. 
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Figure 6.25: 6-8m/s wind speed bin inflow and model comparison, CP = 0.326-0.447  

Undisturbed (Ave=7.1m/s, 93 profiles), Disturbed (Ave=7m/s, 57 profiles),  

Waked (Ave=7.1m/s, 7 profiles) 

 

Figure 6.26: 8-10m/s wind speed bin inflow and model comparison, CP = 0.447-0.472 

Undisturbed (Ave=8.9m/s, 149 profiles), Disturbed (Ave=9.1m/s, 57 profiles),  

Waked (Ave=8.9m/s, 26 profiles) 
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Figure 6.27: 10-12m/s wind speed bin inflow and model comparison, CP = 0.472-0.423 

Undisturbed (Ave=11.1m/s, 192 profiles), Disturbed (Ave=11.1m/s, 133 profiles),  

Waked (Ave=11.1m/s, 44 profiles) 

 

Figure 6.28: 12-14m/s wind speed bin inflow and model comparison, CP = 0.423-0.281 

Undisturbed (Ave=13m/s, 151 profiles), Disturbed (Ave=12.6m/s, 43 profiles),  

Waked (Ave=12.9m/s, 39 profiles) 
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Figure 6.29: 14-16m/s wind speed bin inflow and model comparison, CP = 0.281-0.189 

Undisturbed (Ave=15m/s, 80 profiles), Disturbed (Ave=14.5.6m/s, 2 profiles),  

Waked (Ave=15.1m/s, 30 profiles) 

The numerical model velocity profiles can also be analysed by initial flow 

phase and wake recovery phases as in those identified in the lidar 

measurements in Section 6.3.2.  

The behaviour of the initial flow phase in the models present in Figure 6.25 – 

Figure 6.29 can be described in two ways depending on the models. The 

PARK and Eddy-Viscosity models both initiate with an initial velocity deficit 

value driven primarily by the inlet wind speed or the corresponding thrust 

coefficient respectively. Both simulations predict the largest deficit at the 

model initiation before a recovery towards inlet velocity. The location of 

initiation in the PARK model is at the rotor plane, while the Eddy-Viscosity 

setup initialises the model at a distance of two rotor diameters downstream.  

In both models the maximum deficit from inlet values decreases in 

magnitude as wind speed increases. The SST model behaviour has been 
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extracted from the three dimensional simulation domain identified in Section 

5.3.1. The extracted wake centreline profile therefore details flow moving 

from the rotor plane and is seen to closely track the captured lidar profile 

behaviour with an initial deficit moving towards a maximum deficit. The 

initial deficit value of close to 30% for lower wind speeds evolves to a 

maximum deficit at approximately 1.5 rotor diameters downstream. As in 

the measurements the initial 30% deficit starts to reduce as wind speed 

increases above 12m/s.  

In each of the models presented in Figures 6.25 – 6.29 the wake recovery 

phase has a high gradient profile that gradually decreases with distance from 

the maximum deficit location. The PARK model recovery begins 

immediately at the rotor plane exhibiting an initial high gradient recovery 

that continually reduces into the far wake. The Eddy-Viscosity approach has 

a higher still initial recovery gradient at its initiation at two rotor diameters 

downstream, this initial gradient profile remains mainly constant, with a 

slight kink, through the initial stages of the model before tailing off into a 

lower recovery gradient in the far wake. The slight kink in the recovery 

profile of the Eddy-Viscosity model results from a change in the definition of 

the Filter Function at 5.5 rotor diameters; this is outlined in Equation 2.6. By 

contrast the SST model has a shallower initial recovery gradient than the 

other models or experiments leading to a significant under prediction of 

velocities in the wake recovery phase. For wind speeds up to 12m/s the SST 

predicted recovery reaches the values measured by the lidar beyond sixteen 

rotor diameters. At lower wind speeds the recovery gradients decrease 

further into the wake while for higher wind speeds the recovery gradient 

remains constant in the plotted results. 
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6.3.4 Lidar measured wake width profiles 

Following the processes outlined in Section 6.3.1 wake width profiles can be 

plotted. The analysis has been completed for each of the wind speed bins in 

which data was available. In order to provide a high quality measurement of 

the width profile it is necessary to use data sets with 1° separation between 

the azimuths of the scan arc implemented. As a result only data from the 

second scan arc identified in Table 4.4 can be used. Due to the wind 

directions experienced during the implementation of this scan arc only data 

relating to the Disturbed inflow condition was captured. These profiles are 

considered at fourteen distances downstream of the rotor plane in Figure 

6.30 – Figure 6.38. The average inlet wind speed and the number of scans 

captured in each bin are presented in each of the figure captions. 

 

Figure 6.30: 4-6m/s wake width profiles, disturbed inflow, CP = 0.200 - 0.326      

(Ave=4.5m/s, 1 profile) 
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Figure 6.31: 6-8m/s wake width profiles, disturbed inflow, CP = 0.326 – 0.447   

(Ave=7.1m/s, 9 profiles) 

 

Figure 6.32: 8-10m/s wake width profiles, disturbed inflow, CP = 0.447 – 0.472 

 (Ave=8.8m/s, 20 profiles) 
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Figure 6.33: 10-12m/s wake width profiles, disturbed inflow, CP = 0.472 – 0.423 

(Ave=10.7m/s, 19 profiles) 

 

Figure 6.34: 12-14m/s wake width profiles, disturbed inflow, CP = 0.423 – 0.281 

(Ave=13.3m/s, 10 profiles) 
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Figure 6.35: 14-16m/s wake width profiles, disturbed inflow, CP = 0.281 – 0.189 

(Ave=15.2m/s, 20 profiles) 

 

Figure 6.36: 16-18m/s wake width profiles, disturbed inflow, CP = 0.189 – 0.132 

(Ave=16.8m/s, 17 profiles) 
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Figure 6.37: 18-20m/s wake width profiles, disturbed inflow, CP = 0.132 – 0.097  

(Ave=19m/s, 14 profiles) 

 

Figure 6.38: 20-22m/s wake width profiles, disturbed inflow, CP = 0.097 – 0.073    

(Ave=20.3m/s, 3 profiles) 
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The presentation of wake width analysis in Figure 6.30 – Figure 6.38 

facilitates greater understanding of the dimensions of the wake structure, in 

particular how much the velocity deficit spreads into the surrounding flow. 

The width profiles presented in Section 6.7.1 detail the evolution of the width 

measurements across the wind speed bins, for a separation between cross 

wake profiles of 1.04 rotor diameters. This distance is fixed by the device 

optics and the measurement methodology employed, Table 2.2. 

In each of the data sets presented in Figure 6.30 – Figure 6.38 it is clear that 

measurements closer to the lidar, below 2.97 diameters downstream, do not 

exceed the dimensions of the rotor. As a result it is difficult to derive much 

meaning from these as they do not represent data captured across the full 

width of the wake. Above 2.97 rotor diameters however a more pronounced 

profile is evident in each image. Between the 2.97 and 7.11 rotor diameter 

ranges a pronounced arc to the measurements can be seen close to the wake 

centre line at 0 on the y-axis. The peak of this curve signifies a maximum 

wind speed deficit at each distance on, or close to the centreline. This deficit 

recovers towards the inlet velocity close to the bounds of the wake and with 

distance from the rotor. As would be expected from the results obtained in 

the centreline results in Section 6.3.2 the magnitude of the maximum deficit 

of the curve gets smaller as inlet wind speed increases. In tandem with this 

feature the radius of the wake arc increases.  Above 7.11 diameters in each 

wind speed bin the arched wake profile has a far shallower appearance and 

is almost linear. 

For wind speeds below 10m/s, Figure 6.30 – Figure 6.32, the measured wind 

speeds do not show a return to an inlet value of 1 on the x-axis at any 

distance downstream. This indicates that the measurements captured do not 

allow the visualisation of the bounds of the wake profile for these wind 
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speeds and that the wake profile for these wind speeds is much wider than 

predicted. At wind speeds above 10m/s, Figure 6.33 – Figure 6.38, the wake 

bounds are more focussed and are visible within the captured 

measurements, with more defined arc profiles to the measurements on or 

near the wake centreline. The measured wakes show that at farther distances 

the wake width is around two rotor diameters; beyond this the flow has 

recovered to inlet values.  

The measurements captured show the evolution of the wake profile with 

distance along the centreline a wide range of inlet wind speeds. Across the 

measurements a clear evolution of the profiles with few departures from the 

evolving profiles is presented. However in Figure 6.35 at 12.28 diameters 

downstream a clear peak in measured deficit that does not fit with the 

measurements around it either at that distance or either side of it is 

presented. This indicates a local disruption in the flow measurements at this 

distance, twenty scans have been used in the formulation of this image so it 

is not an instantaneous anomaly. As the wind direction during these scans 

results in there being no other turbines in the wake of the studied AV7 

turbine that could affect the flow it is unclear what the anomaly can be 

attributed to.   
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6.3.5 Numerical wake width comparison results 

Completing the comparison for wake width analysis, the PARK and Eddy-

Viscosity models for each wind speed bin considered were run and plotted 

against the processed data sets, Figure 6.39 – Figure 6.47. The inlet wind 

speeds used to define the models is taken from the averaged lidar measured 

inlet wind speeds for each bin. Wake width data for the SST turbulence 

models were not available. 

 

Figure 6.39: 4-6m/s wake width profiles and model comparisons, CP = 0.200 – 0.326      

(Ave=4.5m/s, 1 profile) 
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Figure 6.40: 6-8m/s wake width profiles and model comparisons, CP = 0.326 – 0.447   

(Ave=7.1m/s, 9 profiles) 

 

Figure 6.41: 8-10m/s wake width profiles and model comparisons CP = 0.447 – 0.472 

 (Ave=8.8m/s, 20 profiles) 
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Figure 6.42: 10-12m/s wake width profiles and model comparisons, CP = 0.472 – 0.423 

(Ave=10.7m/s, 19 profiles) 

 

Figure 6.43: 12-14m/s wake width profiles and model comparisons, CP = 0.423 – 0.281 

(Ave=13.3m/s, 10 profiles) 
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Figure 6.44: 14-16m/s wake width profiles and model comparisons, CP = 0.281 – 0.189 

(Ave=15.2m/s, 20 profiles) 

 

Figure 6.45: 16-18m/s wake width profiles and model comparisons, CP = 0.189 – 0.132 

(Ave=16.8m/s, 17 profiles) 
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Figure 6.46: 18-20m/s wake width profiles and model comparisons, CP = 0.132 – 0.097 

(Ave=19m/s, 14 profiles) 

Figure 6.47: 20-22m/s wake width profiles and model comparisons, CP = 0.097 – 0.073 

(Ave=20.3m/s, 3 profiles) 
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The wake width models visualised in Figure 6.39 - Figure 6.47 show that the 

PARK and Eddy-Viscosity numerical models predict symmetrical profiles 

around the centreline of the wake and rotor that get wider with distance 

from the rotor plane.  

The PARK model assumes a deficit from the inlet that is uniform at all points 

across the width of the wake at a given distance, the magnitude of this deficit 

decreases with distance from the rotor plane. The wake width at a given 

point is a function of the distance downstream from the rotor, the inlet wind 

speed (and corresponding thrust coefficient) as well as the wake decay 

constant, Equation 2.11 and Equation 2.12. At a given distance downstream 

the magnitude of the deficit from inlet is seen to decrease as wind speed 

increases. 

The Eddy-Viscosity model presents a Gaussian wake profile symmetrical 

around the wake centreline. The resultant profile across the wake width 

details a peak deficit at the wake centreline reducing to the inlet velocity at 

the wake bounds. The magnitude of the peak deficit is seen to decrease with 

distance from the rotor plane as well as with increasing wind speed for a 

given distance. The deficit at the centreline is the same for the given point as 

is defined in the wake centreline analysis and is a function of distance, thrust 

coefficient, turbulence intensity and inlet wind speed. The wake width is a 

function of this deficit from inlet and thrust coefficient, Equation 2.7. While 

the half profile across this width is a function of inlet wind speed, centreline 

deficit and distance from the centreline, Equation 2.8. 

At the bounds of the predicted profiles the PARK and Eddy-Viscosity 

profiles predict an immediate return to inlet wind speeds; this behaviour is 

detailed in Figure 2.8 and Figure 2.11 for the two models respectively.  



182 
 

 

 

Chapter 7:  

Results discussion 

and analysis 
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7.1 Onshore results discussion and analysis 

7.1.1 Ten minute averaged, MyersHill/Whitelee wind farm, July 2011 

The lidar data measurements presented in Section 6.2.1 detail flow 

measurements averaged over a ten minute time period for two operational 

wind turbines, Figure 6.1. It can be seen in the figure that the measured wind 

speed velocities through the wind turbine rotors were close to 4m/s during 

the ten minute period. Such low wind speeds mean that turbulent eddies and 

atmospheric instabilities will dominate the flow field as steady state flow 

cannot establish itself. This is reflected in the lidar wake centreline 

measurements, Figure 6.2, where the two profiles presented do not show 

consistent behaviour in comparison to each other.  

The simulation results presented in Figure 6.4 shows that the k-ε Modified 

and the k-ε STD produce almost identical results. The k-ε RNG and k-ω 

models show similar behaviour and both predict a larger velocity deficit 

within the near wake and a corresponding longer recovery time. The k-ω 

model shows a longer length and appears to recover to a lower value. 

Upstream of the turbine all models have almost identical behaviour with the 

k-ω model showing a slightly earlier slow down before the turbine rotor than 

the other models. This study was repeated for the west turbine with similar 

behavioural patterns visible.   

The comparison between the measured and k-ω simulated results for the 

East turbine has produced an unsatisfactory correlation between the two 

data sets, Figure 6.5. The smooth profile presented by the model is in contrast 

to the variable results captured by the lidar measurements. There are a 

number of reasons for this: 
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- The inclined scan plane created by the lidar measurement scan arc, 

Figure 6.3, measures velocity values at increasing heights through the 

boundary layer. This results in natural velocity increases as the height 

above the lidar of each measurement point increases.   

- It is clear that the low wind speeds are not optimal for comparing 

remote sensing and numerical predictions of wind turbine wakes. A 

wind speed of approximately 4m/s is insufficient to overcome the 

instabilities within the atmosphere. Thus turbulent eddies and gusts 

dominate the flow field and a steady state wake structure cannot be 

formed skewing the comparison.  

- The effect of ambient atmospheric stability cannot be included in the 

analysis as temperature data was not measured at the time of 

deployment and calculation of its properties cannot be completed. 

- The approximation of the reference wind speed used to define the 

numerical model inlet was taken from an analysis of the wind speeds 

measured in front of the turbine by the lidar. Therefore the domain 

inlet location and defined wind speed were unsuitable for informing 

the simulations accurately as the chosen lidar measurement points 

were not exactly at the corresponding inlet location. 

While not producing a satisfactory comparison the deployment and the 

experience gained, along with the subsequent analysis has provided a proof 

of concept for the next stage of this study. Lessons learned from the results 

allowed for a number of improvements in the subsequent lidar deployments 

in order to gather higher quality data sets. These are: 
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- Reduce the width of the measurement arc and thus increase the time 

resolution of the deployment while focussing the measurements 

around specific turbines. 

- Employ a lower scan elevation value in order to reduce uncertainties 

arising from measuring at different heights across the wind turbine 

streamtube. 

- Average the captured data over ten minute and hour periods in order 

to capture steady state flow behaviour. 

- Incorporate the capture of accurate ambient condition measurements 

in order to improve the physics setup and definition of the models. In 

particular temperature and pressure values. 

- Gather data during a wider range of wind speed and direction 

conditions, in particular data from wind speeds around the average 

for the site under study. 

 

 

  



186 
 

7.1.2 Ten minute averaged, Myers Hill/Whitelee wind farm, January 2012 

The lidar data measurements presented in Section 6.2.2 detail flow 

measurements at the same wind farm as the previous July deployment. For 

the January 2012 deployment the lower scan angle implemented and 

extended range employed allowed six turbines to be encompassed within the 

scan envelope. The visualised flow field from lidar data averaged over ten 

minutes is presented in Figure 6.6. Extracting data from the freestream 

operating Turbine 1 a clear wake profile has been presented in Figure 6.9 for 

comparison with the numerical models.  

It is evident from Figure 6.9 that while the profiles offer similar behaviour 

patterns there is significant variance in the predicted flow values between the 

simulations and the measured scanning lidar results for Turbine 1. The 

numerical and experimental data sets both indicate a gradual reduction from 

freestream velocity as the flow approaches the rotor disk; this is followed by 

a larger deficit across the rotor disk. Actuator disk theory [68] suggests that 

the predicted velocity drop for the measured inlet wind speed of 10.9m/s and 

corresponding Thrust Coefficient of 0.65 for this turbine should be close to 

20% from freestream conditions. This is in close agreement with the current 

numerical prediction but not the measured lidar data.  

The lidar data shows a much larger velocity drop through the rotor plane 

than the modelled results and appears to suggest a flow reversal with a 

negative wind speed value measured at the rotor plane. This is clearly an 

error in the measurement which is likely brought about by the presence of 

the physical structure of the turbine at the measurement point. This 

behaviour indicates either the measurement of flow effects relating to the 

blockage effects of the nacelle and tower, or the physical presence of the 
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turbine on the measurement beam with the structure creating a false 

measurement at this location. Analysis of the measurement point location 

shows that it is at the nacelle location for this turbine and reflection or 

blocking of the measurement beam would likely cause a bias upon the 

measured results at this location. As a result the uncertainty of the measured 

velocity at this point is significant.  

Downstream of the rotor plane in Figure 6.9 the predicted recovery towards 

freestream velocity takes longer in the measured centreline data compared to 

the numerical models. As a result the recovery is not captured completely in 

the lidar scan range of seven rotor diameters downstream. Wind turbine 

theory suggests ambient atmospheric conditions as the primary driver in 

wake recovery as a greater local Turbulence Intensity (T.I.) allows more 

mixing and a faster recovery. The atmospheric conditions experienced 

during the deployment were typical for night time winter conditions with a 

measured T.I. of 6% over the period of the averaged 10 minute data. This T.I. 

value was calculated from measurements taken by the co-located virtual met 

mast scanning lidar during the same deployment period. This low T.I. value 

would facilitate an increase in the length of the wake recovery period as is 

captured by the lidar results as there will be less mixing between the 

freestream and the wake.  

In the ten minute averaged comparison presented in Section 6.2.2 the wind 

direction coupled with the scan envelope implemented leads to lower 

variation in height between the lidar measurements points and the hub 

height, Figure 6.7, than in the July deployment, Figure 6.3. As a result the 

influences of the boundary layer and local roughness properties will have a 

more consistent influence across all of the measurement points leading to a 

more useful comparison between the measured and simulated data sets. 
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Using data from the arc scan to define the inlet wind speed and flow 

direction provides good results when comparing inlet conditions, however it 

is unclear the effect that the terrain and surface roughness has on the 

evolution of the flow from the inlet measurement point to the turbine rotor 

plane. 

The comparison presented with the ten minute averaged data set provides a 

clear indication of wake speed evolution. While useful as a proof of concept 

it is clear that a more detailed data set capturing the evolution of the wake 

over a longer measurement domain is required in order to capture more 

accurate details of wake development. In addition the comparison of 

multiple ten minute averaged data sets over a wider range of ambient flow 

conditions would present a more comprehensive indication of wake 

generation, propagation and dissipation.  
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7.1.3 Inlet definition and time averaged comparison 

The results presented in Section 6.2.3 focus on the effects of different 

averaging periods on the lidar measurements from the same January 2011 

deployment discussed above in Section 7.1.3. The chosen lidar data sets are 

averaged over two time periods, ten minutes and one hour, and visualised in 

Figure 6.10 and Figure 6.11 respectively. A second lidar has been used to 

provide an alternative inlet definition method for the numerical models. 

Analysing four different combinations of averaging period and inlet 

definition method Figure 6.12 presents the wake centreline velocity 

measurements for Turbine 1 against the numerical models. It can be seen that 

the four comparison cases considered in Figure 6.12 show similar flow 

features between the profiles of the measured and modelled data sets. 

Broadly following that expected in wind turbine theory [73] these 

encompasses a sharp reduction in flow velocity through the rotor plane 

followed by a longer recovery towards freestream conditions in the wake. 

Focussing on the comparisons of the lidar data across the two averaging 

periods in Figure 6.12 the wake centreline profiles provide a good analysis of 

the effects of these differing length scales. While the ten-minute and hour 

data sets exhibit generally similar behaviour the ten minute dataset, Image 1 

and 2, suggests more stochastic variations from point to point. In contrast the 

one hour data, Image 3 and 4, presents a smoother transition between points 

and across the overall profile. Such effects would be expected as the 

averaging process reduces the scatter from individual scans using more data 

points at each location to find the average. For the comparison with steady 

state numerical modelling this may be considered a desired result. However 

given the nature of wind flow and turbine operation it is likely the one hour 

averaging period is losing some key features. As most wind turbines operate 
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with a ten minute averaging response for their yaw drive actuation it is likely 

that over a 60 minute period the wind turbine will have moved position and 

consequently the centreline of the wake will also have moved. The effect of 

this will not be detailed in the one hour results. It is also clear from both of 

the lidar measured velocity profiles that the maximum deficit from the 

freestream is not measured at the rotor plane but at a distance on the 

downstream side of the rotor. This feature has not been captured in the 

previous deployments and will be a focus of future work. 

The numerical models exhibit behaviour in keeping with that found in 

previous analyses with a maximum deficit at the rotor plane. While the 

minimum wind speed measured at the rotor plane is seen to increase as the 

wind speed increases the difference between this value and the inlet wind 

speed decreases. The overall magnitude of this deficit through the rotor 

plane can be said to decrease with inlet wind speed. This modelled feature is 

not readily evident in the lidar measurements. 

Analysis of the numerical results presented in Figure 6.12 show that the use 

of the virtual met mast definition of inlet wind speed consistently over 

predicts the wind speeds in comparison to the measurements, Image 1 and 3. 

At inlet the modelled velocities are approximately 3m/s higher than the 

experimental results, this deviation is preserved throughout the stream tube 

along the inlet and into the wake recovery. In the arc scan inlet definition, 

Image 2 and 4, the inlet numerical and measured velocities are in better 

agreement, downstream of the rotor the recovery behaviour is similar with 

velocities closer to those simulated. 

The work presented provides a useful comparison of a number of 

methodologies that can be employed during the analysis of scanning lidar 
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measured wake data and the comparison to computational simulations. The 

use of a second lidar onsite to verify results is an attractive concept as it will 

remove some of the uncertainties associated with the use of lidars in complex 

flow as explored in Chapter 2. However the distance between the devices 

along with the complexity of the terrain in this deployment have been shown 

to introduce too many uncertainties. By comparison the use of data 

measured in the arc scan directly upstream of the device improves the 

accuracy of inlet definitions for comparative assessment of the experimental 

and numerical results. The analysis presented also suggest that ten minute 

averaged data sets provide steady state analysis for comparison with models 

while ensuring the effects of turbine yaw and misalignment are accounted 

for. Furthermore it appears that the models analysed are underestimating the 

maximum wake speed deficit imparted on the freestream flow by the 

operational wind turbine. This results in longer recovery period of the wake 

velocity which will have an effect on the performance of downstream wind 

turbines. The results presented back up previous work in proving a valid 

proof of concept for the comparison of experimental and numerical data sets. 

In addition the comparison of the two time averaging periods and inlet 

definition methodologies have identified best practices for the measurement 

and analysis of scanning lidar measured wake data, providing a good test 

bed and outline for future work.  
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7.1.4 Measurement uncertainties in onshore comparisons 

As has been discussed throughout the work presented a number of 

uncertainties exist that arise from the use of the Galion lidar measurement 

technique to capture wind speeds remote from the device. Using the lidar 

technique described requires the formulation of wind speeds based on 3 or 

more measurements captured at the same time. The use of a single device, 

and thus a single emission point, requires that such devices cannot capture 

such information at the same point. This necessitates the use of the arc 

scanning technique discussed in Chapter 2. In order to calculate a local flow 

vector the processing software will use data points either side of a single 

point as well as the local measurement to calculate the local flow vector at 

that point. This brings rise to a number of uncertainties in the lidar 

measurements: 

- As a single emission point is capturing flow measurements at multiple 

points it is impossible for these values to be captured at the exact same 

time. The measurements are therefore an average in time as well as 

spatially.  

- The calculated values are attributed to a single point but are the result 

of multiple data points being used to calculate a single value. The 

measurement can therefore be said to be an average across these 

points. It follows that the larger the spacing between the measurement 

points in formulating a point vector the larger the uncertainties 

associated with those values. The uncertainty is therefore governed by 

the device characteristics and the scan envelope defined. As the 

Galion lidar uses a Range Gate value of 30m along each beam between 

measurements this uncertainty in using this device can only be 
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controlled by the definition of the azimuth spacing in the arc scan 

implemented. i.e. the uncertainty associated with spacing can be 

reduced by employing lower spacing values between the azimuths of 

each beam in the scan envelope. 

Each of the onshore lidar deployments utilised in the works outlined above 

employ a single arc scanning lidar to capture measurements across the flow 

field, this device is installed at ground level within the active wind farm. In 

order to capture wake flow behind the subject wind turbines the arc scan 

envelope must be constrained to having an elevation of greater than 0°, in the 

analyses presented 5° and 6° elevations have been used. As a result the 

measurements along a single azimuth beam increase in height with distance 

from the device capturing measurements vertically across the atmospheric 

boundary layer and wind turbine wakes, this feature is demonstrated in 

Figure 4.8. Again the uncertainties can be controlled by the definition of the 

scan envelope, a shallower elevation to the arc scan will result in reduced 

uncertainties as the height difference between measurements is less and the 

effects of the boundary layer are more consistent across the measurements. 

However for wake centreline analysis the direction of the flow field being 

studied can also help to reduce the total changes in height across the 

measurements. In Section 7.1.2 the analysed flow field is orientated towards 

the device and as a result the height changes across the utilised 

measurements are large, Figure 6.7. By comparison the analysis shown in 

Section 7.1.3 identifies a flow direction that crosses the scan envelope at a 

distance from the device, this results in less changes in height across the 

measurements used reducing the uncertainties by comparison. 

In order to provide a valid comparison for each of the onshore analyses the 

varying height lidar measurement points have been reproduced exactly in 
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the numerical domain. Working in this manner reduces the uncertainty 

associated with the differing heights, however in the complex flow models of 

the Windmodeller simulations this moves the uncertainty to the 

representation of the wakes in the three dimensional domain. A wind turbine 

wake will contain a rotational component to the wake generated by the 

rotating blades. While this is modelled in the Windmodeller simulation there 

is no literature on the accuracy of these simulations and the quantification of 

this uncertainty. 
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7.2 Offshore results discussion and analysis 

7.2.1 Wake centreline profile analysis 

The results presented in Section 6.3 present lidar measurements describing 

wake flow development across a range of inflow conditions experienced by 

the studied AV7 turbine operating in the Alpha Ventus wind farm. The 

results presented in Figure 6.20 – Figure 6.24 outline key flow features and 

wake velocity development not previously captured in such detail.  

Presenting an analysis of cases where the inflow is undisturbed, disturbed or 

waked (defined in Figure 4.14 and Table 4.5) the results demonstrate that the 

measured velocity deficit profiles through the rotor plane and into the wake 

are dependent on a variety of factors and show distinctive behaviour for each 

condition. As discussed in Section 6.3.2 the deficit from inlet wind speed at 

the rotor plane appears to be centred close to 30% for all of the inlet wind 

speed bins in the undisturbed flow condition. While centred around this 

point it is clear that as the incident turbulence level increases, from the 

undisturbed to the disturbed to the fully waked situations, the magnitude of 

this initial deficit increases. This increase is preserved downstream as the 

flow evolves to a maximum downstream of the rotor in the near wake. It is 

clear that the maximum deficit is therefore a function of the inlet wind speed 

and the incident inflow conditions. The measured deficits from inflow for 

each condition and wind speed bin are presented in Table 7.1. For the 

majority of conditions the maximum deficit from inlet is found to be in a 

location ranging between 1.7 and 2.2 rotor diameters downstream from the 

rotor plane, Table 7.1.  
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Wind Speed 

Bin (m/s) 

Initial 

Deficit (%) 

Maximum 

Deficit (%) 

Maximum Deficit 

Location (Ø) 

Deficit at 12 

Ø (%) 

Undisturbed Inflow 

6-8m/s 28.4 64.8 2.2 9.2 

8-10m/s 27.2 61.6 2.2 8.7 

10-12m/s 28.7 51.8 2.2 10.9 

12-14m/s 28.6 43.12 2.2 12.2 

14-16m/s 22.9 28.4 1.7 15.8 

Disturbed Inflow 

6-8m/s 35.1 68.3 2 10.7 

8-10m/s 33.7 65 2 13.1 

10-12m/s 33.8 56.4 2.2 15.1 

12-14m/s 34.1 47.5 2.2 16.5 

14-16m/s 31.3 38 1.7 18.2 

Waked Inflow 

6-8m/s 45.1 75.4 1.7 17.6 

8-10m/s 38 67.6 2 19.01 

10-12m/s 36.3 58.1 2.2 22.9 

12-14m/s 35.7 49.3 2.2 18.9 

14-16m/s 31.3 37.4 1.4 18.5 

Table 7.1: Key measured flow parameters for three inflow conditions, Figure 6.20 – 6.24 

It can be seen in Table 7.1 that as inlet wind speed increases the maximum 

deficit from this value is shown to decrease; at the same time the rotor plane 

deficit values from this inlet wind speed stay comparatively consistent while 

increasing slightly as incident turbulence increases. The maximum deficit 

location does not show any prescribed behaviour. 

Focussing on the recovery downstream of the maximum deficit it is shown 

that at lower inlet wind speeds, Figure 6.20 – Figure 6.22, a sharper initial 

recovery is observed as turbulent mixing between the wake and surrounding 

flow field dominates the flow. The gradients of this initial recovery between 

2.5 and 4 diameters downstream for each inflow situation are presented in 

Table 7.2 below. 
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Undisturbed Disturbed Waked 

6-8m/s 0.13 0.14 0.13 

8-10m/s 0.13 0.12 0.11 

10-12m/s 0.08 0.07 0.05 

12-14m/s 0.04 0.05 0.04 

14-16m/s 0.02 0.01 0.02 

Table 7.2: Initial recovery gradient beyond maximum deficit, Figure 6.20 – 6.24 

It is clear in the values presented in Table 7.2 that as the wind speed 

increases the gradient of the initial recovery decreases. Between the different 

inflow conditions it is shown that there is little difference between the 

recovery gradient in each wind speed bin. Beyond this initial recovery the 

wake speed recovery in the far wake shows a shallower gradient to the 

recovery in all cases, Figure 6.20 – Figure 6.24. The values presented in Table 

7.3 represent the calculated gradient of the curves between 4 and 10 

diameters downstream for the rotor plane.  

 

Undisturbed Disturbed Waked 

6-8m/s 0.07 0.05 0.05 

8-10m/s 0.06 0.05 0.05 

10-12m/s 0.05 0.05 0.04 

12-14m/s 0.04 0.04 0.04 

14-16m/s 0.01 0.03 0.03 

Table 7.3: Wake recovery gradient between 4 and 10 diameters downstream,  

Figure 6.20 –6.24 

As can be seen the gradient values calculated in the far wake recovery 

between 4 and 10 rotor diameters downstream continue to show a decrease 

with increase in wind speed but are lower than those of the near wake initial 

recovery. Again the values are similar across the inflow conditions. 

Further downstream the wake speed is not found to recover to inlet values 

within thirteen rotor diameters downstream of the rotor plane for any of the 

inlet cases. As discussed in Section 6.3.2 beyond thirteen rotor diameters a 
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greater degree of scatter is seen in the resultant profiles and they cannot be 

used for further analysis. 

As can be seen in the Tables above the observed behaviour is broadly similar 

for the three inflow cases with the deficits found between the different inflow 

conditions at the rotor plane being preserved in the measured recovery 

towards inlet beyond the maximum deficit location. Across each of the 

measured wind speed bins the measured velocity values are consistently 

lower for the waked inflow than for those of the disturbed inflow which in 

turn are lower than those of the undisturbed flow. As the initial recovery 

gradients stay broadly constant across the three inflow conditions the 

separation between the inflow profiles in each bin also stays this way. With 

the exception of the 10-12m/s wind speed bin, Figure 6.22, where the 

recovery gradient is seen to decrease with the increase in inflow turbulence 

and the profiles are seen to diverge through the initial stages of the recovery. 

The majority of offshore wind farm arrays adopt a wind turbine separation 

of 7 – 12 rotor diameters [134]. As a result the recovery of the wind speeds in 

this region is of importance when considering the amount of energy 

available to downstream operating turbines. Treating the undisturbed flow 

situation as a base case the percentage difference between this profile and the 

disturbed and waked profiles a 7.1, 9.9 and 12 rotor diameters downstream 

are presented in Table 7.4. 

Wind Speed Bin Disturbed Difference 

(%) 

Waked Difference  

(%) 

(m/s) 7.1 Ø 9.9 Ø 12 Ø 7 Ø 10 Ø 12 Ø 

6-8 3.3 3.42 1.6 11.47 10.44 8.45 

8-10 8.44 8.04 4.41 13.56 13.49 10.28 

10-12 6.37 5.93 4.13 13.52 12.89 11.94 

12-14 4.59 4.61 4.26 7.11 8.1 6.71 

14-16 -5.62 -1.45 -4.16 -6.79 -1.84 -3.79 

Table 7.4: Measured wind speed deficit from the undisturbed profile at selected distances  
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Analysis of the results in Table 7.4 again suggests a strong correlation 

between deficits along the wake centreline from the undisturbed profile to 

that of the disturbed inflow cases and a further deficit to the waked inflow 

cases. For both the disturbed and waked inflow cases this deficit is largest in 

the wind farm’s dominant wind speed bin of 8-10m/s, Figure 6.20, and at the 

seven rotor diameter range. The measured deficit values fall slightly with 

increasing wind speed. In the predominant wind speed bin for the site of 8-

10m/s the results show a near 8% deficit at seven and ten rotor diameters, 

decreasing to 4% at twelve rotor diameters to the disturbed inflow cases. For 

the fully waked inflow situations these values increase to near 13.5% at seven 

and ten rotor diameters, falling slightly to 10% at twelve rotor diameters. 

As the potential power available to a wind turbine is proportional to the cube 

of the wind speed [73] this study confirms that there is a reduction in the 

potential power availability to turbines operating in the wake of an upstream 

turbine when compared to undisturbed cases. The results also allow an 

understanding of the evolution of this potential power loss with increases in 

distance downstream from the rotor plane and increases in inlet turbulence 

conditions. All of these effects will be compounded in larger wind farm 

arrays [135] as more turbines increase the levels of turbulence as well as the 

deficits on the inflow velocities to each turbine.  

Analysis of the evolution of the maximum deficit in Table 7.1 and the Cp 

operating point of the turbine in Appendix F shows that as the operating 

power coefficient of the turbine decreases with wind speed so too does the 

maximum deficit from inlet wind speed. The power coefficient is a measure 

of the percentage of the total energy available to the turbine it takes out of 

the inlet flow field. The results present a clear correlation between this 

operational condition of the turbine and the evolution of the deficit from inlet 



200 
 

wind speeds downstream from the rotor. The percentage differences from 

bin to bin at the maximum deficit position downstream are large with the 

overall all maximum deficit change from the 6-8m/s bin to the 14-16m/s bin 

being greater than 30% for all inflow conditions. In the far wake at 12 rotor 

diameters downstream the same analysis yields a variation of no greater than 

8% across the wind speed bins for each inlet condition. It is clear from this 

that the Cp operating conditions of the turbine have a large effect on the 

evolution of the flow downstream of the rotor plane. The effect of this are far 

more apparent in the near wake than in the far wake where only small 

deviations are measured.  

What these results show is that for offshore wind farms with spacing below 6 

rotor diameters small variations in this spacing can lead to large variations in 

the potential power available to a downstream operating turbine. These 

effects are more marked at lower wind speeds. For larger spacing above 10 – 

12 rotor diameters small changes in this spacing will lead to little difference 

in the available potential power across the wind speed range of the turbine. 

This emphasizes the importance of maximising spacing between turbines in 

an operational wind farm. 

 

Analysis of numerical models 

It is observed and explored above that the general profiles outlined in the 

lidar measured wake behaviour in Section 6.3.2 and discussed in 7.2.1 are 

consistent for each of the three inflow conditions considered. For comparison 

with these profiles three numerical models have been run and the wake 

centreline profiles extracted for comparison with the lidar measurements, 

Figure 6.25 – Figure 6.29. Each of the models utilised have been employed to 
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model undisturbed inflow wake development for a single turbine only and 

have not been modified to account for any array interaction or different 

inflow conditions other than inlet velocity. The initial and maximum deficit 

characteristics of each model are identified in Table 7.5.  

Wind Speed Bin 

(m/s) 

Initial 

Deficit (%) 

Maximum Deficit 

(%) 

Maximum Deficit 

Location (Ø) 

PARK Model 

6-8m/s 56.2 0 

8-10m/s 59.1 0 

10-12m/s 50.4 0 

12-14m/s 30.9 0 

14-16m/s 18.3 0 

Eddy-Viscosity Model 

6-8m/s 68.3 2 

8-10m/s 70.6 2 

10-12m/s 63.3 2 

12-14m/s 47.2 2 

14-16m/s 25.3 2 

SST Model 

6-8m/s 26.9 58.9 1.97 

8-10m/s 26.8 59.3 1.97 

10-12m/s 22.3 48.1 1.97 

12-14m/s 14.1 28.6 1.97 

14-16m/s 7.3 14.7 1.97 

Table 7.5: Numerical model deficit key features, PARK, Eddy-Viscosity and SST 

It is clear from Table 7.5 that the maximum deficit location remains constant 

for each model across the different wind speed bins. The PARK and Eddy-

Viscosity models have fixed initial deficit locations that are equal to the 

maximum deficit at 0 and 2 rotor diameters downstream respectively. The 

SST model has a profile with the same characteristics as the lidar 

measurements with a maximum deficit downstream of the initial deficit at 

the rotor plane; it is shown in Table 7.5 that this maximum is located at 1.97 

rotor diameters downstream for all of the wind speed bins considered. 

Focussing on the maximum deficit values presented for all three models 

there is an initial increase in maximum deficit from inlet value between the 6-
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8m/s and the 8-10m/s cases, above these bins the maximum value decreases 

steadily. The PARK and SST models identify similar values in the maximum 

deficit for each wind speed bin albeit at different locations. The Eddy-

Viscosity model’s maximum deficit in each wind speed bin is larger than 

both of these in all wind speed bins. Focussing on the initial recovery 

gradients of the three models in Figure 6.26 – Figure 6.29 it is clear that the 

SST model recovery gradient is less than that of the simpler models. The 

values of the initial gradient in the two diameters downstream of the 

maximum deficit for the three models employed are presented in Table 7.6. 

 

PARK Eddy-Viscosity  SST 

6-8m/s 0.07 0.09 0.002 

8-10m/s 0.07 0.1 0.002 

10-12m/s 0.06 0.08 0.002 

12-14m/s 0.04 0.05 0.001 

14-16m/s 0.02 0.02 0.0005 

Table 7.6: Initial wake recovery gradient after maximum deficit for three numerical 

models, Figure 6.25 – 6.29 

It is clear from analysis of the simulated initial recovery gradients in Table 

7.6 and in Figure 6.25 – Figure 6.29 that the initial rate of recovery of the SST 

model is far less than that of the PARK and Eddy-Viscosity models which 

exhibit similar behaviour at this stage. As the recovery of the Eddy-Viscosity 

and SST model recoveries begin at a similar location this leads to a 

divergence of the profiles as the SST model recovers slower into the far wake. 

While the PARK and Eddy-Viscosity models have similar initial gradients 

their differing initiation points and tailing off of gradient further 

downstream mean that the models converge downstream. These two models 

are seen to have profiles very close to each other in the far wake in all of the 

wind speed bins analysed. The SST model does not recover to the same 

values as the simpler numerical models in any of the profiles presented in 

Figure 6.25 – 6.29. 
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Lidar measurements and numerical model comparison 

None of the three models presented as part of the comparisons can be said to 

closely match the behaviour of the lidar measured profiles along the full 

length of the wake captured. Each model however has areas of strength and 

weakness in comparison with these measurements. 

It is clear from Figures 6.25 – Figure 6.29 that the PARK [80] methodology 

fails to capture the blockage and pressure effects of the flow into the 

turbine’s rotor. The more complex SST [101] model more satisfactorily 

captures this behaviour. As the Simplified Eddy-Viscosity [86] model does 

not initiate until two rotor diameters it does not attempt to model these 

effects. 

Beyond two rotor diameters it is clear that of the numerical models studied 

the Simplified Eddy-Viscosity model is the most representative of the lidar 

measured flow behaviour for the three inflow conditions. Whilst not 

attempting to model the near wake behaviour the Eddy-Viscosity initiation 

at two rotor diameters downstream is shown to match closely the maximum 

velocity deficit locations identified in Table 7.1. At lower wind speeds, Figure 

6.25 – Figure 6.27, the value of this maximum deficit is seen to track that of 

the lidar measurements. Above 12m/s, Figures 6.28 – Figure 6.29, however 

the maximum deficit value is underestimated in all cases. Through the 6m/s – 

12m/s wind speed range, Figure 6.24 – Figure 6.26, the Eddy-Viscosity model 

can be seen to produce behaviour closest to that of the disturbed inflow 

condition, while slightly overestimating the velocity deficit of the 

undisturbed conditions and underestimating that of the waked conditions. 

Above 12m/s this modelling approach underestimates the velocity deficit 

from the inlet for all three of the inflow conditions. 
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The SST model produces an initially accurate profile of the flow evolution 

towards the maximum deficit from the rotor plane however it 

underestimates the recovery gradient beyond this. The recovery profile is 

therefore not in good agreement with the experimental results. The PARK 

model’s initiation at the rotor plane proves a poor comparison to the 

measured results in the near wake, showing initial overestimation of the 

experimental results before converging to the measurements around eight to 

ten rotor diameters. Further downstream both the PARK and SST models 

follow a similar trend to the lidar measurements but the poor resolution of 

the lidar results measured beyond thirteen rotor diameters makes it difficult 

to draw further conclusions on the significance.  

Wind turbine separation at the site of interest occurs at close to 7 rotor 

diameters along the wind farm axis, Figure 4.13, and 9.9 rotor diameters on 

the diagonals between the rows and columns. The percentage differences 

between the Eddy-Viscosity model and the different inflow condition wake 

speed profile measurements for each wind speed bin at these distances 

downstream from the rotor are detailed in Table 7.7; the variation at 12 rotor 

diameters is also presented. Negative values indicate situations where the 

lidar measured deficit from inlet is less than that of the Eddy-Viscosity 

model, positive values indicate the opposite. 

 

Speed 

Bin 

(m/s) 

Undisturbed Difference 

(%) 

Disturbed Difference 

(%) 

Waked Difference 

(%) 

7.1 Ø 9.9 Ø 12 Ø 7.1 Ø 9.9 Ø 12 Ø 7.1 Ø 9.9 Ø 12 Ø 

6-8 -5.5 -6.4 -3.4 -2.2 -2.9 -1.8 6.0 4.1 5.0 

8-10 -8.4 -6.9 -4.1 0.0 1.2 0.3 5.1 6.6 6.2 

10-12 -3.6 -2.5 -1.0 2.8 3.4 3.1 9.9 10.4 10.0 

12-14 3.6 2.8 3.0 8.2 7.4 7.3 10.7 10.9 9.7 

14-16 20.8 13.6 12.5 14.0 13.2 12.8 15.2 13.6 12.5 

Table 7.7: Percentage difference between the Eddy-Viscosity model deficit and that of the 

three inflow condition profiles, Figure 6.25 - Figure 6.29 
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Considering the most frequent wind speed bin for the Alpha Ventus wind 

farm, the 8-10m/s range, a number of key observations can be made from the 

values presented in Table 7.7. 

For the undisturbed inflow case the Eddy-Viscosity model is shown to 

overestimate the deficit from inlet conditions at each of the downstream 

measurement locations detailed, Table 7.7. This overestimation is shown to 

reduce with distance downstream. This is a clear underestimation of the 

potential energy in the wind downstream of a turbine operating in 

undisturbed flow which is of particular significance at the seven rotor 

diameter location, the spacing at the site under study. 

For the disturbed inflow conditions the Eddy-Viscosity model is produces a 

more agreeable comparison between the measured and simulated deficits in 

the 8-10m/s wind speed bin. The comparison in Table 7.7 shows a 0% 

difference between the Eddy-Viscosity predictions and the disturbed inflow 

measurements at 7.1 diameters, a 1.2% underestimation at 9.9 and 0.3% at 12. 

These differences are small enough to be within the bounds of the standard 

error deviation at each location, Figure 6.16. Extending the analysis of the 

disturbed inflow profile the maximum deviation between 6m/s and 12m/s is 

below ±3.4% from the model to the measurements, again a close correlation. 

For the waked inflow situations the comparisons are the inverse of the 

results for the undisturbed inflow showing an underestimation of the deficit 

from inlet at each of the downstream locations for each of the wind speed 

bins considered. At 7 rotor diameters this overestimation is 5.1% increasing 

to greater than 6% for the ten and twelve diameter locations in the 810m/s 

wind speed bin, Table 7.7. 
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Analysis of the results presented above shows that the 6% turbulence 

intensity value defined at the inception of the Eddy-Viscosity model 

produces a profile that most closely matches that of the disturbed inflow 

conditions. Focussing on the predominant wind speed bin of 8-10m/s visual 

inspection of Figure 6.26 shows that the model and lidar measured profile 

closely match each other from 3 diameters downstream to 12 diameters 

where the increasing scatter in the measurements makes further comparison 

inappropriate. It is clear from the presented results and the simulations of 

changing turbulence levels in the Eddy-Viscosity model, Figure 2.12, that in 

order to individually tailor the Eddy-Viscosity model more closely to the 

undisturbed inflow case the inlet turbulence intensity should be increased. 

This does not reflect the turbulence conditions of the inlet which will 

decrease from the disturbed to undisturbed inlet conditions. The opposite 

behaviour is true for the fully waked inflow where a turbulence intensity 

decrease allows better correlation between the measured and simulated data 

sets. Again this feature does not reflect the expected turbulence level changes 

where they would be expected to increase from the disturbed to waked 

inflow conditions. The Eddy-Viscosity models suggests that increases in 

inflow turbulence will lead to faster recoveries towards freestream of each of 

the models as mixing between the wake and the surrounding air flow is 

increase. The captured wake measurements do no show this behaviour 

rather showing the opposite. This is likely brought about by the 

atmospherically stable offshore flow conditions leading to a more defined 

wake that does not mix with the surrounding flow fields.  
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7.2.2 Wake width profile analysis 

Analysis of the measured Figure 6.30 – Figure 6.38 wake width profiles 

suggests behaviour for disturbed inflow that indicates the development of a 

wake width structure that becomes more defined as inlet wind speed 

increases. The structure of the measured results at lower wind speeds follows 

a wider arc that does not reach inlet levels before the bounds of the 

measurement domain. At higher wind speeds the arc is narrower with a 

smaller peak with the measured behaviour reaching inlet values before the 

wake reaches a width of two rotor diameters. These measurements indicate 

that the wake is consistently wider at lower speeds than at the same distance 

downstream for higher wind speeds. This therefore increases the likelihood 

of wake interaction with downstream turbines as the wake spreads out in to 

the wind farm more. At higher wind speeds this interaction is less likely to 

occur as the wakes are more defined. 

It should be noted that the scan period of 648 seconds of the wake width 

scans used for the analysis will introduce a larger uncertainty in the 

measurements. Over such an extended time period the turbulent nature of 

the winds mean that the features measured will have moved on during the 

scan and as a result the results are not a true snapshot in time across the 

wake width. As discussed in Chapter 2 this is an inherent issue with using 

scanning lidars for such measurements and must be taken into account when 

analysing the results. Averaging a number of scans in each wind speed bin 

will allow for a reduction in this error as a more steady state analysis can be 

completed and features common to each inlet condition extracted. 

The comparison with the two numerical models in Figure 6.39 – Figure 6.47  

shows that the PARK model methodology does not offer sufficient 
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functionality to modify the velocity variation radially out from the centreline. 

The flat wake profile observed does not correspond to the measured 

behaviour. As presented in the centreline wake deficit analysis of Section 

6.3.5 the magnitude of the deficit predicted by the PARK model in this case 

does not correspond to the measurements and lower inlet wind speeds and 

distances from the device. 

The comparison of the wake width profile predicted by the Simplified Eddy-

Viscosity model and the lidar measurements is far more favourable. Both 

profiles across the wake width exhibit a peak on or near the centreline that 

reduces in magnitude with distance from the device and as inlet wind speed 

increase. At lower wind speeds the lidar measured profile is less pronounced 

and the wake width is observed as significantly wider than that predicted by 

the numerical analysis. In the higher wind speed bins, where a clearer profile 

is presented, the rate of recovery towards inlet is less than that predicted. 

This leads to a shallower recovery in the lidar measured profile that recovers 

beyond the bounds of the wake predicted by the Eddy-Viscosity model.  

The study suggests that at lower wind speeds the width profile is less 

defined and more prone to mixing with the surrounding flow field. This does 

not compare well with the established profiles presented by the PARK and 

Eddy-Viscosity models, particularly in their prediction of an immediate 

recovery to inlet conditions at the wake bounds. At higher wind speeds, 

above 10m/s, the measured profile becomes more defined across the width of 

the wake, with measured speeds returning towards inlet at the measured 

bounds. This measured wake width at higher wind speeds is wider than 

either of these models predict.  
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7.2.3 Measurement uncertainties in offshore comparisons 

The deployment of the scanning lidar devices on the nacelle roof of an 

operational turbine has reduced some of the uncertainties explored in Section 

7.1.4 for ground based lidar deployments while introducing new ones.  

The nacelle roof location of the lidar allows it to yaw with the turbine 

ensuring that the measurements are always aligned with the turbine 

centreline. This installation methodology has allowed for the implementation 

of horizontal scan planes that capture hub height flow measurements 

removing the uncertainties associated with the angled scan planes of 

previous work.  

However, no work has been done to correct the lidar scan plane for the 

dynamic movement of the nacelle. As the wind speed increases so too does 

the loading on the turbine and blades. This loading produces a bending 

moment at the tower base which will result in the movement of the nacelle. 

As the structure is pushed backwards the front of the nacelle will rise and the 

back will fall. Using a random nacelle tilt of 1°, it can be calculated that this 

will lead to an increase in the inlet measurement location (2.5 rotor diameters 

upstream) above hub height of 5m. At measurement locations downstream 

this change in inclination will result in measurements below the hub plane. 

At 8 rotor diameters downstream this corresponds to 16m below hub height 

(or 21m below the inlet measurement height) and at 13 rotor diameters this is 

26m (31m below inlet). Figure 7.1 below illustrates this process. 
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Figure 7.1: Nacelle pitch effects on scan plane 

In order to fully quantify the scope of these movements and their subsequent 

effect on the results further work and analysis is required. The Galion Lidar 

is equipped with pitch and roll sensors but at this stage it is unclear the 

operational nature and the calibration of these devices as well as their 

suitability in measuring the movements of the turbine nacelle in these planes. 

What is clear is that any movement in the nacelle in this manner will have an 

effect on the measurement locations along the scan plane. In discussions with 

AREVA engineers [132] it was made clear that the magnitude of such 

movement is not likely to have a simple linear relationship to wind speed 

and is more likely to have an oscillating profile thus making it very difficult 

to interpret in the results. This feature will increase the measurement 

uncertainties in the location of the measurement points used in the analysis. 

As described in Section 7.1.4 the uncertainties in using the arc scan 

methodology increase as the separation between each beam increases. For 

the wake centreline measurements presented this feature is not present as the 

raw line-of-sight doppler shift measurements are used to calculate the 

component of the wake wind speed moving away from the rotor plane. The 
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surrounding data points have not been used in the formulation of the utilised 

wind speeds and therefore no formulation uncertainty exists.  

The three dimensional wake flows do however contain a strong rotational 

aspect to it which has not been discussed in the results presented as the use 

of the lidar measurements in this manner makes no attempt to capture this 

information. As neither the PARK nor Eddy-Viscosity models attempt to 

model this behaviour instead simply modelling the wind speed moving 

away from the rotor plane the comparison of line-of-sight based lidar 

measurements against these models is valid as like for like. The three 

dimensional SST model on the other hand does attempt to model this 

behaviour, a valid comparison with the lidar data is facilitated by only 

extracting the components of the flow vectors moving perpendicular to the 

rotor plane as in the lidar data extraction. While the rotational aspect of the 

flow does exist the measured and numerical data utilised in the presented 

comparisons only seeks to represent the component of the wind speed 

moving away from the rotor plane. As the comparison methodology is 

seeking to compare only the measured and simulated wind vector 

components moving downstream the uncertainties associated with this 

methodology are less than those for the ground based measurements. From 

theory [136] it is likely that the rotational aspect of the wind speed at the 

wake centreline is at a minimum and thus the uncertainties here are also 

small. 

By contrast the uncertainties arising from the wake width measurements are 

similar to the onshore deployments. In order to capture the width profile 

across the wake the arc scan wind speed formulation method employed in 

the onshore deployments has been employed. While the comparative 

uncertainty in employing this method is reduced by capturing measurements 
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in a horizontal plane the uncertainty of calculating wind vectors using three 

different data points is preserved. A 1° beam separation has been used to 

reduce this uncertainty and increase the spatial resolution of the width plots. 

This method has increased the time overhead required to complete the scan 

arc which increases uncertainties in the time resolution of the measurements, 

the flow field captured at the minimum azimuth boundary of the arc scan 

will not be the same as that measured by the time the lidar scan has reached 

the maximum azimuth boundary. 

Discussed above the wake centreline measurements have not tried to account 

for the wake rotation as at the centreline this expected to be at a minimum. 

However the wake width profiles capture information from the centreline 

out to the wake bounds, it can be surmised [136] that the measurements 

captured will feature increasing levels of rotational flow with distance from 

the centreline. As the same methodology for simulating and extracting the 

wake centreline flow speeds has been used for the width profiles this effect 

has not been accounted for in the comparisons completed. The uncertainties 

associated with each measurement can therefore be said to increase with 

distance from the wake centreline. 

Each of the numerical models employed requires an inlet definition to 

initiate the calculations of flow speeds. In the PARK and Eddy-Viscosity 

model this is simply defined as the inlet wind speed corresponding to the 

freestream the turbine is operating in. In the work presented the value 

measured at 2.5 rotor diameters upstream of the rotor plane is used for both 

of these models. This distance is commonly accepted as it is deemed far 

enough in front of the rotor to be beyond the wind speed slow down into the 

rotor predicted by actuator disk theory [73]. In the SST model employed in 

Windmodeller the inlet is defined by the same wind speed conditions as the 
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other models but its location is at hub height at the edge of the domain 

defined in the model. For the simulations completed this is at a distance of 

5000m from the rotor plane. This large distance increases the uncertainty and 

confidence in the accurate definition of the inlet conditions as it is uncertain 

how these evolve to the rotor plane. However, as the offshore domain is 

simple with a simple low uniform roughness and no terrain or obstacles 

between the inlet and turbine these uncertainties are minimal. 
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Chapter 8:  

Conclusions and 

summary 
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8.1 Conclusions 

The work presented in this thesis demonstrates a unique comparison of high 

resolution wind turbine wake measurements against numerical models of 

the same features. Captured using scanning lidar devices in operational on 

and offshore wind farms the wake measurements allow the evolution of the 

wind speeds through the rotor plane and into the far wake to be visualised in 

detail not available using traditional techniques. Both deployment situations 

represent unique challenges and opportunities the results of which have 

been presented in the preceding chapters. The findings and conclusions from 

this work are summarised below. 
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8.1 Onshore lidar analysis summary 

Deploying the scanning lidar device at ground level in an operational 

onshore wind farm the captured measurements clearly identify the evolution 

of wake structures behind the operational turbines for a variety of flow 

speeds and orientations. Deployed over a number of days the data sets 

present a number of opportunities to capture wake centreline data for 

extraction and comparison with three dimensional numerical models in 

ANSYS Windmodeller. The key findings from the results presented in 

Section 6.2 are: 

- Lidar measured data sets capture flow behaviour through the turbine 

rotor plane and into the wake for a variety of flow conditions. 

- The inclined scan plane used from the ground based lidar introduces 

significant uncertainties as measurements are captured across the 

boundary layer in complex terrain. 

- Comparison of the lidar data averaging time periods in Section 6.2.3 

show that the one hour time period improves the consistency of the 

measured profiles. However, this time period is inappropriate as it 

misses key details such as changes in flow orientation and turbine 

yaw. For future analysis ten minute averaging periods are more 

appropriate. 

- The comparison of different inlet definition methodologies in Section 

6.2.3 shows the importance in accurately defining these values for the 

numerical simulations. These values and attributes must be based on 

values measured in front of the turbine rotor rather than the flow field 

surrounding it.  
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The work completed based on the ground based lidar deployments has 

provided a rich data set for comparison with numerical models and a valid 

proof of concept for the project. However the methodology employed in 

capturing wake measurements involves significant uncertainties focussed 

around the inclined scan plane and use of arc scans over a wide range. The 

findings outlined above have been used to inform the design and focus of the 

offshore nacelle mounted lidar deployment. 
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8.2 Offshore analysis conclusions 

Building on the findings from the onshore analysis the offshore lidar 

deployment captured a unique and comprehensive data set detailing wake 

flow behaviour for a wide range of inflow wind speeds. Averaged over 2m/s 

wind speed bins the results allowed for the visualisation of wake centreline 

profiles for undisturbed, disturbed and fully waked inflow conditions. Wake 

width profile data was also captured in the same wind speed bins for the 

disturbed inflow conditions only. Comparisons were completed with the 

numerical PARK and Eddy-Viscosity wake models as well as the complex 

SST model in ANSYS Windmodeller. The key findings from the offshore 

wake analysis study are explored below: 

 

The captured lidar measurements clearly demonstrate the evolution of wake 

centreline flow behaviour with increasing wind speeds. 

- While the deficit from inlet conditions is consistent for all wind speeds 

at close to 30% the maximum deficit from inlet is shown to be highest 

at lower wind speeds and clearly shown to decrease as wind speed 

increases. The maximum deficit value can be shown to decrease as the 

operational Cp in each wind speed bin decrease. 

- The maximum deficit location is consistently found at close to two 

rotor diameters.  

- There is a clear and consistent difference in deficit between the 

profiles of each of the inflow conditions at each measurement point 

downstream of the rotor. The undisturbed inflow demonstrates the 

smallest deficit; the disturbed inflow demonstrates a larger deficit and 
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the waked inflow a larger still deficit. This behaviour is consistent 

across all wind speed bins and is preserved from the rotor plane to 

thirteen rotor diameters downstream. 

- The results reiterate the importance of spacing in an offshore wind 

farm and its potential effects on power availability to turbines 

operating in disturbed or fully waked flow. Larger spacing leads to 

more certainty and consistency in the potential available power across 

the wind speed bins. For lower spacing small variations in this 

spacing and inlet wind speed can lead to large variations in potential 

power availability. 

 

The width measurements capture clear profiles across the wake width at 

discreet distances downstream across the wind speed bins, only disturbed 

inflow behaviour has been captured. 

- The maximum deficit echoes that of the centreline profiles in each bin 

and location downstream. 

- At lower wind speeds the deficit from inlet in the wake is found to 

extend far beyond the bounds of the measurements taken. 

- The wake width profile structure becomes more clearly defined as the 

inlet wind speed increases. 

- At higher wind speeds the width of the wake does not continue to 

increase with distance from the rotor plane rather it is found to 

stabilise around a width of two rotor diameters. 
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The comparisons with numerical models provide a good analysis of the 

strengths and weaknesses of each modelling approach in comparison to the 

lidar captured data sets. 

- The SST model captures the initial deficit behaviour and outlines a 

profile with similar behaviour to the lidar profiles. However it tends 

to underestimate the value of the maximum deficit from inlet and the 

gradient of the recovery beyond this. 

- The PARK model does not capture initial wake behaviour well but is 

closely matched with the measurements further downstream beyond 

6 rotor diameters. 

- While not modelling the initial deficit and behaviour the Eddy-

Viscosity model provides the closest approximation of the maximum 

deficit and subsequent recovery towards inlet speeds for the lidar 

measured profiles.  

- The Turbulence Intensity definition of 6% in the Eddy-Viscosity model 

provides the closest match with the disturbed inflow profiles.  

- Eddy-Viscosity model theory suggests that an increase in turbulence 

will decrease the deficit from inlet at a given point downstream. The 

opposite is found to be the case in the lidar measured profiles as the 

increases in turbulence from the undisturbed to disturbed to fully 

waked inflow conditions lead to increasing values of the deficit from 

inlet at any given point downstream. 
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Chapter 9:  

Future work  
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9.1 Future Work 

The work completed and presented in this thesis demonstrates the potential 

of utilising scanning lidar devices in capturing wake flow development in on 

and offshore wind farms. The installation of nacelle mounted lidar devices 

has provided a broad data set encompassing a wide range of flow conditions 

experienced by the active turbine. The data sets captured have provided a 

unique insight into lidar measured wake development under these 

conditions. Focussing on these captured data sets further analysis should 

focus on the evolution of wake profiles through different periods of the day, 

and for different atmospheric conditions.  

The extensive data set captured provides ample data to complete the wake 

width analysis and comparison for all three inflow conditions. In addition 

the lidar devices were programmed to capture wake height measurements 

along the wake length that were not included in this study. Analysis of this 

data will allow visualisation and analysis of the wake structure and intensity 

variations in the vertical plane for the conditions analysed. Combined with 

the work presented in this thesis such work would offer an understanding of 

the propagation and dissipation of the wake in three dimensions and the 

effects this can have on optimal performance and wind farm layouts. 

Further work should also be completed in the analysis of the pitch of the 

nacelle in higher winds. The results will allow an understanding of the 

uncertainties involved in this type of lidar deployment and an exploration of 

the possible mitigation techniques that can be employed to reduce the 

uncertainties. 

The comparison with a variety of numerical models has pointed towards the 

accuracy of the Eddy-Viscosity model for this method of flow analysis. 
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Further work will allow further assessment of these observations leading to 

improvements in the application of the model to provide a more consistent 

comparison with the varied inflow conditions experienced. Specifically 

considering the effect of the definition of Turbulence Intensity for each 

inflow condition and addressing the contradictory numerical prediction and 

measured results behaviour. From this work should be completed on how it 

can be used to best replicate the measurements for these conditions and 

varying wind speeds.  

Completing the data collection procedure and allowing the visualisation of 

the centreline, width and height profiles will allow a fuller understanding of 

wake flow development in the offshore environment. Such an understanding 

will potentially allow further analysis in the field of deep array models and 

the energy loss experienced within large wind farms. Modification of such 

models based upon these findings could allow improvements in the spacing 

and performance of such wind farms. 
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Appendix A 

 Lidar to mast comparisons
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Galion Lidar regression analysis results 

The blue points represent ten minute averaged data sets plotting lidar 

measured data against that from the cup anemometer in Figure. The wind 

direction comparisons are presented in Figure A.1, the red line identifies a 

fitted linear model with offset; the green identifies the model without the 

offset [50]. 

 

 
Figure A.1: Standard regression analysis for horizontal wind speed at 100m height [50] 
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Figure A.2: Standard regression analysis for wind direction at 100m [50] 
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ZephIR 300 regression analysis results 

The blue points represent ten minute averaged data sets plotting lidar 

measured data against that from the cup anemometer in Figure A.3. The 

wind direction comparisons are presented in Figure A.4, the red line 

identifies a fitted linear model with offset; the green identifies the model 

without the offset [59]. 

 

Figure A.3: Standard regression analysis for ZephIR 300 vs mast data at 45.5m [59] 
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Figure A.4: Standard regression analysis for ZephIR 300 vs Mast data at 91.5m [59] 
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Windcube V2 regression analysis results 

In Figure  the red dots refer to data gathered by the Triton SoDAR device and 

the blue dots to the Windcube V2 data.  

 

 

Figure A.5: Comparison of met mast data to Windcube and Triton remote sensing devices 

at 80m [61] 
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Appendix B 

 Extract from DNV-RP-J101, Use of Remote Sensing for 

Wind Energy Assessments [66] 
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The following important aspects of remote sensing technologies must be taken into 

account to ensure that data are useful for energy assessments: 

- Remote sensing technologies are still maturing. Equipment 

configuration and software changes may affect measurement 

accuracy, quality, or consistency. 

- Measurement quality may be affected by site positioning. Even 

perfectly operating Sodars or lidars may provide incorrect 

measurements in the presence of complex flow (spatially uneven flow) 

above the instrument. Complex flow may occur in complex terrain or 

near surface roughness transitions. Additionally, Sodar 

measurements may be affected by site-specific ambient noises and 

echoes from nearby objects and surrounding vegetation (“ground 

clutter”). 

- Remote sensing measurements may be different than those of 

anemometry. Anemometers provide averages of point measurements 

of wind speed irrespective of wind direction (“scalar averages”). 

Sodars and lidars measure average vertical, lateral and horizontal 

wind speeds. These are usually transformed to provide “vector 

averages” of wind speed, although some instruments may provide 

scalar averages. In turbulent conditions, vector averages are lower 

than scalar averages. These differences mean that remote sensing and 

anemometry may not provide the same wind speed values although 

each may be measuring correctly. Each type of measurement system 

may also provide slightly biased measurements under certain 

conditions. For example, in conditions with high shear the volume 

averages of remote sensing instruments are lower than point 

measurements. In turbulent conditions, anemometer measurements 

are biased high. 
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Appendix C 

 Actuator Disk Theory Methodology 
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Figure C.1: Actuator Disk concept [68] 

In incompressible flow situations the mass flow rate stays constant 

throughout the domain; Equation C.1 shows the mass flow regime for the 

wind turbine control volume. For this to hold the fluid properties must 

evolve in the manner illustrated in Figure C.1. The pressure drop intrinsic to 

the theory can be seen clearly at the disk plane along with the steady 

variation in stream tube area and the velocity experienced across this 

volume. 

𝝆𝑨∞𝑼∞ = 𝝆𝑨𝑫𝑼𝑫 = 𝝆𝑨𝑾𝑼𝑾 

Equation C.1 [68] 

 

𝑎 =
𝑈∞ − 𝑈𝐷

𝑈∞
 

Equation C.2 [68] 

 

The variation between freestream inlet velocity and the axial velocity at the 

rotor can be accounted for by the introduction of the axial induction factor, a 
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in Equation C.2, this can also be termed the fractional variation between the 

freestream and rotor plane velocities [73].  

Applying the Bernoulli’s equations upstream and downstream of the rotor 

allows the pressure difference variations to be expressed as: 

 Upstream:       𝑝∞ − 𝑝𝐷
+ =

1

2
𝜌(𝑈𝐷

2 − 𝑈∞
2 ) 

 Downstream:      𝑝∞ − 𝑝𝐷
− =

1

2
𝜌(𝑈𝐷

2 − 𝑈𝑊
2 ) 

Equation C.3 [68] 

Subtracting one from the other gives the solution for the pressure difference 

across the disk in terms of the freestream and wake velocities. 

𝑝𝐷
+ − 𝑝𝐷

− =
1

2
𝜌(𝑈∞

2 − 𝑈𝑊
2 ) 

Equation C.4 [68] 

Combining Equation C.1 and Equation C.4 with that for the rate of change of 

momentum caused by the pressure variation: 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 = ∆𝑝𝐴𝐷 = (𝑈∞ − 𝑈𝑊)𝜌𝐴𝐷𝑈𝐷 

Equation C.5 [68] 

Gives: 

1

2
𝜌(𝑈∞

2 − 𝑈𝑊
2 )𝐴𝐷 = (𝑈∞ − 𝑈𝑊)𝜌𝐴𝐷𝑈∞(1 − 𝑎) 

Equation C.6 [68] 

Which reduces to: 

𝑈𝑊 = (1 − 2𝑎)𝑈∞ 

Equation C.7 [68] 

Analysis of Equation C.7 indicates that half of the axial velocity loss takes 

place upstream of the actuator disc and half after. This is an important 

concept in actuator disc analysis of wind turbines.  
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Further analysis allows the thrust and power coefficients to be defined in 

terms of a. 

𝐶𝑇 = 4𝑎(1 − 𝑎) 

𝐶𝑃 = 4𝑎(1 − 𝑎)2 

Equation C.5 [68] 

It can be noted from the above three equations that a value of a greater than 

half will produce a negative wake velocity. This can be negated by 

appropriate modification of the results.  
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Appendix D 

 Raw lidar data file formats 
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The Galion Lidar devices utilised for this project provide output data in a 

comma separated .scn file format, with a single file produced for each cycle 

of the scan envelope defined by the user at setup. The following Appendix 

details the output file format and header explanations from the captured 

Galion lidar scans.  

The top of each scan gives broad details of the scan initiation and individual 

identifiers in a header before the measurements and location attributes for 

each individual scan point are detailed line by line. The format presents the 

measured data for each scan point progressively out from the device ray by 

ray as identified by the user at scan initiation. Sample scan header and 

measurement details can be seen in Figure D.1. 

 

Figure D.1: Sample scan header and measurement details 

The data in each line details the unique characteristics of each scan point and 

the measurements taken in 8 columns, the contents of each column is 

explored below. 

Range Gate: Identifies the absolute distance along the beam of the 

measurement location. The zero range gate is at 45m and each gate after this 

is at 30m intervals. 
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Doppler: The measured doppler shift imparted on the measurement beam 

by the line of sight component of the wind speed velocity at the 

measurement location. 

Intensity: The quality of the back scattered results as measured at the 

receiving optic of the device. Above and intensity of 1.01 is deemed 

acceptable. 

Ray Time: Gives the hour, minute and second at which each ray begins. 

Azimuth: The azimuth value attributed to each ray, constant throughout for 

Range Height Indicators. 

Elevation: The elevation value attributed to each ray, constant throughout 

for each Plan Position Indicator. 

Pitch: The measured pitch of the device at each measurement time. 

Roll: The measured roll of the device at each measurement time. 

The installed Galion device scans continuously as programmed with each 

individual scan arc being saved as a new .scn file.  

Utilising Galion specific software developed by SgurrEnergy each scan file 

can be processed to extract the wind speed measurements for the flow field 

analysed. An example of the process scan file produced from the results can 

be seen in Figure D.2. 
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Figure D.2: Sample processed out file, July 2011 deployment 

The processed out-file contains information for each scan point, detailing 

more specific values for Range Gate, calculated Horizontal Wind Speed 

(m/s), x Coordinate (m), y Coordinate (m) and calculated Wind Direction (°). 

The file name and start time for each ray are also given. 

Note: The x Coordinate and y Coordinate locations of each scan point relate 

to distances in metres from the device location along these axes.  
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Appendix E 

 Siemens 2.3 – 93 Power and Thrust Curves [118] 
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Wind Speed 

(m/s) 

Power 

(kW) 
Cp Ct 

0.25 0.00 0.00 0.35 

0.33 0.05 1.47 1.05 

0.42 0.09 1.25 1.32 

0.50 0.18 1.47 1.23 

0.58 0.30 1.53 1.19 

0.67 0.46 1.53 1.29 

0.75 0.67 1.59 1.29 

0.83 0.87 1.50 1.21 

0.92 0.96 1.25 1.08 

1.00 1.00 1.00 1.00 

1.08 1.00 0.78 0.82 

1.17 1.00 0.63 0.73 

1.25 1.00 0.50 0.65 

1.33 1.00 0.41 0.55 

1.42 1.00 0.34 0.48 

1.50 1.00 0.28 0.42 

1.58 1.00 0.25 0.39 

1.67 1.00 0.22 0.34 

Table E.1: Siemens 2.3-93 Power and Thrust Data 

 

 

Figure E.1: Siemens 2.3-93 Power and Thrust Curves 
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Appendix F 

 AREVA M5000 Power and Thrust Curves [120] 
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Wind Speed 

(m/s) 

Power 
Cp Ct 

(kW) 

0.23 0.00 0.00  

0.31 0.02 0.60 1.80 

0.38 0.05 0.82 1.65 

0.46 0.09 0.93 1.55 

0.54 0.19 1.22 1.64 

0.62 0.30 1.27 1.67 

0.69 0.43 1.31 1.65 

0.77 0.61 1.34 1.65 

0.85 0.76 1.26 1.52 

0.92 0.95 1.20 1.32 

1.00 1.00 1.00 1.00 

1.08 1.00 0.80 0.75 

1.15 1.00 0.65 0.59 

1.23 1.00 0.54 0.48 

1.31 1.00 0.45 0.40 

1.38 1.00 0.38 0.33 

1.46 1.00 0.32 0.29 

1.54 1.00 0.28 0.25 

1.62 1.00 0.24 0.22 

1.69 1.00 0.21 0.20 

Table F.1: AREVA M5000 Power and Thrust Data 

 

Figure F.1: AREVA M5000 Power and Thrust Curves 
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Appendix G 

 Publications and Presentations 
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Abstracts based on the work completed have been submitted to a number of 

conferences and journals throughout the course of the student’s PhD.  

2nd International Conference on SuperGen, Hangzhou, China, September 

2012, Presentation and Paper 

Title: Comparison of A 2nd Generation Lidar Wind Measurement Technique 

with CFD Numerical Modelling in Complex Terrain 

The abstract submitted was accepted into the Scientific Topic 3: Renewable 

Power section of the conference. The abstract and paper were based on the 

initial work done on the Myers Hill/Whitelee January 2012 deployment 

focussing on data captured from a ten-minute averaged scan. The student 

attended the conference in Hangzhou in September 2012 to present on the 

paper and subsequent work. The paper was published in the conference 

proceedings. 

EAWE Making Torque from Wind Conference, Oldenburg, Germany, 

October 2012, Poster and Paper 

Title: Comparison of 2nd Generation LiDAR Wind Measurement Technique 

with CFD Numerical Modelling 

An abstract was submitted and accepted into the ‘CFD & Complex Flows’ 

session at the conference. The abstract was accepted with the invitation to 

present a poster on the work undertaken; an invitation was also given to 

submit a paper to the conference proceedings. The focus of this work was an 

analysis of a series of data gathered from the January 2012 Whitelee 

deployment. This study focussed on comparing the different averaging 

periods and defined inlet definitions to the CFD simulations. 

Vaasa Energy Week 2013, Vaasa, Finland, March 2013, Invited Speaker 
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Title: Wind Turbine Wake Behaviour, Comparison of 2nd Generation LIDAR 

Measurements with CFD Simulations 

Invited to speak at the Vaasa Energy Week event I presented to Finish 

industry and academics on the potential for comparison of scanning lidar 

wake measurements with numerical models.  

AWEA Offshore Conference, Providence, Rhode Island, USA, October 

2013, Poster and Paper 

Title: Analysis of Wake Development and the Effect on Power Output in an 

Offshore Wind Farm 

Based on the work completed on the Alpha Ventus offshore lidar 

deployment an abstract was submitted to this American Wind Energy 

Association industry conference. The work presented focusses on measured 

wind turbine wake development across the operational range of the subject 

turbine and the associated effect on power availability for downstream wind 

turbines. This abstract was accepted for poster presentation at the conference.  

EWEA Offshore Conference, Frankfurt, Germany, November 2013, Oral 

Presentation and Paper 

Title: Comparison of Offshore Scanning Wind Lidar Wake Measurements 

with Industry Standard Wake Models 

Utilising the extensive offshore measurements from hub height captured 

during the Alpha Ventus 2013 deployment the abstract submitted was 

selected for an oral presentation during the Offshore Resource Assessment 

session at this conference. The paper focus was on the comparison of 

industry standard and more complex wake models against the captured lidar 
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measurements. A paper was also submitted in support of the work presented 

and published in the conference proceedings. 

 

 

  

 


