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Current industry standards for evaluating wind turbine power performance require erecting a 

meteorological mast on site to obtain reference measurements of hub-height wind speed. New 

considerations for small wind turbines (SWTs) offer the alternative of using an anemometer 

extending from a lower elevation on the turbine tower. In either case, SWT owners face questions 

and impracticalities when applying this standard in-situ. Alternative methods of predicting hub-

height wind speed for SWT performance evaluation have been assessed experimentally using a 

Bergey XL.1 SWT collocated with a meteorological mast. Findings indicate that vertical 

extrapolation can increase the accuracy of tower-mounted anemometry for predicting hub-height 

wind speed. It is recommended to use concurrent wind speed measurements from anemometers at 

two elevations to develop site-specific wind shear parameters. Three-dimensional wind speed 

data from a sonic anemometer were used alongside a theoretical model to determine the optimal 

location for the topmost anemometer but results were inconclusive. 
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1. Introduction 

1.1.  Statement of the Problem and Significance 

A wind turbine is defined as a machine that converts the kinetic energy in the wind into 

electricity. The most common modern wind turbine design is the horizontal axis wind turbine, 

consisting of a rotor (a hub and usually two or three blades) rotating on an axis parallel to the 

wind (Fig. 1-1). The rotor is responsible for converting the kinetic energy in the wind into 

mechanical energy to drive the electricity generation process. This process occurs within the 

turbine’s nacelle, which houses its drive chain (rotating shafts, bearings, and commonly a 

gearbox) and generator. Additionally, all modern horizontal axis wind turbines have some form 

of yaw orientation system for aligning the rotor in the direction of the wind, a tower to position 

the turbine in a better wind resource regime, and a control system to maximize energy production 

and minimize unwanted loading (Manwell et al., 2002). Modern wind turbines that make up the 

majority of wind energy generation capacity are in the range of 500 kW to several megawatts and 

are typically used in conjunction with large utility grids. However, the most numerous wind 

turbines are small wind turbines (SWTs), defined as those with capacities of 100 kW and less, as 

they play an important role in providing decentralized energy to consumers around the world 

(AWEA, 2009a).  

 

 

Figure 1-1: Conventional SWT, identifying major external components. 
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According to a market study by the American Wind Energy Association (AWEA), the annual 

U.S. market for SWTs grew by 78% in 2008. Growth in both the residential (1-10 kW) and 

commercial (21-100 kW) market segments led to the addition of 17.3 MW of installed capacity. 

Despite a global recession, the industry is projected to experience a 30-fold expansion by the end 

of 2013, reaching an installed capacity of 1,700 MW. Globally, the annual market for SWTs grew 

by 53% in 2008, an increase of 38.7 MW and $156 million USD in total sales (AWEA, 2009a). In 

an earlier study, AWEA estimated that the 55–60 MW of installed small wind capacity in the 

U.S. at the end of 2007 was capable of displacing 60,000 tons of carbon dioxide (CO2) annually, 

the equivalent of powering 7000 homes or removing 10,000 cars from the road (AWEA, 2008).  

 

As it continues to grow, the small wind industry has the potential to contribute to environmental 

sustainability while helping to meet global energy demands. Much of this growth will depend on 

factors related to the manufacturing and policy developments necessary to create grid parity; 

however, strides must also be made toward improving SWT technology such that SWTs can 

achieve higher levels of performance. In discussing significant challenges for the wind industry 

going forward, Manwell identifies reducing the cost of energy from wind turbines at sites with 

low annual average wind speeds and creating commercially viable turbines for use in remote 

communities. Both of these problems are relevant to the small wind industry and will require the 

advancement of SWT technology (Manwell et al., 2002). 

 

This thesis is an investigation of one of the problems hindering SWT technology: A lack of 

independent performance evaluation to ensure high quality products from SWT manufacturers. 

The electrical generation performance of SWTs can vary widely due to the fluctuating nature of 

wind close to the earth’s surface, a diversity of SWT designs, and historically no consensus on the 

performance standards by which they can be evaluated.  
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In 2009, the Small Wind Certification Council (SWCC) was created in the United States to 

provide manufacturers with an opportunity to certify their SWTs with respect to safety, 

performance, reliability and sound level. To achieve SWCC certification, a SWT must meet or 

exceed the requirements of the AWEA Small Wind Turbine Performance and Safety Standard 

(AWEA, 2009b), one of many SWT performance standards that has been developed in recent 

years. The intentions of the SWCC are to help consumers make educated purchases while 

strengthening the industry by encouraging compliance by SWT manufacturers. The SWCC began 

accepting applications for certification in February, 2010. However, the certification process will 

take upwards of a year to complete and there are a very limited number of accredited test sites 

available for potentially hundreds of applicants (AWEA, 2009c; SWCC, 2010). Further, while 

certification is a huge step in the right direction, there is need for improved methods of verifying 

the performance of SWTs in-situ. After a brief review of power curves (the most common tool for 

expressing the performance of wind energy systems), the current standard methods for 

performance evaluation will be examined, including why they are not practical for existing SWT 

owners. 

 

A wind turbine’s power output, P, is directly proportional to the power in the wind and is given 

by, 

 
3

2

1
 AUCP P       (1.1) 

In Eqn. 1.1, ρ is the local air density, A is the swept area of the rotor, and U∞ is the free stream 

wind speed at the turbine’s hub-height. The power coefficient, Cp, represents the fraction of the 

available power that is converted to electricity (Burton et al., 2001). Power coefficient is largely a 

function of turbine design and is influenced by rotor aerodynamics, drive shaft and generator 

characteristics, and the entire range of inefficiencies that occur between the initial transfer of 
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kinetic energy from the wind to the final output of useful power. Further complicating the process 

of predicting wind turbine performance, Cp varies significantly over the range of wind speeds at 

which a turbine operates. To overcome this problem, a wind turbine’s performance is typically 

measured experimentally and reported in the form of a power curve: the relationship between a 

turbine’s hub-height wind speed and its electrical power output. Using a power curve, it is 

possible to predict the energy generation performance of a wind turbine without considering each 

of its components individually. A typical power curve has three important features (Manwell et 

al., 2002):  

 

1. Cut-in wind speed: the wind speed at which the rotor will begin rotating and generating 

useful power; 

2. Rated power speed: the wind speed at which the turbine will achieve its rated power 

output; and, 

3. Cut-out (or furling) wind speed: the wind speed at which measures are taken to slow the 

turbine and prevent structural damage.  

 

SWTs are often designed with mechanical control systems that reduce their power output 

gradually rather than cutting out abruptly. One common system is a furling mechanism that 

physically turns the rotor out of the wind causing it to slow down and even stop at high wind 

speeds. An example SWT power curve is provided in Fig. 1-2.  
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Figure 1-2: Features of a typical SWT power curve. (Adapted from Seitzler, 2009) 
 

The power available in the wind is proportional to the cube of wind speed, making successful 

power curve development highly dependant on an accurate assessment of the local wind resource, 

which is variable in both space and time. It is sufficient to relate the turbine’s instantaneous 

power output to concurrent measurements of hub-height wind speed; however, due to the 

presence of the turbine perturbing the local flow, the wind speed at hub-height cannot be 

measured directly, but must be inferred.  

 

The current standard for evaluating the energy generation performance of a wind turbine, 

regardless of size, is IEC 61400-12-1 (IEC, 2005). This standard requires characterizing hub-

height wind speed by erecting a meteorological mast nearby the turbine tower, with both towers 

located at a site free from obstacles and complex terrain. As mentioned above, a number of 

standards have appeared in recent years that are dedicated specifically to SWTs but are less 

widely known and follow similar principles to IEC 61400-12-1 (BWEA, 2007; AWEA, 2009b). 

In any case, installing an adjacent meteorological mast is often financially or logistically difficult, 

especially if the goal is to verify the site-specific performance of a wind turbine that has already 
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been installed. SWT owners may not have the resources available to install a reference mast, even 

if their site meets the necessary obstacle and terrain requirements. For this reason, performance 

evaluation is commonly not executed at all. In other cases, easily available resources and strictly 

practical methods are used, regardless of their accuracy. One common option is to use a single 

anemometer from a consumer-grade weather station mounted somewhere on the turbine tower, 

often with little regard to how accurately it predicts hub-height wind speed (Gipe, 2000; Seitzler, 

2007). Ultimately, there is need for an alternative method of verifying SWT performance that 

maintains the accuracy of standard methods while reducing cost and complexity. 

1.2.  Objectives and Scope of the Work 

The objective of this research project was to develop an appropriate procedure for determining 

hub-height wind speed for in-situ performance evaluation of small wind turbines. Accordingly, 

the following research components were completed: 

 

 Exploring the applicability of current performance evaluation standards for use with 

SWTs, and identifying a number of possible alternatives for predicting hub-height wind 

speed; 

 Assessing the accuracy of the standard method of using a reference mast to predict hub-

height wind speed at a representative SWT site, and similarly, assessing the accuracy of 

promising alternatives: tower-mounted anemometers with and without vertical 

extrapolation, and nacelle anemometry; 

 Performing the in-situ performance evaluation procedure on a test turbine using each of 

the aforementioned methods;   

 Studying the lower extents of rotor wake on a SWT tower – useful information for 

positioning a tower-mounted anemometer as close as possible to hub-height without 
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interference –  experimentally and by adapting an analytical model rooted in Vortex 

Cylinder Theory; and, 

 Developing a list of best practice methods for determining hub-height wind speed for in-

situ SWT performance evaluation. 
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2. Literature Review 

2.1.  IEC 61400-12-1: Power Performance Measurements of Electricity 

Producing Wind Turbines 

IEC 61400 is an International Electrotechnical Commission (IEC) standard dedicated to 

providing a uniform methodology for ensuring the accurate, consistent, and reproducible 

measurement, analysis, and reporting of power performance for electricity producing wind 

turbines. The standard is typically used for MW-scale wind turbines with electrical utility 

applications but is applicable to all manufacturers, operators, regulators and anyone with an 

obligation or interest in meeting or verifying well-defined wind turbine performance standards 

(IEC, 2005). IEC 61400-12-1 specifies a procedure for measuring the power performance 

characteristics of individual wind turbines by considering their measured power curves, estimated 

annual energy production (AEP) and the combined effects of all uncertainty sources that arise 

during the process. The standard claims to be applicable to grid connected wind turbines of all 

types and sizes, and at a variety of test sites. Of particular interest is Annex H, dedicated to 

determining the power performance characteristics of small wind turbines. 

 

Fundamental to wind turbine performance testing is the accurate representation of wind speed as 

it applies to wind turbine power production. IEC elects to use the common practice of 

representing the flow field acting on the entirety of a turbine’s rotor by the free stream wind 

speed at hub-height. This practice is not without drawbacks for utility scale wind turbines with 

large rotors but is generally considered acceptable for SWTs (Antoniou et al., 2007). Power curve 

data are obtained by collecting simultaneous measurements of hub-height wind speed and power 

output over a range of wind speeds and atmospheric conditions. AEP is estimated using a 

reference wind speed frequency distribution for the site in question. 
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IEC 61400-12-1 calls for the measurement of hub-height wind speed using a cup anemometer of 

appropriate classification at an unsheltered reference location spatially offset from the turbine. 

Measurements are obtained by installing a meteorological mast “in the neighbourhood” of the 

wind turbine. The standard recognizes that the specific test site may have a significant impact on 

the measured performance of a wind turbine, at least in part due to the uncertainty caused by flow 

distortion between the meteorological mast and the turbine tower. A potential test site must be 

assessed for sources of flow distortion in order to choose an appropriate location for the reference 

mast, define a suitable measurement sector, and evaluate the resulting uncertainty. Additionally, 

sites with complex terrain require the development of correction factors to account for the spatial 

offset between the reference mast and turbine tower. Causes of flow distortion include 

topographical variations at the site, other nearby wind turbines and local obstacles such as 

buildings and trees.  

 

The reference mast shall be located away from the turbine in an unsheltered direction, at a 

distance of 2 to 4 times the turbine’s rotor diameter, D. Locating the mast any closer would risk 

altering the flow in the front of the turbine, whereas locating it farther away would increase the 

wind speed measurement error. A distance of 2.5D is recommended. To minimize error, 

measurement sectors must be excluded in which the reference mast or turbine tower is subject to 

flow distortion. It is often best to locate the reference mast alongside the turbine, or upwind in a 

direction of open fetch. The standard provides a procedure for calculating the extents of direction 

sectors to be excluded as a result of the mast being in the wake of the test turbine, neighbouring 

turbines or other significant obstacles.  

 

A list of criteria is provided to determine whether site calibration is required for flow distortion 

caused by topographical variations. Site calibration refers to a measurement period prior to 
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turbine installation in which the wind speed differences between the reference mast and turbine 

tower are assessed quantitatively and correction factors are derived as a function of wind 

direction. The criteria focus on the maximum acceptable slopes at the test site within a distance of 

several tower-to-mast offsets outward from the wind turbine. If site calibration is not necessary, 

the standard assumes a minimum uncertainty of 2% if the towers are 2D–3D apart and 3% if the 

towers are 3D–4D apart. If site calibration is necessary, a detailed procedure is provided in Annex 

C. 

 

Only cup anemometers of significant quality are permitted for performance evaluation 

measurements. Annex I is dedicated to the classification of cup anemometers, which must be 

better than class 1.7A to be used. This indicates that their measured mean wind speed must 

always be accurate within 7% for any mean wind speed in the range of 4 m/s to 16 m/s, over a 

range of temperatures, air densities, turbulence intensities and flow inclination angles. The wind 

speed to be measured is defined as “the average magnitude of the horizontal component of the 

instantaneous wind velocity vector, including only the longitudinal and lateral, but not the vertical 

velocity components” (IEC, 2005). This will be discussed in greater detail in Section 2.6 on cup 

anemometry.  

 

Wind turbine power output shall be measured using a device such as a power transducer, mounted 

between the wind turbine and its electrical connection. Requirements related to power 

measurement are largely given in the context of grid connected wind turbines and do not 

necessarily apply here. In Annex H of the standard, considerations are given for measuring the 

power performance of SWTs. This includes specifics for off-grid turbines with battery bank 

connections.  
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Additional measurement requirements include wind direction (to be measured using a wind vane 

mounted on the reference mast) and air density (to be calculated from measurements of air 

temperature and pressure). At high temperatures it is recommended that relative humidity is also 

measured. It is recommended that considerations are given to blade conditions such as icing, bug 

and dirt accretion, and precipitation. For utility scale wind turbines, it may be necessary to 

include considerations such as rotor speed, pitch angle and control system status in order to 

properly report a turbine’s performance under different operating conditions. 

 

A detailed measurement procedure is provided to ensure that data are of sufficient quality and 

quantity to convey accurate performance characteristics. Measurements of wind speed, direction 

and power output data shall be sampled at a rate of 1 Hz or higher. Other measurements, such as 

temperature and pressure shall be sampled at least once per minute. At a minimum, the data 

acquisition system shall store statistics of the data, including mean, standard deviation, maximum 

and minimum values for the desired averaging interval. Data is to be averaged into 10 min 

samples for utility scale wind turbines and 1 min samples for SWTs. Data shall be excluded from 

the database in the events of turbine downtime or failure of test equipment, and also for wind 

directions outside of the defined measurement sectors or valid site calibration sectors. 

 

Data shall be sorted according to the “method of bins” in which all data samples are organized 

into wind speed bins spanning 0.5 m/s and centered on multiples of 0.5 m/s. There should be 

sufficient data in each wind speed bin beginning at 1 m/s below cut in speed and extending to 1.5 

times the wind speed at 85% of rated power output. Data collection is considered complete when 

each bin includes a minimum of 30 min of sampled data and the entire database includes at least 

180 h of sampled data. For small wind turbines, these requirements are lowered to a minimum 10 

min per bin, up to a wind speed of 14 m/s, and 60 h of sampled data in the database. An average 

value of the power output in each wind speed bin shall be obtained and used for determining the 
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measured power curve, and because power output is dependant on density, power measurements 

shall be normalized to two references: ISO standard atmospheric conditions (1125 kg/m3) and the 

average measured air density at the test site. In addition, wind turbine power coefficients shall be 

calculated for each wind speed bin. 

 

Annual energy production can be estimated by applying the power curve to one or more reference 

wind speed frequency distributions. Specifically, IEC calls for the use of the Rayleigh frequency 

distribution (a simplified form of the Weibull distribution), which is commonly used to model 

wind speed frequency in the atmospheric boundary layer (Manwell et al., 2002). For a site with a 

known annual average wind speed, the Rayleigh distribution can provide an estimate of the 

duration that winds will fall within each wind speed bin. This can in turn be used to predict the 

expected energy production of a wind turbine based on its power curve.  

 

When the above measurements and calculations have been completed, the entire process shall be 

presented in a report detailing the wind turbine specifications, a description of the test site and 

test equipment, procedural documentation and the presentation of all findings including 

measurements of wind speed and power output, the measured power curve, AEP estimates and 

power coefficients. An uncertainty analysis should also be included along with any deviations 

from the standard procedure. 

 

Annex H of IEC 61400-12-1 is dedicated entirely to the power performance testing of SWTs. The 

goal is to test the turbine in a way that is representative of normal operation but that reduces the 

influence of the specific grid connection or battery configuration on measurements of power 

output. The turbine shall be connected to a load that is representative of its designed use, which 

for battery charging operations includes a battery bank and a voltage regulator (as well as a means 

of dissipating the power that passes through the voltage regulator). Ideally, for testing purpose, all 
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power produced by the wind turbine should be routed through the voltage regulator to avoid 

measurement difficulties and fluctuating loads caused by different states of charge. The voltage 

regulator should be capable of maintaining the desired voltage over the full range of turbine 

power output. To avoid the need of a reference mast for measuring wind speed, IEC proposes that 

an anemometer can be mounted on a long boom from the turbine tower, providing that the 

anemometer, wind vane, and mounting hardware are located at least 3 m away from any part of 

the rotor and that their influence is minimal anywhere within 1.5 rotor diameters of hub-height. 

The aforementioned 1 min averaging period for wind speed and power measurements is given 

here, as are the data quantity requirements for the measured power curve. It is recommended that 

data is included that quantify the effects of passive turbine control such as furling at high wind 

speeds. Additional recommendations are made for AEP calculations, report content, and various 

deviations in the standard from its usual application; however the principles essentially remain 

the same. 

 

There are many issues associated with the application of IEC 61400-12-1 to SWTs. It is often not 

economically feasible to purchase a separate meteorological mast and sufficient space may not be 

available to erect one, especially if surroundings must be flat and free of obstructions. The 2 to 4 

rotor diameter rule also presents a problem, as residential scale SWTs typically have rotor 

diameters of only a few meters. A tower erected even four diameters away may be close enough 

to impede the wind a SWT sees, and its guy-wires may not allow it to be erected so close. If an 

anemometer boom extending from the turbine tower is to be used, there are no detailed guidelines 

for how this approach should be taken. The IEC standard appears to be largely oriented to 

commercial applications such as establishing power curves for manufacturers and developers. 

Many private SWT owners may not be willing to allocate the necessary resources for evaluating 

the performance of their turbines.  
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2.2.  The Effects of Turbulence on Wind Turbine Performance 

IEC (2005) notes that the mean power output from a wind turbine over any logical temporal 

averaging period for performance evaluation cannot be fully explained by the simultaneous mean 

wind speed measured at hub-height. Other variables of the local flow field will affect power 

output and cause identical turbines to perform differently at different sites. This includes three-

dimensional turbulent fluctuations of various length and time scales, flow inclination, and wind 

shear. Currently the impacts of these variables are difficult to quantify but will result in variations 

in the measured power curve that will appear as uncertainty in standard methods. In general this 

uncertainty can be expected to increase with increased complexity of terrain and climatic 

conditions. 

 

Pope (2000) describes turbulent flows as those in which the fluid velocity varies significantly and 

irregularly in both position and time. Turbulence can be considered a random phenomenon in 

which characteristics of the flow will not behave consistently at a specific position and time even 

if conditions remain the same. It is useful to think of turbulent flows statistically, deconstructing 

them into mean and fluctuating components.  

 

Consider wind flowing in the longitudinal direction at mean velocity U . The instantaneous wind 

speed U at any point in space and time can be expressed as, 

 uUU   (2.1) 

where u is the longitudinal turbulent velocity fluctuation, representing the instantaneous deviation 

from the mean. Similarly, the flow experiences turbulent fluctuations in the lateral and vertical 

directions, identified as v and w, respectively. These are fluctuations about the mean lateral and 

vertical wind speeds V  and W , which both equal zero for one-dimensional mean flows. By 

definition, over any averaging period used to compute U  the mean of each instantaneous 
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fluctuating velocity component must equal zero (u = v = w =0); however, throughout the 

duration of the averaging period, these components can have significant effects on the flow field.  

 

This is precisely what IEC is alluding to when they mention that the mean power output from a 

wind turbine cannot be fully explained by the simultaneous mean wind speed measured at hub-

height. This can be rationalized by considering the gusts one would expect to encounter over a 

one minute interval on a windy day. Although these gusts are not represented by the average hub-

height wind speed, they will play a significant role in affecting the power output of the turbine. 

 

Several authors have attempted to quantify the effects of turbulence and related flow variables on 

wind turbine performance and power curve development. Kaiser et al. (2003) proposed a method 

to correct for a numerical error caused by turbulence on measured power curves. The authors 

suggested that power curves are sensitive to turbulence due to their non-linearity and will under-

predict the performance of a turbine close to rated power while over-predicting near cut-in wind 

speed. Pedersen (2004) showed that the power output of a wind turbine is reduced in inclined 

flow and suggested that similar behaviour would occur as a result of a misaligned yaw axis. Van 

Dam et al. (2003) suggested that turbulent gusts can decrease the power performance of furling 

wind turbines by increasing the rate of furling and the time in which the rotor is misaligned with 

the mean wind direction. 

 

While there is still a considerable amount of work to be done in this area, this thesis will 

primarily focus on conventional (mean) parameters used in standard methods of wind turbine 

performance evaluation. However, turbulent flow characteristics will be discussed on several 

occasions, justifying the discussion provided here. 
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2.3.  Estimating Hub-Height Wind Speed using Tower Mounted 

Anemometers 

Given that is often impractical for SWT owners to use a reference mast during performance 

evaluation, it was desired to evaluate several alternatives for estimating hub-height wind speed. 

Attention was given to practicality and the potential for obtaining accurate wind speed estimates 

in-situ. Methods that were considered include various applications of cup anemometry that make 

use of the turbine tower and nacelle rather than a spatially offset reference mast. Nose-cone or 

“spinner” anemometers (Pedersen et al., 2007) and remote sensing techniques such as SODAR 

and LIDAR (Kelley et al., 2007) were also reviewed but represent impractical solutions to the 

problem. Figure 2-1 presents a schematic of the various approaches that were considered in detail. 

 

Figure 2-1: Methods for estimating hub-height wind speed. 
 
 
As mentioned in IEC 61400-12, it is possible to conduct SWT performance evaluation by 

mounting an anemometer below the rotor of a SWT and accepting the error associated with the 

distance between the anemometer and hub-height. The standard requirement of locating the 

anemometer at least 3 m below any part of the rotor is given without any justification and gives 
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the impression of a soft recommendation or an afterthought to the preferred method of employing 

a reference mast.  

 

The IEC standard and similar methods of tower-mounted anemometry are used in the literature to 

create SWT power curves. In a report for the U.S. National Renewable Energy Laboratory 

(NREL), Van Dam et al. (2003) verified the performance of a 400 Watt SWT using a tower-

mounted anemometer located 3 m below the turbine’s rotor, citing the IEC standard for their 

decision. The University of California, Davis also followed the standard by positioning an 

anemometer 3 m below the rotor of their roof-mounted 1 kW test turbine (Seitzler, 2009). Gipe 

(2000) developed power curves for several SWTs by positioning his anemometer booms a 

minimum of 1D below each turbine’s hub. This decision was made on the recommendation of 

Mick Sagrillo, “an expert on small wind turbines in Wisconsin”. Gipe was interested in the 

credibility of manufacturers’ power curves and offered the justification that he was economizing 

in the manufacturers’ favour. (If uninfluenced by the rotor, wind speeds would read slightly lower 

than true hub-height at this position, thereby over-predicting turbine performance.)  

 

Another application of tower-mounted anemometers is to locate two or more anemometers at 

various elevations on the turbine tower and extrapolate wind speed measurements upwards to 

hub-height. This will be discussed in detail in the following section. 

2.4.  Vertical Extrapolation 

Close to the earth’s surface, in the inertial sublayer of the atmospheric boundary layer, and under 

neutral stability conditions, wind varies with height following a logarithmic (or power law) 

profile. This variation of wind speed with height is commonly referred to as wind shear and can 

be modeled in a number of ways to estimate the wind speed at elevations of interest, especially 

given information about local surface conditions and reference wind speed data (Garratt, 1992). 



 18

Even so, wind shear is difficult to predict and can experience considerable seasonal and annual 

variations, especially at sites with complex terrain (Ray et al., 2006). 

 

A commonly used method for estimating wind shear is the power law,  

 
)/(/ refref zzUU   (2.2) 

where U is the predicted wind speed at height z, Uref is the measured wind speed at reference 

height zref, and  is an empirical adjustment parameter know as the power law exponent. As a first 

order approximation,  has traditionally been assigned a value of 1/7 to predict wind profiles over 

flat, open terrain. However,  is a function of surface roughness and atmospheric stability and 

can vary significantly from site to site. It is common for  to range anywhere from 0.1–0.4 under 

neutral atmospheric conditions, increasing with local surface roughness (Perez et al., 2005). 

When predicting wind speeds for wind energy applications it is generally insufficient to assume a 

power law exponent because of the high level of accuracy needed. It is best to derive  

experimentally by fitting the power law profile with measurements of wind speed at multiple 

elevations (Lubitz, 2009). If wind speed measurements at two heights are available, Eqn. 2.2 can 

be manipulated to solve for  as, 
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An analytically derived approach for modeling wind profiles near the earth’s surface is the 

logarithmic profile, or “log law,”  
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where U* is the friction velocity, a variable related to the shear stress at ground level, κ is von 

Kármán’s constant, typically taken as 0.40, and zo is the surface roughness of the surrounding 
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terrain (Justus, 1987). Typical values of friction velocity and surface roughness can be found in 

the literature for various types of terrain; however, as is the case with the power law exponent, U* 

and zo are highly variable and difficult to predict beyond first order estimates. Again it is possible 

to avoid making assumptions about these parameters by fitting wind speed profiles with 

measurements taken at multiple elevations. 

 

It will be reiterated here that common profiling methods, and especially the log law, are generally 

only valid under neutral atmospheric stability conditions, as the influence of temperature 

gradients will cause considerable variations in wind speed with elevation. A variety of stability 

corrections are available in the literature but require information that is not commonly available 

related to the local and time dependent heat flux (Justus, 1978). 

 

Ray et al. (2006) gathered data from several meteorological towers in the United States for the 

purpose of addressing several issues related to wind shear assessment, including a comparison of 

profiles generated using the power law and log law. In terms of wind speed prediction error, they 

found no statistical significance between the two methods.  

 

One drawback to the conventional use of either method is that an extensive measurement 

campaign is needed to determine the necessary parameters at the site of interest. As a general 

guideline, measurements should be obtained for a period of at least one year, from which average 

values of U*, zo, and α can be calculated (Bailey et al., 1997). If time is an issue, an alternative 

approach is to compute instantaneous values of each parameter and apply them to the 

extrapolation of concurrent, instantaneous wind speed measurements (Ray et al., 2006). In either 

case, to apply these methods to SWT performance evaluation, it is necessary to have 

anemometers affixed at multiple levels on the turbine tower. It is also worth noting that as the 

extrapolation distance increases, greater uncertainty is introduced to the resulting hub-height wind 
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speed predictions. Lubitz (2009) gathered data from five meteorological towers in the central 

United States to quantify the uncertainty associated with predicting wind speeds using the power 

law. He found that although uncertainty is unavoidable, it can be minimized by locating 

anemometers as close to hub-height as possible.  

 

Given that the distance between tower-mounted anemometers and hub-height can be relatively 

short for SWTs, there is potential for the use of vertical extrapolation to verify their performance. 

One example was found in the literature. Summerville (2005) used power law extrapolation to 

verify the performance of 6 SWTs having various rotor diameters and tower heights. He used two 

tower-mounted anemometers to calculate the average power law exponent at each location and 

used this value to predict hub-height wind speed from the upper anemometer readings. However, 

no reason was given for his anemometer placements, nor did he attempt to assess the accuracy of 

his predicted hub-height wind speeds. From a practical standpoint, Summerville’s approach of 

using multiple tower-mounted anemometers for accurately calculating power law exponents or 

log law parameters is ideal. To minimize uncertainty, the topmost anemometer should be located 

as close as possible to the wind turbine rotor while remaining out of the region influenced by its 

wake. 

2.5.  Nacelle Anemometry 

Another possible alternative for predicting hub-height wind speed is to mount an anemometer 

directly to a wind turbine’s nacelle. Such an anemometer would be located very close to hub-

height, but would operate downwind of the turbine’s rotor. Nacelle anemometers have been 

installed on large megawatt-scale wind turbines for many years for turbine control purposes. 

There is also increasing interest in using nacelle anemometers as a means of performance 

evaluation in cases where the installation of a meteorological mast is not practical (Klug, 2006).  
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In 2002, the United States National Renewable Energy Laboratory (NREL) conducted a study on 

the potential for using nacelle anemometers to generate power curves for various large wind 

turbines. The authors found promising results, including that, in general, nacelle anemometers 

reported very close to the “true” wind speed while the turbines were operating. They also found 

that because of the reduced spatial offset, corrected nacelle anemometer measurements produced 

power curves with less scatter than those made using data from reference masts (Smith and Link, 

2001).  

 

Smaili and Masson (2004) used numerical methods to establish the relationship between free-

stream and nacelle anemometer wind speeds and found that the two methods had a linear 

correlation. A similar correlation was found experimentally by NREL (Smith and Link, 2001) 

whereas Risø, the Danish National Laboratory for Sustainable Energy, found that nacelle 

anemometer data were best fit to free-stream wind speeds by a 5th order polynomial to account for 

non-linear trends at low and very high wind speeds (Antoniou and Pederson, 1997; Hunter et al., 

2001). In addition to curve fitting, Risø used a method that involved binning the data into 0.5 m/s 

wind speed bins and determining individual correction factors for each bin. The authors called 

this a more decisive method saying that it is preferable due to its low and unsystematic 

uncertainty and its ease of application (Hunter et al., 2001).  

 

In general, these studies found at least a moderate level of success when using nacelle 

anemometer data to generate power curves (Smith and Link, 2001; Antoniou and Pederson, 1997; 

Hunter et al., 2001); however, the specific relationships between nacelle anemometer and 

reference wind speed measurements were often dependant on several parameters, including the 

shape of the nacelle, the position of the anemometer, and the operating conditions of the wind 

turbine. 
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To date, no studies have been found on the potential for using nacelle anemometers on SWTs; 

however, there is also nothing to suggest that they cannot be used. One benefit of applying this 

approach to small turbines would be its potential for hardware simplicity. As both anemometers 

and data loggers become smaller and more power efficient, it is becoming more feasible to 

package these as systems that could be fastened to the nacelles of SWTs. If there were known 

relationships between free-stream wind speed and anemometer output there would be no need for 

multiple sensors or complex data analysis. However, nacelle anemometry has its limitations. Any 

nacelle-mounted anemometer on a small wind turbine would be immediately behind, and thus 

directly in the wake of, the turbine’s rotor. Compounding this problem, small wind turbine blades 

rotate at a much higher frequency than the blades of larger turbines. Further, any relationship 

between free-stream wind speed and nacelle anemometer measurements would likely be a 

function of many design parameters and would need to be determined independently for 

individual turbine designs and configurations. Still, if wind speeds measured above the nacelle 

can be corrected to free-stream wind speeds with reasonable accuracy, there may be potential for 

the use of nacelle anemometers for the performance evaluation of SWTs. 

2.6.  Cup Anemometer Response to Turbulent and Inclined Flows 

Cup anemometry is the most common method of measuring wind speed for wind energy 

applications. Cup anemometers are robust, relatively inexpensive, have simple transfer functions, 

and require very little power to operate; all of which are desirable or even necessary qualities for 

wind resource assessment. A significant disadvantage of cup anemometers is their susceptibility 

to overspeeding, which is defined as “quantitatively the positive bias in the measurement of the 

mean wind speed in turbulent environments, where the [anemometer] rotor will respond more 

readily to an increase than to a decrease in wind speed” (Kristensen, 1999). Kristensen gives a 

complete mathematical analysis of this phenomenon for the interested reader. Drawing from 

statistical principles of turbulence as outlined in Section 2.2, Kristensen found that the largest 
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cause of overspeeding in atmospheric flow is error caused by lateral velocity fluctuations v. This 

error leads to a measured horizontal mean wind speed hU  that over-predicts the magnitude of the 

velocity vector U by a function of U and the variance of the lateral velocity component 

(Kristensen, 1999),  
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Figure 2-2 provides a graphical interpretation of this error: 

 

Figure 2-2: Cup anemometer overspeeding caused by lateral velocity fluctuations.  
(Adapted from Kristensen, 1999) 

 

There are similar terms associated with the vertical and longitudinal velocity fluctuations; 

however in most atmospheric flows the lateral fluctuations have the greatest effect. Both 

longitudinal and lateral fluctuations (which are indistinguishable to the cup anemometer) are 

incorporated into the measured mean wind speed, but only the longitudinal components are 

desired. For most atmospheric flows, vertical fluctuations are less significant as they do not act 

tangential to the cup assembly’s axis of rotation. Kristensen concludes that at a height of 10 m 

over an open field, the relative overspeed caused by lateral fluctuations will typically range 

anywhere from 0.5% to 8%, while the corresponding values for longitudinal and vertical 

fluctuations will rarely be larger than 1% to 2% (Kristensen, 1999). The relative errors of each 



 24

velocity component become skewed, however, when cup anemometers are subjected to inclined 

flow. 

 

A second disadvantage to cup anemometry is the non-responsiveness of cup anemometers to the 

vertical component of wind speed, as they are inherently limited to responding only to horizontal 

forces. An ideal cup anemometer will therefore measure only the component of wind speed which 

is proportional to the cosine of the wind’s elevation angle. This is termed a cosine response to 

non-horizontal winds (Kristensen, 1999). In a study assessing the effects of flow inclination 

(within ±20o) on four commercial cup anemometers, Papadopoulos et al. (2001) found that some 

anemometers read close to the true cosine response while others exhibited asymmetric behaviour 

for positive and negative elevation angles. A sample of the authors’ findings is presented in Fig. 

2-3, showing experimental wind measurement errors as a function of tilt angle. The differences in 

cup anemometer response can generally be attributed to the geometric and aerodynamic design 

features of individual anemometers. In every case, however, errors became amplified as elevation 

angles diverged from zero and in some cases measurements deviated from mean wind speed by 

several percent (Papadopoulos et al., 2001). 

 

In most practical applications of wind resource assessment, little is done to adjust for cup 

anemometer overspeed. IEC 61400-12-1 does not include methods of accounting for overspeed 

beyond its already stringent standards for cup anemometry. For a nacelle anemometer positioned 

behind the rotor of an operating wind turbine, overspeeding would be a significant issue. It is 

expected that beyond cut-in speed, the turbulence intensity of the local flow field behind the rotor 

would be higher than in the surrounding atmosphere and would increase with rotor speed. The 

anemometer would also be affected by the momentum deficit behind the rotor and would likely 

report wind speed measurements showing some combination of these effects. An anemometer 

mounted below the rotor of an operating wind turbine may also see the effects of increased 
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turbulence intensity, as well as inclined flow and speedup around the rotor as will be discussed in 

the following section. 

 

Figure 2-3: Responses of four commercial cup anemometers to inclined flow. Positive tilt 
angles correspond to downhill flow. (Adapted from Papadopoulos et al., 2001) 

 

2.7.  Applying Aerodynamic Principles to assess the Flow Field around 

an Operating Wind Turbine Rotor 

A practical question that arises frequently in performance testing of SWTs is the optimal location 

on the wind turbine tower for a single anemometer, when that anemometer is to be used to obtain 

wind speed measurements for power curve generation. The location on the tower must balance 

the need for being as close to hub-height as possible with the need to keep the anemometer 
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(almost always a cup anemometer) out of the non-steady, non-horizontal flow induced by the 

wind turbine rotor. 

 

It is possible to model the flow passing a rotor by applying principles of linear momentum across 

a uniform actuator disc, assuming steady, incompressible flow. As reported in Manwell et al. 

(2002), a simple model of this nature is generally attributed to Betz, as he applied the actuator 

disc concept to horizontal axis wind turbines in the 1920’s. In his model, Betz used a control 

volume represented by a stream tube of circular cross-section beginning upwind and ending 

downwind of the turbine (Fig. 2-4). An actuator disc represents the turbine by creating a 

discontinuity of pressure midway across the stream tube (Manwell et al., 2002). As air 

decelerates across the actuator disc, from free stream velocity U∞ upwind to wake velocity Uw 

downwind, it must occupy a greater volume to maintain a constant mass flow rate. This is 

represented in the model by an expansion of the stream tube.  

 

Figure 2-4: Actuator disc concept showing stream tube expansion. 
(Source: Burton et al., 2001) 

 

At the actuator disc, the change in axial velocity can be represented as an induced velocity that is 

superimposed on the free stream velocity. The induced velocity is given by –aU∞, where a is 

termed the axial induction factor. Therefore, the net axial velocity at the disc becomes, 

                    )1( aUU d                                     (2.6) 
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The rate of change of momentum across the actuator disc can be expressed as the pressure 

difference across the disc, (pd
+ – pd

-), multiplied by its area, Ad. Equating this to the change in 

velocity times the mass flow rate, the following expression is obtained, 

                      ddwddd UAUUApp )()(  


                                         (2.7) 

Determining the pressure difference by applying Bernoulli’s equation to the upwind and 

downwind ends of the stream tube (this requires assuming that the stream tube remains intact), 

Betz arrived at the following expression for Uw,  

                     )21( aUU w                                                      (2.8) 

Substituting Eqns. 2.6 and 2.8 into Eqn. 2.7, the force on the air becomes, 

             )1(2)( 2 aaUAAppF dddd  
                                 (2.9) 

and the corresponding power becomes, 

         23 )1(2 aaUAFUP dd                                 (2.10) 

From here, the power coefficient is defined. By comparing Eqn. 2.10 with Eqn. 1.1, CP can be 

expressed as, 

         2)1(4 aaCP                     (2.11) 

The maximum value of CP occurs at an axial induction factor of a = ⅓ and is given by CP, Max = 

16/27 = 0.593 (Burton et al., 2001). This value, known as Betz Limit, is the theoretical limit of 

the power that can be extracted by a wind turbine rotor. A condensed version of the Betz Limit 

derivation was shown here for the sake of introducing key concepts and variables. A more 

comprehensive derivation can be found in most wind energy textbooks.  

 

One of the notable results of Betz Limit theory as it applies here is that an increase in CP up to 

Betz Limit is coupled with a decrease in wake velocity and therefore an increase in stream tube 

expansion. This trend continues beyond a = ⅓, despite declining power coefficients. Ultimately, 
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as stream tube expansion continues, a region of increasingly accelerated, inclined flow can be 

expected below the rotor at a potential tower-mounted anemometer position. However, the model 

proposed by Betz only provides quantitative information on the size of the stream tube far 

upstream and far downstream of the rotor, limiting its usefulness for inferring anything in 

between. In order to arrive at the desired results, wake rotation must be accounted for.  

 

This leads to blade element theory in which the rotor is divided into many annular rings of width 

δr, and the forces on each ring are analyzed individually. As the air flowing past the rotor exerts a 

torque on each annular ring, it is met with an equal and opposite reaction torque. This causes the 

air to rotate in a direction opposite to that of the rotor, with a newly acquired tangential velocity 

component. This component is identified by a tangential induction factor, a′, applied to the 

angular velocity of the rotor, Ω. It is a function of tip speed ratio, λ = ΩR/U∞ and radial position 

along the blade, r/R. The result is a tangential air velocity of Uθ = a′Ωr at a point in the rotor 

plane at radius r, and Uθ,w = 2a′Ωr anywhere in the wake behind that point. From here, 

expressions can be written for the incremental torque and corresponding power output from each 

annular ring, from which Betz Limit can be proved in a process similar to that given above 

(Burton et al., 2001). 

 

By combining components of general momentum theory and blade element theory, methods are 

available in the literature for mapping the flow field around an operating wind turbine in more 

detail and with greater precision. However, the question of how the flow field is affected 

immediately below the rotor is specific enough that an answer is not readily available. To 

characterize the flow experienced by a cup anemometer mounted below hub height, a much 

deeper investigation is required. Further insights will be discussed in Chapter 11. 
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2.8.  Summary 

Current standard methods for evaluating the performance of a wind turbine are largely 

impractical for SWT owners wishing to verify the performance of their installed and operating 

products. Specifically, requirements for a collocated meteorological mast, an appropriate test site, 

and a variety of constraints related to time, money, and equipment make standard methods 

difficult for SWT owners to adhere to.  

 

Several options are available that show potential for serving as alternatives for estimating hub-

height wind speed. Among these, tower-mounted anemometry, vertical extrapolation and nacelle 

anemometry appear to be worth further investigation. Ideally, the method chosen to characterize 

hub-height wind speed at a specific location would be the method resulting in the lowest wind 

speed uncertainty. When using a reference mast, uncertainty is primarily a result of horizontal 

spatial variation in the wind. If a single tower-mounted anemometer were used, errors introduced 

by vertical spatial variation and wind shear would be of primary concern. Employing a second 

tower-mounted anemometer and extrapolating measured wind speeds to hub-height might help to 

offset these errors at the risk of introducing other systematic errors related to the prediction 

algorithm. If nacelle anemometry were used, the main source of uncertainty would be the local 

flow effects contributed by the operating turbine. There is also the question of how high a tower-

mounted anemometer could be located before being influenced by the rotor. This is a question 

deeply routed in aerodynamic theory but specific enough that further investigation is needed. 

 

This thesis endeavours to expand on the above information to provide recommendations for in-

situ SWT performance evaluation. A discussion of the specific research approach taken here is 

provided in Chapter 3. 
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3. Research Approach 

3.1.  Research Questions 

Considering everything that has been presented so far, several specific research questions have 

been identified: 

 

 Can the uncertainty of the standard reference mast method of estimating hub-height wind 

speed be characterized? 

 Does vertical extrapolation significantly improve estimates of hub-height wind speed from 

tower-mounted anemometers? 

 Is there a preferred method of generating wind profiles for this application?  

 Can a model be derived to relate nacelle anemometer measurements to free stream wind 

speeds? 

 Can the optimal location for a single tower-mounted anemometer be identified? 

 

Recognizing the need to answer these questions, the next step was to consider the best approach 

to take for each question. Computational fluid dynamics (CFD) presents a modern approach to 

solving many fluid-related problems; however, CFD processes can be computationally 

demanding, have steep learning curves, and provide results that are difficult to validate. It has 

been found that CFD can be reliable for simple applications with well known theoretical 

solutions, but its usefulness degrades quickly with increasing complexity of the flow field. It was 

decided that CFD would be too ambitious an approach for a problem that the current state of the 

science may not be ready to solve (at least not without considerable simplifications and 

experimental validation). Another approach was to employ the University of Guelph’s boundary 

layer wind tunnel. This facility is suitable for the study of atmospheric flows and likely could 
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have been useful for specific components of the study; however, wind tunnel tests are generally 

more applicable to easily scalable problems for which models can be developed. Given the 

complexity and the site-specific nature of the problem, creating an appropriate model from which 

to draw general conclusions would have been impractical and quite difficult.  

 

It has been decided that the majority of the questions identified here lend themselves best to 

experimental analysis coupled with theory and prior knowledge wherever possible. An 

experiment was designed to assess the uncertainty of each alternative for estimating hub-height 

wind speed, while evaluating the performance of a 1 kW SWT. Results are compared with the 

literature where possible. A theoretical approach was taken to predict the flow field below an 

operating SWT and compared with experimental data. Finally a series of best practice methods 

and recommendations have been provided for improving the practicality of SWT power 

performance verification. 

3.2.  Experimental Set Up 

The ideal experiment would provide as much information as possible about the above research 

questions while closely mimicking IEC 61400-12-1 to provide a control case for comparing 

results. The designed experiment includes a SWT and collocated meteorological mast installed on 

a representative SWT site and equipped to obtain concurrent measurements of hub-height wind 

speed and turbine power output. Anemometers at multiple elevations on the turbine tower and a 

nacelle anemometer provide data for assessing performance evaluation alternatives, and a three-

dimensional sonic anemometer provides measurements of the induced flow field below the 

turbine rotor. A schematic of the experimental set-up is given in Fig. 3-1 for reference during the 

following discussion. 
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The Bergey XL.1 is an upwind, horizontal axis small wind turbine with a rated capacity of 1.0 

kW. It consists of a three blade, 2.5 m diameter fixed-blade rotor directly coupled to a variable 

speed permanent magnet alternator. This turbine was chosen due to its mechanical and control 

system simplicity, and because it has been the subject of a wide body of existing studies 

documenting its performance and operation (Seitzler, 2009; Humiston and Viser, 2003; Klemen, 

2004; Summerville, 2005). 

 

 

Figure 3-1: Experimental setup. (Not to scale) 
 

For the present study, the Bergey XL.1 was mounted on an 18 m tall, 0.11 m (4 ½ inch) diameter 

galvanized steel tilt-up tower in an open field. An additional 18 m tall, 0.15 m (6 inch) diameter 

tilt-up tower was located 13.4 m to the north of the turbine to serve as a meteorological mast for 

the collection of reference wind data.  
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A total of six anemometers were used: four NRG 40C cup anemometers, a Davis Standard cup 

anemometer, and an R.M. Young 81000 three-dimensional sonic anemometer. On the reference 

mast, one NRG 40C was located at hub-height (18 m) and another at 10 m. NRG 40C 

anemometers were installed at 5 m and 10 m on the turbine tower and a Davis Standard nacelle-

mounted anemometer was installed at hub-height. To study the directional components of the 

flow induced by the rotating blades, the R.M. Young 81000 was positioned directly below the 

turbine’s rotor (0.21 m from blade tip to the centre of its sensing volume). 

 

Wind direction was measured using an NRG 200S direction sensor at hub-height on the reference 

mast. There was an additional Davis wind vane collocated with the nacelle anemometer, and both 

the horizontal and vertical components of wind direction were derived from the three-dimensional 

wind speeds measured by the sonic anemometer. 

 

Power from the turbine was measured by tracking the voltage across a 2180 W, 2.0 Ω dynamic 

braking resistor that dissipated the turbine’s electrical power output. (See Appendix A for greater 

detail.) The 2.0 Ω resistance was selected to mimic the turbine’s intended operation as part of a 

battery charging system under high load, while keeping the parameters needed to characterize 

electrical performance to a minimum. At any moment the state of charge within a battery 

charging system affects the operating load on the wind turbine, adding extra variables and 

complexity to the task of measuring power output. This is a significant deviation from IEC 

standard methods; however, it was considered necessary given the available resources, and 

acceptable given findings in the literature (Humiston and Viser, 2003; Seitzler, 2009). More will 

be discussed on this issue in Chapter 7.  
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The nacelle anemometer was positioned on a boom fastened to a support beam inside the nacelle. 

The boom extended upwards and outwards to position the cup assembly 0.28 m behind the rotor. 

The position of the nacelle anemometer was largely arbitrary aside from a desire to locate it 

physically above the nacelle and centered in the vertical plane. Its purpose in this study was to 

evaluate the merits of nacelle anemometry relative to other methods of SWT performance 

evaluation before continuing with a more detailed investigation.  

 

While modifying the nacelle, sensors were installed to measure the yaw angle and rotor speed of 

the turbine. The yaw sensor used a potentiometer installed on the turbine’s vertical axis of 

rotation that output a voltage signal proportional to the direction in which the turbine was facing. 

The rotor speed sensor used a magnet and reed switch combination installed on the exterior of the 

rotor hub that activated once per revolution. Because of the passive yaw system of the turbine, it 

was important not to have any cables running down from the nacelle. This was avoided by 

mounting a Wireless Wind Monitor data storage unit (Wills, 2009) within the turbine nacelle, 

with power provided by a small solar panel mounted on the top of the turbine tail boom. The 

Wind Monitor recorded 1 min averages and standard deviations of all data. A ZigBee wireless 

link allowed convenient access to this data from a laptop at the base of the tower. The 

instrumented and installed Bergey XL.1 SWT is shown in Fig. 3-2. For complete documentation 

of instruments and other equipment used in this experiment see Appendix B.  
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Figure 3-2: Instrumented Bergey XL.1 small wind turbine. 
 

3.3. Deviation from IEC Standard Procedures 

In the interest of practicality, and due to a variety of resource and time constraints, several 

concessions had to be made when attempting to follow IEC standard methods. Notable 

differences are as follows: 

 

 Despite being the industry standard anemometer for wind resource assessment, with an 

accuracy of 0.1 m/s for wind speeds in the range of 5 m/s to 25 m/s, NRG 40C cup 

anemometers are not better than class 1.7A and thus do not meet the requirements for cup 

anemometry set forth by IEC. 

 The reference mast was not within the required 2D–4D of the turbine tower. The towers 

were located slightly more than 5D apart, which was as close as their guy-wires would 

reasonably allow. This was thought to be acceptable, as the turbine rotor diameter was 

small (2.5 m) and the towers were still very close (13.4 m apart). 

 IEC calls for a difference of no greater than 2.5 % between reference anemometer height 

and true hub-height. As shown in 3-1, the reference anemometer was 5.6 % higher than 

the turbine hub. This was the result of a slight difference in tower heights and poor 
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planning during installation. By the time the error was realized, the reference mast had 

been fully installed and was never lowered for modification. 

 Temperature and pressure were measured on site at a rate of once every 10 min rather than 

every 1 min to preserve data logger memory. In hindsight, this was not a necessary 

concession. 

 Site calibration was performed at the test site, despite not being required according to 

Annex B of IEC 61400-12-1. Standard methods were followed, excepting a shorter 

measurement campaign than a proper site calibration would entail. 

 The measured power curve had insufficient data in the 14 m/s wind speed bin, the highest 

bin required to have at least 10 min of data for small wind turbine performance evaluation. 

Within the months available for data collection this cannot be attributed to a flaw in the 

experiment so much as a shortcoming of the local wind resource. This will also affect the 

estimates of AEP calculated for the site, which will be discussed further in Chapter 7.  

 As mentioned previously, the Bergey XL.1 was continuously loaded to a 2 Ω resistive 

dump load rather than to a battery bank via its designed power control system. As a result, 

the power output of the turbine differed significantly from its designed performance 

especially at high wind speeds. While this was less than ideal, the primarily concern was 

comparing the relative power curves found using various methods of estimating hub-

height wind speed. Comparing the measured power curve directly to the manufacturer’s 

curve was not be possible, but was also not of central importance here. 

3.4.  Data Collection and Processing   

With the exception of data stored by the Wind Monitor, all data were recorded using a Campbell 

Scientific CR1000 data logger with an LLAC4 module for additional pulse channels and a 2 GB 

compact flash card for storage. Power was provided to the data logger by a 50 W solar panel and 

a 12 V lead acid battery at the base of the tower. All data were recorded at a frequency of 1 Hz, 
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except for readings from the sonic anemometer which were recorded at 4 Hz and temperature, 

pressure, and solar irradiance on a horizontal surface which were recorded once every ten 

minutes.  

 

Data were collected over a period of 135 days spanning from August 5 to December 18, 2009, 

during weekly visits to the test site. Post-processing of the data was completed using MATLAB 

7.0.1 mathematical modeling software (MATLAB, 2004). During post-processing, 1 min 

averages and standard deviations were calculated to comply with IEC 61400-12-1. Conveniently, 

this coincided with the averaging period of the Wind Monitor.  

 

In the chapters that follow, 1 min averaged data were considered unless stated otherwise. Most 

data sets include only averaged wind speeds of 2.0 m/s and higher (1 m/s below cut-in speed, 

which complies with the IEC standard). Below this value, wind speed and direction become 

increasingly variable within the averaging period, and since most SWTs have a cut-in wind speed 

of 3 m/s to 4 m/s, including very light winds would decrease the applicability of results. Various 

other filters were applied to the data for specific analyses and will be discussed where relevant. 

3.5.  Error and Statistical Analysis 

To assess the accuracy of each experimental method, a consistent set of evaluation metrics was 

needed. All estimates of hub-height wind speed were compared on the basis of mean error, ME, 
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where Uest,i is any estimate of hub-height wind speed for 1-min-averaged data point i, Uref,i is the 

corresponding reference measurement of hub-height wind speed, and n is the number of data 

points in the sample. A positive ME indicates over-prediction whereas a negative ME indicates 
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under-prediction. It must also be noted that the reference measurements (taken at the 

meteorological mast) are estimates, themselves. In order to compare them to “true” hub-height 

wind speed they required their own associated mean error, MEref,  
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This value was calculated using data collected prior to turbine installation during which all 

reference measurements of hub-height wind speed could be compared directly to true 

measurements obtained at the turbine tower, Utrue. By the nature of the problem, it was impossible 

to compare estimates with true measurements after the turbine was installed. Following 

installation, all estimates were compared to measurements made at the reference mast as in Eqn. 

3.1. 

 

In addition to mean error, the sample standard deviation σ was calculated for each set of estimates 

as, 
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where Ei is the error associated with individual data point i, (Ei = Uest,i – Uref,i). This provides a 

measure of the variability of the estimates about their mean error. From here, the uncertainty μ of 

each method was expressed as its mean error, plus or minus one standard deviation of all data 

points in the sample, 

   ME  (3.4) 

This corresponds to the uncertainty of any individual data point to correctly predict the concurrent 

true value of hub-height wind speed. IEC (2005) expresses the uncertainty of mean wind speed 

measurements as a standard deviation alone. This is because measurements obtained at the 

reference mast are assumed to be truly representative of hub-height at the turbine, meaning there 



 39

is in no mean error term. The method used here is borrowed from Hunter et al. (2001), who used 

it to assess the uncertainty of nacelle anemometer measurements in a study conducted for Risø. 

Another way of using this information is to consider a normal distribution, in which data points 

that lie within one standard deviation of the ME can be said to fall within a 68% confidence 

interval of the expected value (Coleman and Steele, 1989). 

  

For some data sets, mean absolute error (MAE) was calculated in addition to the above metrics to 

provide another means of expressing the deviation of individual error values from their mean. 

This was useful in visualizing the magnitude of the errors associated with various methods and is 

give by, 
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Other data sets lent themselves to the use of ratios and percentages for expressing the difference 

between wind speeds measured at two locations and modifications were made to the procedures 

given here, as necessary. 

 

For considerations on uncertainty propagation and other sources of error, the reader is referred to 

Appendix C. 
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4. Site Description 

The experiment was conducted on a farm in Oxford County, Southwestern Ontario (43o18’N, 

80o33’W). This location, shown in Fig. 4-1, was selected given a number of considerations, 

including its proximity to the University of Guelph, its expansive open fetch to the west and its 

availability for an extended study of wind climate and turbine performance. The collocated 

towers were installed in a field, open for several hundred meters to the west and predominantly 

open to the north and southwest as well. The prevailing wind was from the southwest. 

Anemometer booms were positioned to extend to the southwest such that tower shadow would 

only affect measurements of wind from the northeast. The only major obstacles were a densely 

wooded area to the south and a number of buildings to the east, including a farmhouse, a barn, 

and two small-aircraft hangers. Other potentially significant obstacles included a small cluster of 

trees located 160 m to the northwest and a barn located almost 200 m to the southwest. The 

terrain was essentially flat, having slopes of less than 1% over the entire area of interest (within 

8L, where L is the distance between reference mast and turbine tower) and there were no 

significant changes in surface roughness over the duration of the experiment. The surrounding 

fields were not used for agriculture and contained grass, on average about 0.1 m tall. The site 

assessment concluded that the test site complied with the requirements in Annex B of IEC 61400-

12-1 and was not considered a complex terrain site. As a result, site calibration was not required; 

however an acceptable measurement sector needed to be established. This involved first 

computing the disturbed direction sectors at the test site by evaluating the influence of the test 

turbine and all potentially significant obstacles. 

 

From IEC 61400-12-1, the disturbed sector ζ caused by the wake of the test turbine on the 

reference mast was found as, 
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      10)15.0/5.2arctan(3.1 LD                                      (4.1) 

Using the relevant values, a sector of 52o was excluded from analysis here, centered on the 

direction in which the towers were aligned. The turbine tower was located to the south of the 

reference mast (at approximately 170º), such that the turbine’s rotor would only cause 

interference for winds in the range of 144º–196º. 

 

 

Figure 4-1: Site overview with approximate distances to local obstacles and windbreaks. 
(Source: Grand River Conservation Authority) 

 

To distinguish between significant and non-significant obstacles, a model given by IEC (2005) 

was used to estimate the difference in wind speed between the two towers at hub-height by taking 

into account the dimensions and porisity of the obstacle, its distance from either tower and the 

local surface roughness at the site. If this difference was 1% or greater, the obstacle was deemed 

significant and was addressed by excluding a range of directions calculated using Eqn. 4.1, but 
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replacing D with an effective rotor diameter, De given by Eqn. 4.2, where lh and lw are the 

obstacle’s height and width, respectively (IEC, 2005). 
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Due to the close proximity of the towers in this experiment when compared with the typical 

utility scale installations that the model was intended for, it was difficult to identify any situations 

in which the wind speed differed significantly between the towers. Accordingly, there was no 

wind direction from which either tower was individually subject to flow disturbance by the 

definition of the model. It would have been satisfactory to continue on with performance 

evaluation taking all wind directions as valid, excepting the previously calculated direction of 

turbine interference. However, it was considered safer to assume a range of directions in which 

both towers were subject to flow disturbance simultaneously. For the majority of the analysis in 

this thesis, it was desired that only measurements from undisturbed sectors were included. 

Therefore Eqns. 4.1 and 4.2 have been applied to all nearby obstacles. The results are 

summarized in Table 4-1. 

 

Table 4-1: Disturbed Sectors Calculated from Nearby Obstacles 

Object(s) 
Distance from 

Reference Mast, 
m 

Direction to 
Center of 

Obstacle, o 

Height 
(lh) m 

Width 
(lw) m 

Disturbed 
Sector(ζ), º 

NW Woodlot 160 312 15 40 44 

Aircraft Hangers 110 50 10 32 44 

Farm Buildings 100 86 7 35 41 

SSW Woodlot 140 168 10 150 44 

Neighbouring Barn 210 208 7 30 31 
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Figure 4-2 highlights the disturbed sectors identified by these calculations. Each of these sectors 

were excluded from analysis, as were the unhighlighted sector to the southeast, which contained a 

number of small but potentially disruptive obstacles. The remaining region to the north contained 

patches of forest just out of view in Figs. 4-1 and 4-2 that may also have impacted the flow field 

at the towers. To ensure an unbiased data set, and for the sake of simplicity, only winds arriving 

from the open direction sector to the west (224º–290º) were included in the majority of analyses. 

This will be refered to as the test sector. 

 

Figure 4-2:  Site overview showing disturbed direction sectors. 
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5. Site Calibration  

5.1.  Introduction and Methodology 

As mentioned in Section 2.1, IEC 61400-12-1 deals with the uncertainty caused by the spatial 

offset between meteorological mast and turbine tower by assuming a minimum of 2% uncertainty 

in reference wind speed measurements if the towers are located 2D–3D apart or 3% if they are 

3D–4D apart. This is assuming sufficiently flat and unobstructed terrain. The 1998 edition of the 

standard claimed that, “In complex terrain situations it is not adequate to state that results are 

accurate since the uncertainties might be 10% to 15% in standard deviation” (Summerville, 

2005). This is addressed in the most recent edition of the standard by requiring site calibration at 

sites with complex terrain. 

 

Although the test site for this project was not considered a complex terrain site by the IEC 

criteria, site calibration was performed here to assess the accuracy of the IEC assumptions at a 

representative SWT site. Site calibration has also provided a reference level of accuracy to which 

alternative estimates of hub-height wind speed were compared.  

 

IEC 61400-12-1 provides the following criteria for site calibration, which were followed as 

closely as possible with the relevant exceptions noted in Section 3.3:  

 

 Cup anemometers of the same type and appropriate classification shall be positioned at 

hub-height where the turbine is to be installed and at the reference mast;  

 Data shall be collected continuously and shall include the mean, standard deviation, 

maximum and minimum values of wind speed for each 1 min averaging period. Data shall 

be sorted into wind direction bins, no larger than 10º; 
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 Data shall be rejected if it is outside of the previously defined measurement sectors, or if it 

is less than 1 m/s below cut-in speed or greater than 16 m/s;  

 The database shall include a minimum of 24 h of data from each non-excluded direction 

bin, at least 6 h of which wind speeds are above 8 m/s and 6 h of which they are below 8 

m/s. For each sector, correction factors shall be calculated as the average of all individual 

1 min ratios of wind speed at the turbine location divided by wind speed at the reference 

mast; and, 

 It is recommended that if flow correction factors differ by more than 0.02 between 

adjacent direction bins, that these bins are removed from the measurement sector used for 

performance evaluation. If site calibration indicates that an obstacle has no discernable 

effect on the measured correction factor in its direction bin(s), the measurement sector 

may be expanded to include this direction. 

 

Deviations from the standard procedure have been addressed in Section 3.3. Additionally, site 

calibration was performed over a shorter measurement campaign than would be necessary to 

collect the required amount of data. Only 2 of the 36 wind direction bins include a minimum of 

24 h of data and none include at least 6 h of wind speed data over 8 m/s. Sufficient data points 

were collected to ensure statistical validity (in terms of precision limits) but the inherent 

variability of the wind has led IEC 61400-12-1 to require an extended period of collection. 

 

NRG 40C cup anemometers were installed within a short distance of hub-height on both towers 

(18.7 m on the reference mast and 18.2 m on the turbine tower). An NRG 200s wind vane was 

included on the reference mast. After instrumenting and raising the towers, data collection 

commenced. A measurement campaign of 23 days was allotted to site calibration before the 

turbine was installed. For clarity, Fig. 5-1 presents a schematic of the experimental setup during 

site calibration, showing variable definitions.  
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Figure 5-1: Wind speed variable definitions during site calibration. (Not to scale) 
 

Using 1 min averaged data, ratios of hub-height wind speed at the turbine tower, UT,h, to hub-

height wind speed at the reference mast, UR,h, were calculated and binned by direction. For winds 

from the open direction sector to the west, bias and absolute error were calculated and a linear 

regression was performed on the data. Additional directional case studies were conducted and are 

presented following the conventional results below. 

5.2.  Results and Discussion 

Prior to filtering low wind speed data, the average wind speed measured at the turbine tower was 

2.17 m/s during the site calibration measurement campaign. The average wind speed measured at 

the reference mast was 2.21 m/s, a difference of 1.84 %. Although a higher average would be 

preferable for site calibration, August is historically the month of lowest mean wind speed in 

Southern Ontario (Environment Canada, 2009) and the results are as expected. After filtering, the 

averages were 3.82 m/s and 3.88 m/s at the turbine tower and reference mast respectively, a 

difference of 1.57 %. Data recovery was 47%. 

 

It makes sense that mean wind speeds are slightly lower at the turbine tower, given the elevation 

difference between hub-height anemometers (18.2 m for the anemometer mounted on the turbine 

tower compared with 18.7 m on the reference mast). To quantify the difference that might be 

expected at these elevations, a number of standards and reference curves are available in the 
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literature for estimating atmospheric profiles over various types of terrain. The American Society 

of Civil Engineers (ASCE) models mean velocity profiles using the power law, where α is equal 

to 1/6.5 for rural terrain (Zhou and Kareem, 2002). Using this value, the expected mean wind 

speed error due to the 0.5 m elevation difference was 0.42%. Using the mean power law exponent 

calculated on site (α = 0.22), the expected mean wind speed error was 1.0 m/s. The difference 

between these values may be explained by the obstacles present in several directions. 

 

Figure 5-2 shows the hub-height wind speed ratio, UT,h/UR,h as a function of wind direction. The 

error bars indicate standard deviations. To reiterate Section 3.5, data points falling within one 

standard deviation of the mean are represented by a 68% confidence interval. The uncertainty of 

any individual value is expressed by the mean plus or minus one standard deviation.  

 

Figure 5-2: Site calibration ratios by direction, showing standard deviations and number of 
data points. Open circles represent the test sector. 

 

It is apparent that the UT,h/UR,h ratios were close to unity for winds from all directions and fairly 

consistent (although slightly low) for winds from the test sector. In general, this provides 

confidence in the accuracy of the reference mast data going forward. At worst, the average wind 

speeds measured at the reference mast and turbine tower differed by 4.3% in any 10o direction 
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bin. Within the test sector, the greatest deviation in mean wind speed between the two towers in 

any bin was less than 3%. The highly fluctuating values to the northeast correspond to directions 

that subjected the anemometers to tower shadow and flow past the aircraft hangers. There were 

also less data points from these directions. In the test sector, the standard deviations of the ratios 

ranged from ±0.069 to ±0.081. In terms of wind speed, the corresponding values are ±0.28 m/s to 

±0.38 m/s.  

 

Figure 5-3 shows 1 min averages of UT,h plotted against UR,h for data from the test sector (224º–

290º). Again, only data with 1 min mean wind speeds greater than or equal to 2.0 m/s are shown. 

The data is plotted along with a linear regression fit and confidence bands representing the 1 σ 

confidence interval. 

  

Figure 5-3: One minute averages of hub-height wind speeds measured at the turbine tower 
and reference mast during site calibration. 
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The linear regression shown in Fig. 5-3 supports the conclusion that the reference and turbine 

tower anemometers are closely correlated. The uncertainty corresponding to measurements from 

the test sector was calculated as 0.081 m/s ± 0.30 m/s. This corresponds to 2.1% ± 7.8% 

uncertainty in terms of percent of mean wind speed. On average there was very little error 

between hub-height measurements at the reference mast and turbine tower. However, it is clear 

from both figures that the use of 1 min averaged wind data resulted in considerable uncertainty of 

individual data points about the mean relationships. 

5.3. Directional Case Studies 

To gain further insight regarding the variety of surrounding terrain conditions, the test site was 

divided into seven direction sectors. Each of the five regions identified as containing significant 

obstacles in Chapter 4 was considered, as well as the test sector and the open sector to the north. 

The uncertainties corresponding with reference mast measurements from each sector are given in 

Table 5-1. 

Table 5-1: Site Calibration Uncertainty as a Function of Direction Sector 

Direction Sector 
Site Calibration 
Uncertainty, m/s 

Test Sector (224o-290o) 0.081 ± 0.30 

Northern Woodlot (290o-334o) -0.012 ± 0.22 

Open Sector to the North (350o-25o) 0.080 ± 0.21 

Aircraft Hangers (28o-72o) -0.047 ± 0.29 

Farm Buildings (66o-106o) -0.021 ± 0.32 

Southern Woodlot (146o-190o) 0.053 ± 0.19 

Neighbouring Barn (193o-223o) 0.11 ± 0.30 

 

5.4.  Summary and Conclusions 

Site calibration ratios have been presented as a function of wind direction by sorting the data into 

10º bins as per IEC 61400-12-1. It was found that all average ratios fell within 4.3 % of 1:1, 
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suggesting good correlation between the wind speed measurements obtained at the tower and 

mast. The measurement uncertainty from the open test sector was calculated as 0.081 m/s ± 0.30 

m/s (2.1% ± 7.8% of mean wind speed). IEC (2005) would use the ratio of mean wind speeds to 

correct for the offset between towers and then express the uncertainty as a standard deviation 

alone. The standard deviation of 7.8% suggests that while accurate, there is considerably more 

uncertainty than the IEC assumption of at least 3% when the mast and tower are 3D–4D apart. It 

should be noted that here the towers are greater than 5D apart, but again that was as close as their 

guy-wires would reasonably allow. Finally, to gain insight on the effects of local terrain at the test 

site, directional case studies were performed. The mean wind speed difference between mast and 

tower measurements was less than 0.1 m/s from all but one of the direction sectors and no 

obvious directional trends were apparent. In fact, the test sector had the second highest mean 

wind speed error and a standard deviation that was comparable with the other sectors. This 

suggests that directional considerations are perhaps less important than originally thought at a 

reasonably uninhibited SWT site. 

 

After 23 days of collecting site calibration data, the turbine was installed and power output, yaw 

angle, rotor speed and nacelle anemometer readings were added to the data set. Data were 

collected for an additional 75 days during turbine operation. These data were used for the 

following investigations. 
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6. A Comparison of Wind Speed Measurements at 10 m 

6.1.  Introduction and Methodology 

For clarity, Fig. 6-1 presents a schematic of the experimental setup following turbine installation, 

showing relevant variable definitions.  

 

Figure 6-1: Wind speed variable definitions following turbine installation. (Not to scale) 
 

It was not possible to compare hub-height wind speed measurements at the turbine tower and 

reference mast throughout the duration of the study. However, measurements were available at 

the 10 m elevation for the purpose of investigating spatial offset effects. To mimic the data 

analysis in Chapter 5 on site calibration, wind speeds were again filtered at 2.0 m/s and results are 

presented in a similar manner to those in Chapter 5. Data recovery was 48%.  

6.2.  Results and Discussion 

Ratios of 10 m wind speeds measured at the turbine tower, UT,10, to 10 m wind speeds measured 

at the reference mast, UR,10, are presented in Fig. 6-2 as a function of wind direction. The data 

encompasses the entire period of turbine operation. Similar results were found during site 

calibration, with additional scatter from some wind directions owing to a smaller number of data 

points. Figure 6-3 shows the 10 m wind speeds measured at the turbine tower plotted against the 

10 m wind speeds measured at the reference mast, along with a linear regression and confidence 

bands representing 1 σ of the data.  
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In general there is very good agreement between the measurements, especially from open 

direction sectors. From the test sector, the uncertainty was -0.032 m/s ± 0.36 m/s (-0.66% ± 7.4% 

of mean wind speed). Comparing this with the findings of site calibration presented in Chapter 5 

(0.081 m/s ± 0.30 m/s; 2.1% ± 7.8%), the magnitudes of the mean errors are similar, as are the 

standard deviations. Interestingly, the reference mast measurements over-predicted hub-height 

wind speeds while under-predicting 10 m wind speeds. This can partially be explained by the 

difference in height between the two hub-height anemometers (causing approximately 0.4% 

measurement error as explained in Chapter 5); however, it is believed that the difference here is 

within the range of experimental uncertainty caused by the spatial offset. 

 

 

Figure 6-2: Wind speed ratios at 10 m elevation by direction, showing standard deviations 
and number of data points. Open circles represent the test sector. 
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Figure 6-3: One minute averages of 10 m wind speed measured at the turbine tower and 
reference mast during performance evaluation measurement campaign. 
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7. Power Curve Development and Turbine Performance 

7.1.  Introduction and Methodology 

A standard power curve was created for the Bergey XL.1 using hub-height wind speed 

measurements obtained at the reference mast (UR,h). Using the averages of temperature and 

pressure measured on site, data were normalized to sea level standard atmospheric conditions. As 

required by IEC 61400-12-1, the method of bins was used to develop the power curve. Data were 

organized into 0.5 m/s bins and the average power output in each bin was calculated.  

 

Annual energy production (AEP) was estimated according to IEC standard method, as follows:  
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where Nh is the number of hours in a year, n is the number of wind speed bins, Ui and Pi are 

respectively the mean wind speed and normalized power output in the ith bin, and F(U) is the 

Rayleigh cumulative probability distribution function, 
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In Eqn. 7.2, U is any wind speed and Uave is the annual average wind speed at the location of 

interest (IEC, 2005). Due to insufficient data available at high wind speeds, the last full wind 

speed bin in the power curve (13.5 m/s) was used as a cut-off point for this analysis.  

 

Power coefficients were calculated for all one minute data points by solving for CP in Eqn. 1.1, 

using the local air density and the measurements of hub-height wind speed obtained at the 

reference mast. For additional information about the performance of the Bergey XL.1, the 
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relationships between wind speed, rotor speed and turbine power output were explored using 

measurements of rotor speed obtained throughout the experiment.  

7.2.  Results and Discussion 

The measured power curve is plotted in Fig. 7-1, overlapping the raw data used to obtain the bin-

averaged power outputs. Open circles in the curve represent bins that did not meet the 10 min of 

data required by IEC for SWT performance evaluation. For the sake of comparison, the Bergey 

XL.1 manufacturer’s power curve and the results of studies by the University of California, Davis 

(Seitzler, 2009) and Clarkson University (Humiston and Viser, 2003) have been plotted alongside 

the measured results. Both university studies used 2 Ω resistive load, similar to the one used here. 

 

Figure 7-1: Measured Bergey XL.1 power curve using a 2 Ω resistive load, with 
comparisons to the literature at 2 Ω and manufacturer’s power curve at optimal loading. 

Open circle represents insufficient data in the 14 m/s wind speed bin. 
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As expected, the measured power curve was noticeably different than the Bergey XL.1 

manufacturer’s curve. It is necessary to note that this finding does not invalidate the 

manufacturer’s curve, but as discussed in Chapter 3, was strictly a result of the experimental 

operating load. The Power Centre used by the Bergey XL.1’s battery charging system was 

designed to vary the load for optimal performance over the range of relevant wind speeds 

(Bergey, 2003). In the present study, the Power Centre was replaced with a 2.0 Ω resistive load 

selected for its electrical simplicity and because of its use in prior studies to mimic high load 

conditions (Humiston and Viser, 2003; Seitzler, 2009). Unfortunately, this concession forfeits the 

ability to properly represent the turbine’s performance under standard operating conditions. 

However, the results can be verified by comparing with similar methods used in the literature. 

 

The measured power curve agrees strongly with those developed at 2 Ω in the literature until 

about 9 m/s, after which it begins to plateau quickly. It appears that the turbine exhibited 

mechanical furling behaviour sooner than expected. This could be due to the nature of the site, as 

SWTs have been found to experience heightened furling response on sites characterized by strong 

frequent gusts (Van Dam et al., 2003); however, there is no reason to assume that this site was 

particularly gusty when compared with other representative SWT sites. Another possibility is the 

modifications made to the turbine in this study. A nacelle anemometer was mounted on a short 

boom extending from the nacelle, which was powered by a data logger mounted inside of the 

nacelle. To power the data logger a small (0.08 m × 0.12 m) solar panel was mounted at the base 

of the tail boom. It is possible that these instruments altered the natural furling mechanism of the 

turbine in some way; however, each addition was small, light-weight and mounted with the 

intention of causing as little disturbance as possible. A final possibility is simple variance in 

turbine design. If the provided tail fin had slightly different dimensions or orientation than 

intended, this would have significantly affected the forces required to yaw the turbine. At the 

present time the problem has not been explored in detail. As mentioned in Chapter 3, the primary 



 57

focus of this study was to compare the relative results of power curves created using alternative 

estimates of hub-height wind speed, and therefore the shape of the measured power curve was 

less important than its function as a reference.  

 

To assess the effects of wind resource regime on turbine performance, AEP estimates were 

calculated over a range of annual average hub-height wind speeds, using a Rayleigh distribution 

as explained in Section 7.1. The results are presented in Fig. 7-2, plotted alongside estimates 

available in the literature for a Bergey XL.1 SWT (Klemen, 2004). In the linear region of the 

curve, the values estimated here compare favorably with those given by Klemen. However, the 

early furling behavior caused AEP to peak at a lower annual average wind speed than would 

otherwise be expected, as did the exclusion of power curve data above 13.5 m/s. The 2.0 Ω 

resistor also contributed to this result. 

 

Figure 7-2: Estimated AEP from measured power curve versus annual average wind speed, 
with comparison to the literature. 

 

Figures 7-1 and 7-2 present the measured and temporally estimated performance of the Bergey 

XL.1 SWT used in this study. These findings are, to the extent possible, the results of standard 

performance evaluation procedures. These are the findings to which the results of alternative 
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performance evaluation methods have been compared. Before proceeding to these alternatives, a 

few additional results will be presented relating to the operational performance of the Bergey 

XL.1. 

 

Figures 7-3 to 7-5 show the measured relationships between wind speed, rotor speed, and turbine 

power output. Reference wind speed (UR,h) is plotted against rotor speed in Fig. 7-3a and the 

resulting power output (as a function of rotor speed) is given in Fig. 7-3b. Instantaneous 

measurements of rotor speed and wind speed were used to calculate the turbine’s operating tip 

speed ratio, λ, plotted as a function of wind speed in Fig. 7-4a. Concurrent measurements of wind 

speed and power output were used to calculate the turbine’s power coefficient for each individual 

data point, which are plotted as a function of λ in Fig. 7-4b. Finally, a plot of CP as a function of 

wind speed, as required by IEC 61400-12-1, is given in Fig. 7-5. The calculated values of λ and 

CP suggest that the turbine was performing at a high level for a SWT over much of its operating 

wind speed range (Burton et al., 2001; Manwell et al., 2002). 

  

 

Figure 7-3: Measured Bergey XL.1 rotor speed relationships: a) Rotor speed versus 
reference wind speed; b) Power versus rotor speed. 
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Figure 7-4: Measured Bergey XL.1 tip speed ratio relationships: a) Tip speed ratio versus 
reference wind speed; b) Power coefficient versus tip speed ratio. 

 

 

Figure 7-5: Measured Bergey XL.1 power coefficients versus reference wind speed. 
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8. Tower-Mounted Anemometers and Vertical Extrapolation 
for Hub-Height Wind Speed Prediction 

8.1.  Introduction and Methodology 

To assess the accuracy of predicting hub-height wind speed using turbine tower-mounted 

anemometers, data were allocated into 36 wind direction bins, each spanning a range of 10. First, 

it was desired to assess predictions based only on the 10 m anemometer. 1 min averages of 

measured wind speeds obtained at 10 m on the turbine tower, UT,10, were compared directly to 1 

min averages obtained at hub-height on the reference mast, UR,h. Mean error, standard deviation 

and mean absolute error were computed. It should be noted that although the 10 m anemometer 

placement was considerably lower than required by IEC 61400-12-1 for this turbine (3 m below 

the rotor would have put the anemometer at about 14 m), this placement provided a conservative 

approach and has exaggerated any errors in the predictions found using this method. The same 

can be said for the corresponding vertical extrapolation predictions. 

 

The accuracy of the R.M. Young 81000 sonic anemometer was assessed using similar methods 

(USon compared to UR,h). While sonic anemometry has the advantage of not being subject to cup 

anemometer overspeed error (Section 2.6), it was thought that the R.M. Young 81000 would be 

influenced significantly by the turbine rotor and would represent an extreme case of using a 

single tower-mounted anemometer. As a refresher, the sonic anemometer was mounted on a 

boom projecting outward to the southwest (at 230º) with its measurement volume centered 0.21 

m below the lowest point of the turbine rotor (see Fig 3-1). To simulate a cup anemometer as 

closely as possible, only the horizontal component of sonic anemometer wind speeds have been 

considered in this chapter. To clarify, this is not to advocate the use of sonic anemometry for 

small wind turbine owners. It is very expensive. Its purpose in this experiment was to provide 

high-frequency three-dimensional wind speed measurements below the rotor. 
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In addition to using the individual tower-mounted anemometers, vertical extrapolation was 

performed by using concurrent measurements obtained at 5 m and 10 m on the turbine tower (UT,5 

and UT,10) to calculate α, zo and U* in Eqns. 2.3 and 2.4. These equations were then used to predict 

hub-height wind speed from measurements of UT,10. For the power law analysis, three prediction 

algorithms were compared (Ray et al., 2006): 

 

1. Shear exponents were calculated individually for each minute of useful data and used to 

predict the concurrent hub-height wind speed. Errors were computed individually and 

averaged over the duration of the data set.  

2. The individual power law exponents from Method 1 were averaged, and the resulting, 

single α value was used to predict hub-height wind speed each minute. Again, errors were 

computed individually and averaged over the duration of the data set. 

3. A single power law exponent was calculated from the average wind speeds at 5 m ( T,5U ) 

and 10 m ( T,10U ) over the duration of the data set. This value was then used to predict the 

average hub-height wind speed for each minute of data. 

 

Log law parameters U* and zo were calculated from Eqn. 2.4. Due to the logarithmic nature of 

Eqn. 2.4, zo will often tend toward extreme values when using measured wind speeds over short 

averaging periods. As a result, calculating individual values of zo for each minute of data and then 

averaging them does not lead to accurate predictions of surface roughness or hub-height wind 

speed. It was found that the most accurate means of determining log law parameters was simply 

to use temporal averages, T,5U  and T,10U , to calculate single values of U* and zo for each 10o 

direction bin.  
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8.2.  Results and Discussion 

8.2.1.  Prediction Accuracy during Turbine Operation 
 
The accuracies of the 10 m anemometer, the sonic anemometer, and all four vertical extrapolation 

algorithms for estimating hub-height wind speed were assessed from each 10o direction bin. The 

results of the mean error analysis are given in Fig. 8-1. The corresponding mean absolute errors 

are given in Fig. 8-2. 

 

It is apparent that vertical extrapolation greatly increased the accuracy of using UT,10 alone to infer 

hub-height wind speed. As expected, the 10 m anemometer significantly under-predicted hub-

height wind speed in every direction bin. The magnitude of the errors suggests that placing the 

anemometer even 3 m below the rotor (the maximum allowable elevation according to standard 

methods) at an elevation of 14 m would still result in discrepancies from hub-height wind speed.  

 

The sonic anemometer resulted in more accurate hub-height wind speed predictions than the 10 m 

anemometer from all direction sectors excepting a small region from about 40º–65º. This region 

placed both anemometers directly behind the turbine tower and downwind of the rotor. It is 

believed that the effects of tower shadow on wind speed measurements are visible. These effects 

were more pronounced at the sonic anemometer, which was on a shorter boom (designed to equal 

the length of the rotor axis). It is also possible that the effects of wake expansion at the sonic 

anemometer position are visible. Interestingly, the R.M. Young 81000 slightly under-predicted 

wind speeds from the southwest (when the rotor is directly above its measurement volume). This 

would be expected if there were no rotor interference, given the elevation difference between the 

sonic and reference anemometers. From directions in which the sonic anemometer was offset at 

approximately right angles from the rotor, it over-predicted. More will be said about this when 

sonic anemometer measurements are assessed in detail in Chapter 11.  
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Figure 8-1:  Mean hub-height prediction errors resulting from tower mounted anemometers 
and vertical extrapolation. 

 

 

Figure 8-2: Mean absolute hub-height prediction errors resulting from tower mounted 
anemometers and vertical extrapolation. 
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All four vertical extrapolation methods resulted in similar mean prediction errors, agreeing with 

findings in the literature (Ray, 2006). However, the log law resulted in significantly higher 

absolute errors for winds from all wind directions. This can be attributed to a high standard 

deviation in prediction error when using log law parameters over short temporal averaging 

periods. It is thought that the power law is more accurate when used for short averaging periods 

because it relates predicted hub-height wind speeds to concurrent wind speeds at lower 

elevations, whereas the power law uses averaged values of zo and U* and does not consider 

concurrent wind data while making predictions. Regardless of the method used for vertical 

extrapolation, it is clear from Fig. 8-1 that predicted mean wind speeds were accurate within 

about 0.2 m/s from the test sector.  

 

For directions in which the flow was disturbed by obstacles, vertical extrapolation became less 

reliable. Again, the peak in the magnitude of errors from 40º–65º was at least partially an 

indication of the effects of tower shadow (Wucknitz, 1977) on the anemometers. However, winds 

from this direction also had to pass the aircraft hangers to the northeast. There is another notable 

region from 150º–180º in which the affects of rotor interference on reference mast measurements 

may be visible. Interestingly, the performance of the log law in terms of MAE was the worst from 

the open direction sector. This is counterintuitive and the causes are unknown at the present 

time1. 

                                                 
 
1 One possible contribution to trends in Figs. 8-1 and 8-2 was an experiment conducted simultaneously on 
the test site. Research on atmospheric flow in the presence of obstacles led to the installation of three 
obstacles (a small wall, a large wall, and a trailer) in the field to the west of the turbine and reference 
towers (approximately 50 m away, at 240°). The obstacles were present one at a time, beginning September 
29, 2009, until the end of data collection. The largest of the obstacles had dimensions of 12.3 m × 2.16 m × 
2.60 m (width × depth × height) and was in the field for the final 9 days of data collection. These obstacles 
may have impeded the wind speeds measured at the 5 m and 10 m anemometers from some wind directions 
due to unexpected standing vortices in their wakes (Brunskill, 2010). Ultimately, this concern is thought to 
be of minor importance to the findings presented here. 
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Prediction errors and uncertainties are summarized in Table 8-1 for winds arriving from the open 

direction sector over the duration of data collection. Uncertainties were calculated using Eqn. 3.4. 

As expected, the use of the 10 m tower-mounted anemometer on its own was the least accurate 

method. The sonic anemometer faired impressively well, having a mean error that slightly under-

predicted hub-height wind speed but rivaled the mean errors of the power law methods. Its 

standard deviation and mean absolute error were lower than any of the four vertical extrapolation 

methods. All four methods of vertical extrapolation resulted in low mean errors, while the three 

power law methods had significantly lower standard deviations and mean absolute errors. The log 

law has a strong foundation in theory and is a common method of estimating wind profiles over 

long temporal averages; however for the shorter time scales involved in SWT power curve 

verification, it is recommended that the power law is considered for predicting hub-height wind 

speed. In this analysis, Method 3 (calculated  from mean wind speed values) provided the most 

accurate results, however, not by a wide enough margin to consider it preferable in a general 

sense. This method does have the advantage of being the least computationally intensive, since 

mean values of wind speeds from each anemometer are almost always computed in practice. It 

should be noted that in the literature, varying levels of accuracy have been obtained using a 

variety of power law methods and the best choice is often site-specific (Ray, 2006). 

 
Table 8-1: Tower-Mounted Anemometer Measurement Errors and Vertical Extrapolation 
Prediction Errors when compared with Reference Hub-Height Wind Speed Measurements 

(Test Sector Data Only) 
 

Method 
Uncertainty, 

m/s 
MAE,  

m/s 

10 m Anemometer -0.50 ± 0.43 0.55 

Sonic Anemometer -0.10 ± 0.34 0.27 

Power Law, 1 0.054 ± 0.51 0.39 

Power Law, 2 0.034 ± 0.45 0.36 

Power Law, 3 0.018 ± 0.45 0.35 

Log Law 0.038 ± 2.2 1.7 
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8.2.2.  Directional Case Studies 

As with site calibration, the next step was to analyze the results individually for each of the seven 

relevant direction sectors. Based on the above findings, only Method 3 was used to represent the 

power law in this analysis. The 10 m anemometer by itself was not included. For each direction 

sector, the uncertainty and MAE have been calculated and are presented in Table 8-2 alongside 

the corresponding mean wind speeds and relevant power law and log law parameters.  

 

As was the case for the test sector reported in the previous section, σ and MAE were consistently 

higher when the log law was used to predict hub-height wind speeds than when the power law 

was used. In general, prediction accuracy was best for either method within the less disturbed 

sectors, with the exception of high MAE using the log law in the open sector. Winds from the test 

sector, runway, and neighbouring barn were predicted with lower ME than winds arriving from 

the aircraft hangers, farm buildings and southern woodlot. Although counterintuitive, winds from 

the northern woodlot were also predicted with very good accuracy.  

 

It is apparent that mean wind speeds are highest from the prevailing wind direction and from 

sectors in which obstacles are less significant, as would be expected. Counter-intuitively, the 

calculated values of α, and zo were highest in open direction sectors and lowest where obstacles 

would be expected to cause increased wind shear. Typically, values of zo are not derived from 

wind speed measurements at two elevations, but are approximated as a function of terrain. 

Interestingly, only the values of zo from the test sector and open sector to the north are close to the 

expected values for the relevant terrain (Wieringa, 1993). This suggests that profiles from the 

other directions may have been disturbed by obstacles enough to prevent a proper logarithmic 

profile, on average. It is worth noting that calculated values of zo are very sensitive to small 
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changes in wind speed, perhaps supporting the conclusion that the log law is not well suited to 

this application, especially over a wide range of atmospheric stability conditions. 

 

The sonic anemometer performed well from all direction sectors, excepting the combination of 

aircraft hangers and tower shadow from the northeast. In general, mean errors were similar to 

those found using the power law, with lower standard deviations and mean absolute errors. 
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Table 8-2: Directional Case Studies for Vertical Extrapolation 

      Power Law Method 3 Log Law Sonic Anemometer 

Direction Sector 
Data 

Points 
UR,h, 
m/s 

α 
zo, 
m 

U*, 
m/s 

Uncertainty,    
m/s 

MAE, 
m/s 

Uncertainty, 
m/s 

MAE, 
m/s 

Uncertainty,    
m/s 

MAE,  
m/s 

Test Sector 
(224o-290o) 

15037 5.1 0.17 0.021 0.30 0.018 ± 0.45 0.35 0.038 ± 2.2 1.7 -0.10 ± 0.34 0.27 

Northern Woodlot 
(290o-334o) 

4136 4.4 0.14 0.0056 0.21 -0.096 ± 0.44 0.35 -0.13 ± 1.9 1.5 0.10 ± 0.25 0.21 

Open Sector to the 
North (350o-25o) 

2176 3.4 0.16 0.017 0.18 0.010 ± 0.39 0.32 -0.14 ± 0.90 0.71 0.090 ± 0.28 0.23 

Aircraft Hangers 
(28o-72o) 

6522 4.0 0.12 0.0015 0.14 -0.59 ± 0.48 0.64 -0.61 ± 1.2 0.97 -0.89 ± 0.67 0.92 

Farm Buildings 
(66o-106o) 

11312 4.4 0.10 0.00042 0.15 -0.411 ± 0.47 0.50 -0.43 ± 1.7 1.3 -0.096 ± 0.55 0.40 

Southern Woodlot 
(146o-190o) 

2086 4.1 0.14 0.0060 0.19 -0.30 ± 0.43 0.41 -0.33 ± 1.6 1.2 -0.20 ± 0.32 0.29 

Neighbouring Barn 
(193o-223o) 

3031 4.9 0.13 0.0029 0.21 -0.16 ± 0.41 0.35 -0.19 ± 1.9 1.6 -0.24 ± 0.33 0.32 
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8.2.3. Prediction Accuracy Prior to Turbine Installation 

As true measurements of hub-height wind speed are not available during turbine operation, the 

approach taken so far has been to assume that reference mast measurements are “true” when 

assessing the uncertainty of other methods. However, as shown during site calibration, this is not 

the case. The accuracy of the methods used in this chapter to predict hub-height wind speed will 

now be assessed relative to reference mast predictions. Site calibration data will be used for this 

assessment. To simplify the presentation of results, only Power Law Method 3 predictions and 

sonic anemometer measurements have been included in this analysis. 

 

Figure 8-3 shows the mean wind speeds determined from each direction sector using power law 

estimates, as well as USon, UR,h and UT,h. As expected, the sonic anemometer generally under-

predicted hub-height wind speed, while the reference anemometer generally over predicted. The 

power law over-predicted, excepting the directions influenced by tower shadow, the aircraft 

hangers, and farm buildings. 

 

Table 8-3 shows the corresponding prediction uncertainties associated with vertical extrapolation. 

Power Law Method 3 predictions were compared to true-hub height measurements and reference 

mast measurements. The results of site calibration are provided in the last column to show the 

correlation between the towers. In general, the reference mast does a very good job of predicting 

hub-height wind speeds, as discussed in Chapter 5; however, the predicted mean wind speeds 

from vertical extrapolation are not far off, with mean errors never exceeding 0.35 m/s. When 

comparing power law predictions to true hub-height and to the reference mast, the predictions to 

true hub-height have consistently smaller standard deviations (excepting the region of tower 

shadow and aircraft hangers). It can be concluded that the uncertainties given in the previous 

section are likely higher than they would be if vertical extrapolation predictions could be 
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compared directly to true hub-height wind speeds during turbine operation. In fact, the prediction 

accuracies of the power law and reference mast are very similar from the test sector. Finally, it 

should be noted that the power law performed slightly better from the sectors with the most data 

points. Whether either of these last two points is the result of causality or mere coincidence is 

unknown. 

 
Figure 8-3: Mean hub-height wind speed estimates using USon, UR,h and vertical 

extrapolation, compared to true measurements of UT,h (prior to turbine installation). 
 

Table 8-3: Power Law Prediction Uncertainties from each Direction Sector (Prior to 
Turbine Installation) 

 
 Uncertainty, m/s 

Direction Sector 
Data 

Points 

Power Law 
Prediction to 
Hub-Height 
(Uest to UT,h) 

Power Law 
Prediction to 

Reference 
(Uest to UR,h) 

Reference 
Prediction to 
Hub-Height 
(UR,h to UT,h) 

Test Sector (224o-290o) 6592 0.12 ± 0.32 0.064 ± 0.44 0.081 ± 0.30 

Northern Woodlot (290o-334o) 3162 0.15 ± 0.37 0.18 ± 0.44 -0.012 ± 0.22 

Open Sector to the North (350o-25o) 992 0.39 ± 0.38 0.35 ± 0.40 0.080 ± 0.21 

Aircraft Hangers (28o-72o) 374 -0.17 ± 0.50 -0.093 ± 0.48 -0.047 ± 0.29 

Farm Buildings (66o-106o) 419 -0.12 ± 0.39 -0.077 ± 0.49 -0.021 ± 0.32 

Southern Woodlot (146o-190o) 583 0.22 ± 0.37 0.020 ± 0.39 0.053 ± 0.19 

Neighbouring Barn (193o-223o) 2088 0.086 ± 0.36 -0.0025 ± 0.44 0.11 ± 0.30 
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Table 8-4 provides similar information when using the sonic anemometer to infer hub-height 

wind speed. As was the case with vertical extrapolation, the uncertainties are lower when sonic 

anemometer measurements were compared directly to true-hub height than when they were 

compared to reference measurements. In fact, looking at Columns 3 and 5, the mean errors 

associated with sonic anemometer measurements are similar to those associated with reference 

mast measurements and the standard deviations are consistently lower (again, accepting the 

region of tower shadow). To reiterate, the reference anemometer was 13.4 m horizontally offset 

and 0.5 m vertically above the hub-height anemometer used during site calibration. The sonic 

anemometer was 2.0 m below the hub-height anemometer. The results in Table 8-4 suggest that 

an unshadowed anemometer slightly below hub-height is on the same order of accuracy as a 

spatially offset reference anemometer. 

 

Comparing the results in Column 4 of Table 8-4 with the sonic anemometry results in Table 8-2 

(where uncertainties are somewhat higher), it appears that the operating turbine did have some 

influence on sonic anemometer measurements; however, these influences were not as significant 

as expected. 

 
Table 8-4: Sonic Anemometer Prediction Uncertainties for each Direction Sector (Prior to 

Turbine Installation) 
 

 Uncertainty, m/s 

Direction Sector 
Data 

Points 

Sonic 
Anemometer  

to Hub-Height 
(USon to UT,h) 

Sonic 
Anemometer  
to Reference 
(USon to UR,h) 

Reference 
Prediction to  
Hub-Height 
(UR,h to UT,h) 

Test Sector (224o-290o) 6592 -0.058 ± 0.12 -0.14 ± 0.30 0.081 ± 0.30 

Northern Woodlot (290o-334o) 3162 0.037 ± 0.15 0.049 ± 0.22 -0.012 ± 0.22 

Open Sector to the North (350o-25o) 992 0.097 ± 0.17 0.017 ± 0.16 0.080 ± 0.21 

Aircraft Hangers (28o-72o) 374 -0.50 ± 0.38 -0.45 ± 0.40 -0.047 ± 0.29 

Farm Buildings (66o-106o) 419 -0.19 ± 0.23 -0.17 ± 0.39 -0.021 ± 0.32 

Southern Woodlot (146o-190o) 583 -0.055 ± 0.13 -0.11 ± 0.23 0.053 ± 0.19 

Neighbouring Barn (193o-223o) 2088 -0.091 ± 0.15 -0.20 ± 0.30 0.11 ± 0.30 
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8.3.  Summary and Conclusions 

The results of predicting hub-height wind speed using a single tower-mounted anemometer, 

vertical extrapolation from two tower-mounted anemometers, and a sonic anemometer mounted 

just below the turbine rotor have been presented in the form of mean error, uncertainty, and mean 

absolute error. It has been concluded that vertical extrapolation can greatly increase the accuracy 

of hub-height wind speed predictions when compared with using a single tower-mounted 

anemometer located conservatively below the rotor. The power law and log law resulted in 

similar values of mean error; however, the power law predictions consistently had lower standard 

deviations and MAE. Three methods of calculating the power law exponent were considered and 

although prediction results differed slightly depending on method, there is no reason to believe 

that one method is preferable in a general sense.  

 

To some extent, directional case studies confirmed the importance of assessing wind profiles 

using an open direction sector. Vertical extrapolation generally performed better in directions that 

did not include the presence of major obstacles. During site calibration, it was found that vertical 

extrapolation and reference mast measurements resulted in predictions of hub-height wind speed 

that were of similar accuracy. It will be reiterated here that the accuracy of vertical extrapolation 

is known to improve as the extrapolation distance is decreased. There is potential for achieving 

smaller uncertainties by locating the topmost anemometer higher on the turbine tower. This belief 

is supported by sonic anemometer measurements obtained just below the turbine rotor. The sonic 

anemometer predicted hub-height wind speeds remarkably well, rivalling vertical extrapolation in 

accuracy. Although the operating turbine appeared to have some influence at the sonic 

anemometer position, the affects were considerably less significant than expected. 
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9. Nacelle Anemometry for Hub-Height Wind Speed Prediction 

9.1.  Introduction and Methodology 

Using nacelle anemometry for power curve generation requires developing a method of 

predicting free-stream hub-height wind speed by removing the effects of blade interference on the 

nacelle anemometer measurements. On a theoretical level, this is a complex problem involving 

the effects of momentum deficit behind the wind turbine’s rotor as well as cup anemometer 

overspeed in turbulent flow and potentially even cup anemometer response to non-horizontal 

winds. Each of these topics has been introduced in Chapter 2. On an empirical level, it is possible 

to estimate hub-height wind speed simply by comparing the nacelle anemometer data to reference 

wind speeds and developing a series of correction factors or curve fits to the data. Two methods, 

used by the European Wind Turbine Testing Procedure Developments (Hunter, 2001) for utility 

scale turbines have been attempted here: 

 

1. After filtering the nacelle anemometry data to eliminate the effects of furling and erratic 

turbine behavior near cut-in wind speed, it was possible to relate nacelle anemometer 

wind speeds to reference hub-height wind speeds under ideal turbine operating conditions 

using polynomial curve fits. These curve fits were then used to predict hub-height wind 

speeds from a second data set of nacelle anemometer measurements and the model was 

evaluated against reference wind speeds. 

2. A series of correction factors were developed by bin-averaging the nacelle anemometer 

wind speed measurements into 0.5 m/s bins and comparing these averages with the 

corresponding average reference wind speeds. Again, hub-height wind speeds were 

predicted and the model was evaluated using measurements from a second data set. 
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In both cases, one data set was used for model development and a second for verification. Given 

the limited amount of high wind speed data available, these sets were created by bin-averaging all 

of the available data into 0.5 m/s bins and randomly assigning half of each bin to each data set. 

9.2.  Results and Discussion 

Figure 9-1 presents 1 min averages of nacelle anemometer wind speed versus reference wind 

speed, obtained from the data allocated to model development. All data were from the open 

direction sector and filtered at 2.0 m/s. Examining Fig. 9-1, data points appeared to fall in three 

distinct categories, numbered on the graph (these categories were identified qualitatively and do 

not necessarily meet any specific criteria): 

 

1. A category over the full range of wind speeds in which there was little or no blade 

interference and nacelle anemometer measurements approximated true hub-height wind 

speed. This was likely a combination of furling events and very low axial induction 

factors; 

2. A region of erratic accelerating and decelerating blade activity near cut-in wind speed; 

and, 

3. A category of normal turbine operation, in which there appears to have been a predictable 

relationship between nacelle anemometer measurements and hub-height wind speed. 

 

In attempt to isolate data from category 3, a filtering algorithm was applied to remove data at 

times during which the turbine was not producing near its expected power output. Bad data were 

identified using the power versus rotor speed relationship presented in Fig. 7-3b. Data points in 

which power measurements did not fall within ±20% of the expected power output for a given 

rotor speed were removed. These data points could be results of intermittent furling and turbine 

response to periods of high turbulence and gusts, especially those that caused the turbine to yaw. 
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The 20% threshold was somewhat arbitrary; however, the goal was simply to ensure that only 

normal operating conditions were included in the analysis. It is thought that similar (and perhaps 

more convenient) filtering could be performed using a sensor that directly identified times of 

furling. The isolated data points are the darker points in Fig. 9-1. 

 

Figure 9-1: One minute averages of reference hub-height wind speed versus nacelle 
anemometer wind speed. 

 

Figure 9-2 presents a range of polynomial fits that were applied to the filtered data in attempt to 

find a suitable fit for modeling free-stream wind speed. For clarity, the grey tone has been 

changed from Fig. 9-1. The condition was imposed that each fit pass through the origin, 

recognizing that with no wind, all anemometers would read zero. Each of these fits was used to 

estimate hub-height wind speed in the data set allocated to model verification. The error 

corresponding to each fit is given in Table 9-1.  
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Figure 9-2: Polynomial curve fits to filtered nacelle anemometer wind speed data.  
 

Table 9-1: Polynomial Curve Fits and Corresponding Prediction Error 

Order Uncertainty, m/s MAE, m/s 

1st -0.062 ± 0.59 0.42 

2nd 0.0061 ± 0.50 0.38 

3rd 0.0050 ± 0.50 0.38 

4th 0.0087 ± 0.49 0.37 

5th 0.014 ± 0.47 0.35 

 

All five polynomial fits were able to accurately predict hub-height wind speed; however this 

alone does not make them suitable for modeling. All five polynomials fit the data well in the mid-

range of wind speeds (where most of the data points are), but the 4th and 5th order polynomials 

behaved unrealistically at low and high wind speeds, resulting in large errors. The linear fit was 

also unable to represent the data well throughout the entire range, as the nacelle anemometer was 

expected to read more closely to reference measurements at high wind speeds when the turbine 
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was furled. As a result, it is felt that actual conditions were best represented by the 2nd and 3rd 

order fits. Using the 3rd order fit, which had lower uncertainty, the resulting hub-height wind 

speed predictions are given in Fig. 9-3. The mean wind speed prediction error was 0.0050 m/s, 

while the confidence bands in this figure represent a standard deviation of 0.50 m/s. 

 

Figure 9-3: Predicted hub-height wind speed resulting from 3nd order polynomial fit to 
nacelle anemometry data. 

 

The following results apply to Method 2, the binning approach to analyzing the nacelle 

anemometer data. Given a wind speed UR,h measured at the reference mast at the same time as a 

wind speed UNa measured by the nacelle anemometer, the value of the free-stream wind speed 

UR,h can be predicted by multiplying UNa by a correction factor, CNa = UR,h/UNa. Figure 9-4 shows 

the correction factor derived for each wind speed bin. 
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Figure 9-4: Bin-averaged nacelle anemometer correction factors. (Numbers represent the 
four regions explained below.)  

 

Four distinct regions can be observed on this graph: 

 

1. Below cut in speed, the nacelle anemometer was not affected by rotating blades but read 

low regardless. This was likely because of the slow response of the Davis Standard at low 

wind speeds when compared with the NRG 40C used on the reference mast. In wind 

tunnel calibrations conducted before instrument deployment, the Davis Standard was 

found to read low relative to the NRG 40Cs at low wind speeds. An attempt was made to 

correct for this. See Appendix D for details. 

2. As rotor speed increased from zero, a momentum deficit began to form behind the blades, 

causing correction factors to rise as the nacelle anemometer read relatively lower. 

3. Eventually, the correction factors began to drop again. This was likely the result of a 

compromise between momentum deficit and cup anemometer overspeed caused by 

turbulence. Here, it appears that overspeed played an increasing role concurrent with a 

diminishing rate of momentum deficit growth. 
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4. At high wind speeds, the nacelle anemometer reads close to free-stream wind speed. This 

is possibly due to the effects of furling, leading to less influence caused by rotor activity. 

It is also worth noting that as the number of available data points decreased, correction 

factors became more erratic between bins. 

 

Figure 9-5 gives the mean error associated with hub-height wind speed prediction resulting from 

the correction factors above. In addition, the number of data points in each bin has been included. 

It is apparent from this figure that the error resulting from this prediction method increased 

dramatically at high wind speeds, where less data were available (this is also likely true for the 3rd 

order polynomial prediction, in which the shape of the polynomial at the high wind speed end 

may have been skewed as a result of minimal data availability). However, where there was 

enough data, the predictions of hub-height wind speed are very accurate. By weighting the error 

in each wind speed bin by the corresponding number of data points, an overall mean prediction 

error of less than 0.002 m/s was calculated.  

 

One benefit of this method is that by using bin-averaged wind speeds, there is no need to filter the 

raw data at times of furling. To apply a polynomial fit that is physically representative of the 

nacelle anemometer to reference anemometer relationship, the data must be highly filtered 

(requiring additional tools such as a rotor speed sensor or furling sensor). Here, filtering was 

unnecessary as only the average correlations within each wind speed bin were of interest. 

However, it must still be noted that applying these correction factors to each individual minute of 

data would result in predictions with a high standard deviation. 
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Figure 9-5: Mean bin-averaged hub-height prediction errors using nacelle anemometry 
data with correction factors. 

 

It is apparent that more data is needed to accurately develop and assess the series of correction 

factors, especially those at high wind speeds. Ideally, several months of data collection would 

have been available for model development, followed by additional data for evaluation. Data 

were insufficient even for a short temporal assessment and instead required the formation of two 

data sets by dividing each original wind speed bin in half. This, however, allowed the benefit of 

being able to directly consider the errors introduced by the prediction algorithms isolated from 

other errors such as changes of seasons and the potential for shifting instrument calibrations that 

would be difficult to account for.  

 

A final consideration that must be noted here is that either of the methods related to nacelle 

anemometry cannot be performed without first developing a model, which requires a reference 

mast for typical measurements of hub-height wind speed. This entirely negates the benefits of 

nacelle anemometry for SWT owners unless a model already exists for the SWT in question. If a 

database of nacelle anemometer correction factors can be developed in the future, or if 
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manufacturers are required to provide this information to their customers, then it appears that 

there is potential for the use of nacelle anemometry on SWTs. 

9.3.  Summary and Conclusions 

The potential of nacelle anemometry for predicting hub-height wind speeds was assessed using 

two methods. The first involved fitting a third order polynomial fit to the nacelle anemometer 

data and using it to develop predictions in a second data set. The resulting uncertainty was 0.0050 

± 0.50 m/s. A major drawback to this method is that it required a high level of data filtering to 

only include ideal turbine operation. The second method involved binning the data by wind 

speeds measured using the nacelle anemometer and applying a series of correction factors to 

predict true hub-height wind speed. This method was accurate at low wind speeds but the 

accuracy decreased at high wind speeds where data became scarce and turbine operation became 

increasingly sporadic.  
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10. Power Curve Comparison 

Following the methods used in Chapter 7, four additional power curves were created: one using 

the hub-height wind speeds predicted by vertical extrapolation (Power Law Method 3), another 

using sonic anemometry, and two using nacelle anemometry. In all four cases, the predicted wind 

speeds and concurrent power measurements were sorted according to the method of bins. 

Calculations were performed for each individual data point after taking into account the relevant 

filtering and data processing techniques used for each method. Figure 10-1 presents the resulting 

power curves, plotted alongside the reference curve from Chapter 7.  

 

Figure 10-1: Measured and predicted Bergey XL 1 power curves. Open circles represent 
bins that did not meet the 10 min of data required by IEC 61400-12-1. Wind speed on x-axis 

is specific to each method. 
 

Several observations can be made from Fig. 10-1. It is clear that vertical extrapolation and sonic 

anemometry were able to closely mimic the measured power curve, while both nacelle 
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anemometry predictions were unreliable, especially at high wind speeds. The 3rd order 

polynomial fit significantly overestimated turbine performance beyond 7.5 m/s. This can be 

explained by the filtering algorithm that was applied for this method. To create the polynomial fit, 

much of the data collected during gusty winds and intermittent furling was removed, leading to 

unrealistic expectations of turbine performance at high wind speeds where these conditions are 

common. The method of correction factors overestimated turbine performance from 7.5 m/s to 

9.5 m/s but significantly underestimated at higher speeds. This can at least be partially attributed 

to the minimal number of data points available to create appropriate correction factors, especially 

when considering that only half of the available data were used for model development (and only 

the other half were used for the power curve). The mean errors associated with the correction 

factors became larger and more erratic as the number of available data points decreased (and as 

turbine operation was complicated by furling). When considering that power is proportional to the 

cube of wind speed, these errors become magnified further in terms of the representative power 

output at each predicted wind speed. 

 

For each curve, annual energy production was computed for a range of annual average wind 

speeds (Uavg = 0 m/s–10 m/s) and is presented in Fig. 10-2. The errors associated with each set of 

estimates (when compared to the estimates from the reference power curve) have been plotted in 

Fig. 10-3. Again, it is apparent that vertical extrapolation and sonic anemometry resulted in very 

accurate predictions. For the range of annual average wind speeds considered, vertical 

extrapolation underestimated AEP by at most 40 kWh (at an annual average wind speed of 6 

m/s). Sonic anemometer measurements overestimate by as much as 45 kWh (at 8 m/s). The 3rd 

order fit to the nacelle anemometry data resulted in overestimation as high as 300 kWh (between 

8 m/s and 9 m/s) whereas the use of correction factor resulted in underestimation as low as 130 

kWh and still diverging at 10 m/s. It is apparent that the use of tower-mounted anemometers is 

preferable to nacelle anemometry for matching a standard reference power curve.  
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Figure 10-2: Estimated annual energy production corresponding to the power curves in Fig. 
10-1. 

 

 

Figure 10-3: Estimated annual energy production errors compared to reference power 
curve estimates. 
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Even with the topmost anemometer positioned almost halfway down the tower and 8 m below 

hub-height, the power curves and AEP estimates obtained by vertical extrapolation compared 

with standard methods remarkably well for a 1 kW wind turbine. The sonic anemometer located 

just below the rotor was also very successful. It must be considered that a cup anemometer at the 

same location may not have responded identically, due to overspeed error and unsystematic 

responses to non-horizontal flow. However, it is hypothesized that by locating a cup anemometer 

at some intermediate position and combining its measurements with vertical extrapolation, 

prediction accuracy could be improved even further. The next step toward recommending a 

complete procedure is to determine the optimal location for this anemometer. 
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11. Analysis of the Flow Field below an Operating Small Wind 
Turbine Rotor 

11.1. Introduction 

In Chapter 8, sonic anemometer wind speed measurements were examined in terms of their mean 

values and their relationships with reference anemometer measurements. It was found that over 

the full range of data, the mean wind speeds measured by the sonic anemometer compared closely 

with the mean wind speeds obtained at the reference mast. This was verified in the power curves 

and AEP estimates in Chapter 10. Here, the influence of the rotor on tower-mounted anemometer 

measurements will be considered in greater detail through an in depth analysis of experimental 

data and the predictions of a theoretical model. For clarity, this chapter will begin with an 

introduction of the model, its development, and its expected performance. This will be followed 

by a presentation of the experimental results used to verify the model and to provide a complete 

assessment of the flow field. In conclusion, both the experimental and theoretical findings will be 

relied upon when considering the optimal placement of a tower-mounted anemometer. 

11.2. Model Development 

In order to establish the necessary background, the discussion in Section 2.7 will be expanded 

here. It has been established that models exists for describing the flow field around the rotor of an 

operating wind turbine that are rooted in momentum theory and blade element theory. However, a 

model is required that can quantitatively assess the flow field at any position below the rotor, 

specifically in terms of two important characteristics: 

 

1. Speedup - By conservation of mass, air that does not pass through the rotor must 

accelerate around it. This will result in exaggerated wind speed measurements obtained in 

close proximity to the rotor. 
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2. Inclination - As a result of stream tube expansion, a region of inclined flow will exist 

below the rotor that will have adverse effects on measurements obtained by tower-

mounted cup anemometers. 

 

In the 1930’s, Glauert (1935) combined useful components of momentum and blade element 

theories to include a more detailed analysis of rotor wake. This combination of knowledge has 

resulted in vortex cylinder theory, from which the necessary information is available (Burton et 

al., 2001; Crawford, 2006). For a better understanding of the following discussion, it is 

recommended that the interested reader review the principles of circulation and vorticity, found in 

many fluid mechanics and aerodynamics texts. A brief overview is provided here in Appendix E. 

 

Extending the introduction to blade element theory in Section 2.7, it is recognized that the 

reaction torque exerted by the rotor on the passing air causes circulation within the air. If each 

blade imparts a bound circulation of ΔΓ at the disc, a helical vortex of strength ΔΓ will convect 

downstream from its tip. Assuming a uniformly loaded rotor with an infinite number of blades, 

the combined vorticity can be modeled as a bound vortex sheet at the rotor, a single root vortex 

extending along the axis of circulation, and a cylindrical vortex sheet extending from the 

circumference of the rotor, as shown in Fig. 11-1. The cylindrical sheet can be broken down 

further into vortex rings that run azimuthally around the axis of rotation and vortex filaments that 

extend downwind in the axial direction (Fig. 11-2).  
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Figure 11-1: Helical vortex wake behind a three-bladed rotor. (Source: Burton et al., 2001) 
 

 

Figure 11-2: Wake decomposition into vortex rings and filaments. (Source: Crawford, 2006) 
 

The vortex rings in Fig. 11-2 induce only axial and radial velocities on the flow field, whereas the 

filaments (along with the root vortex and the bound vorticity at the rotor) induce only azimuthal 

(tangential) velocities (Burton et al., 2001; Crawford, 2006). When compared with the axial and 

radial induced velocities, it can be shown that the azimuthal velocities are of second-order behind 

the rotor and converge toward zero as r/R increases towards one (Crawford, 2006). Vortex 

cylinder theory cannot predict tangential flow beyond the extents of the wake cylinder; however it 

can be assumed that the axial and radial velocity components are of much greater significance. As 

a result, focus can be limited to only the velocities induced by the vortex rings. 
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To make use of this theory, an expression is needed for the velocities induced by a vortex 

filament of strength Γ. This can be found according to the Biot-Savart law, given below, where 

ld


represents the length of a vortex filament and r


 is a vector from the filament to the point of 

interest (Crawford, 2006). 

                                                               
34 r
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                                                        (11.1) 

By integrating Eqn. 11.1 over the surface of a cylindrical vortex sheet, the axial and radial 

velocity components at any point in the flow field can be determined. A set of coordinates must 

first be defined. Borrowing from Crawford (2006), a point is shown in Fig. 11-3 that is located xo 

units radially from the centerline of a cylindrical vortex sheet and zo units upwind. The third axis 

indicates the azimuthal position around the centerline, which is irrelevant for axisymmetric flow. 

The variable ψ refers to a vortex strength per unit area of ψ = Γ/dzRdθ. 

 

Figure 11-3: Vortex ring geometry. (Source: Crawford, 2006) 
 

Returning to the Biot-Savart law, Crawford (2006) gives the resulting vector integral as follows, 
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Taking the inner integral analytically and the outer integral numerically (or with elliptical integral 

functions), the three components of the induced velocity vector at point (x0, 0, z0) can be found. 

The vector components are, respectively, 

 

 The unit radial induced velocity ur, from which the radial component of the local 

flow velocity can be defined as, Ur =  urU∞; 

 The contribution of the vortex rings on the unit azimuthal induced velocity uθ; and,  

 The unit axial induced velocity uz, from which the axial component of the flow 

velocity can be defined as, Uz = U∞(1- uz). 

 

The axial induced velocity uz is comparable to the axial induction factor a used in basic 

momentum theory except that a is a constant for a given set of turbine operating conditions. This 

is because in basic momentum theory the induced velocity is only defined in the rotor plane (Eqn. 

2.6) and in the far wake (Eqn. 2.8). At a location far downstream of the rotor, the axial induction 

factor, corresponding to a given uz distribution, can be calculated using Eqn. 2.8 with the wake 

velocity taken from Eqn. 11.2 (by setting the z limits of integration to ±∞ and solving for uz) 

(Crawford, 2006). As discussed in Section 2.7, the expansion of the stream tube around the rotor 

is determined by a, which determines the velocity deficit behind the rotor. Thus, the entire flow 

field can be computed as a function of a. 

  

Alternatively, having solved for a, the turbine’s power coefficient can be approximated using 

Eqn. 2.11 and the flow field can be computed as a function of CP. From the quadratic nature of 

Eqn. 2.11, every value of CP (with the exception of CP, Max) results from two possible values of a. 

This would present a problem when attempting to verify the model against experimental data of 

known power coefficient but unknown axial induction factor; however, to minimize loading, 

wind turbines are designed to operate at low axial induction factors whenever possible (this is 
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verified to a reasonable approximation in the nacelle anemometer measurements). High values of 

a can be neglected here.  

 

Fig. 11-4 presents the results of solving Eqn. 11.2 at a = ⅓ and CP = 0.59. Note that these results 

are axisymmetric about the x-axis and can be extended indefinitely in the streamwise and radial 

directions. The relevance of these results is that the velocity vector components used to generate 

the stream tubes in Fig. 11-4 can also be used to calculate the mean velocity and elevation angle φ 

at any location in the flow field,  

22
zr UUU                                   (11.3) 

                                                               zr UU /tan 1                                                     (11.4) 

 

 

Figure 11-4: Axisymetric flow past an ideal wind turbine rotor (side view of radius) as 
predicted by vortex cylinder theory; CP = 0.59. 

 

The remaining steps in model development were to identify the position of an anemometer in 

terms of the variables in Eqn. 11.2 (xo and zo), and to assess how this position would change as a 

function of turbine yaw angle relative to the anemometer boom. Yaw angle, γ, has been defined 
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as the angle separating the turbine’s axis of rotation and the anemometer boom. The relevant 

variables are shown in Figs. 11-5 and 11-6.  

 

Fig 11-5: Parameters for specifying anemometer location in vortex cylinder model. 

 

 

Figure 11-6: Additional flow angle considerations: a) Turbine yaw angle; b) Lateral 
anemometer offset. 

 

For an anemometer of known distance ra below the hub, its position laterally, y, and 

longitudinally, z, in the flow field can be specified as a function of yaw angle γ and boom length 

B, from Fig. 11-6a as, 

 sinBy                 (11.5) 
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 LBz  cos      (11.6) 

It can be easily shown that these relationships apply for γ between 90º–180º as well. Beyond 180º, 

symmetry can be assumed. The corresponding radial position, x, can be specified from Fig. 11-6b 

as, 

 cos/arx     (10.7) 

The value of zo and xo used in Eqn. 11.2 are therefore z/R and x/R, respectively.  

 

After solving Eqn. 11.2, the final correction for γ regards the elevation angle of the flow at the 

anemometer position. An anemometer offset laterally from the rotor hub by some distance y will 

see a radial velocity component that acts at an angle θ from the vertical. The vertical component 

of the radial velocity is therefore Ur cosθ and the elevation angle becomes, 

 )/cos(tan 1
zr UU      (10.8) 

 

These considerations allow U and φ to be plotted as a function of γ for various combinations of 

CP, α, ra, and B. A variety of interesting findings will be presented before proceeding to 

experimental results and model verification. 

11.3. Model Results and Discussion 

First, the effects of changing boom length are presented. To provide emphasis, a turbine operating 

at Betz Limit power coefficient (CP = 0.59) has been considered. This means that the values 

presented here are the highest the model will predict for a given sets of physical parameters. An 

extreme anemometer placement of ra/R = 1.2 has been selected. This is approximately equal to 

the experimental position of the sonic anemometer and was used to represent a worst-case 

scenario. Figure 11-7a presents the local elevation angles predicted for a variety of boom length 
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to rotor yaw axis ratios. Figure 11-7b presents the corresponding local speedup predictions (U(x, 

z)/U∞). 

 

Figure 11-7: Effects of anemometer boom length on predicted local flow conditions: a) 
Elevation angle; b) Speedup; CP = 0.59, ra/R = 1.2. 

 

Examining Fig. 11-7a, the relationship between boom length and elevation angle can be observed. 

At a ratio of B/L = 0.5, the anemometer is never directly under the rotor and therefore the worst-

case values of φ are moderated. When B/L = 1, the most extreme elevation angles are reported. 

This is the only boom length in which the rotor is directly over the anemometer at zero yaw. With 

each incremental increase in boom length ahead of the rotor, the elevation angle at zero yaw 

decreases in magnitude, as expected. However, there will always be some yaw angle at which the 

rotor is positioned inline with (and often directly over) the anemometer. This can be noted in Fig. 

11-7a by observing the trough in each curve. As the turbine continues to yaw, the anemometer is 

positioned further downwind of the rotor and elevation angles decrease in magnitude, as 

expected.    

 

Examining Fig. 11-7b, the relationship between boom length and speedup can be observed. At 

B/L = 0.5, the model predicts the greatest speedup from all γ. This is because the anemometer is 
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always behind the blade tips, but close to the rotor. Unlike with φ, the model does not predict the 

greatest speedup at an anemometer position directly under the rotor, but rather at some value of z 

behind the rotor. At zero yaw, as boom length increases in front of the rotor, the speedup ratio 

drop below 1, suggesting that there is a region of velocity deficit, as would be expected. This 

region would be expected to be most significant immediately in front of the rotor, in which case 

the lowest values would be predicted just beyond B/L = 1; however, it is not until B/L = 3 that the 

speedup ratio at zero yaw begins to trend back upwards to 1. This is owing to what is believed to 

be an artifact of the model that results from the vortex ring at the rotor circumference. An 

axisymmetric contour plot of the predicted velocity field using the results of the vortex cylinder 

model is provided in Fig. 11-8. There is a region of deceleration in front of the rotor that extends 

outwards in the radial direction but converges at the blade tips. Again, this is a result of the 

modeled vorticity at the blade tips but is likely not physically representative. As a result, the 

model is predicting deceleration that extends far upstream in the longitudinal plane of interest 

(ra/R = 1.2).  

 

Figure 11-8: Vector velocity contour plot resulting from vortex cylinder model. 
 

Regardless of boom length, as the turbine yaws away from the boom, the model predicts an 

increase in speedup. This is again thought to be an artifact of the model. At a value of ra/R = 1.2, 
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speedup ratios would be expected to decline at high γ because of wake expansion downstream of 

the rotor. This time the error stems from the model’s inability to account for wake expansion. 

Note that the contours in Fig. 11-8 show a sharp divide extending downwind at ra/R = 1. 

 

Given that wake expansion is not accounted for, it makes sense that speedup is higher when the 

anemometer is downwind of the rotor than when it is upwind; however, this still does not explain 

the increase in speedup with γ at B/L ratios of 0.5 and 1.0. Intuitively, it would seem that high γ 

that place the anemometer further downwind of the rotor would cause speedup to decrease. The 

reason that this is not the case is due to the fact that the greatest speedup occurs slightly behind 

the rotor. This is illustrated in Fig. 11-9 which shows the speedup predicted at ra/R = 1.2 as a 

function of z/R for a turbine with a rotor axis of L = 0.33 m (representative of the Bergey XL.1). 

For both B/L = 0.5 and B/L = 1.0, greater speedup is predicted at the 180º yaw orientation than the 

0º yaw orientation.   

 

Figure 11-9: Predicted speedup versus z/R at ra/R = 1.2. 
 

By now it should be clear that the inclination and speedup resulting from the B/L relationship are 

also a function of R. While the most important information in Fig. 11-7 is delivered in the trends, 

the exact results presented here will only hold true while L and R maintain their proportions 

(which is not always the case, especially as turbine size increases). The parameters used in Fig. 
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11-7 were selected based on their relevance for a 1 kW wind turbine and were modeled after the 

dimensions of the Bergey XL.1 (L = 0.33 m, R = 1.25 m). It should be noted that it is practical to 

have a boom that is longer than R only for small SWTs (~1 kW or less). For most SWTs, the best 

results predicted by the model (when boom length was greater than R) would be unobtainable. In 

practice, boom lengths on the order of 1 m to 2 m are common (NRG, 2010). One final 

consideration to note here is that, like wake expansion, the model neglects any effects of tower 

shadow at the anemometer position. Tower shadow can be expected to significantly impact the 

flow at high γ and short B. 

 

Fig. 11-10 shows the effects of changing ra/R for a fixed boom length ratio of B/L = 1. This ratio 

represents a realistic worst-case scenario for a SWT and matches the experimental position of the 

sonic anemometer. Again, Betz Limit power coefficient was used. 

 

Figure 11-10a shows the relationship between mounting-height and elevation angle. It confirms 

that elevation angle is always steepest when the anemometer is positioned directly below the rotor 

(in this case, at γ = 0º). As the turbine yaws, φ continually decreases until it reaches a minimum at 

γ = 180º. Elevation angle also decreases as the anemometer is moved down the tower. Close to 

the rotor, φ declines rapidly with ra/R. As the anemometer is moved further away, changes 

become minimal. The nature of the model is such that radial flow velocities will asymptote 

towards zero at extreme values of ra/R, whereas in reality there must be some distance away from 

the rotor where its effects are no longer detectable. 

 

Figure 11-10b shows the relationship between mounting-height and speedup. As expected, the 

speedup ratio diminishes as mounting-height is lowered. The increase in speedup with γ is 

consistent with the results found for varying B. Note that at ra/R = 1.1, the peak comes before 
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180º. This is because the sharp increase in speedup predicted across the rotor plane (shown in Fig. 

11-9) is amplified as ra/R approaches one.  

 

Figure 11-10: Effects of anemometer height on predicted local flow conditions: a) Elevation 
angle; b) Speedup; CP = 0.59, B/L = 1.0. 

 

To expand on these results, Fig. 11-11 shows the predicted longitudinal and vertical velocity 

components corresponding to the values in Fig. 11-10b. It is apparent that even at CP = 0.59 the 

longitudinal velocity is far more substantial and has the greatest effect on speedup at any 

anemometer position that is not directly under the rotor.  

 

Figure 11-11: Longitudinal and radial speedup corresponding to Fig. 11-10. 
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Further, from Section 2.6 on cup anemometry, the longitudinal velocities given in Fig. 11-11 are 

the expected wind speed measurements from a cup anemometer with an ideal cosine response. 

While no cup anemometer exhibits an ideal cosine response, each of the four anemometers 

analyzed by Papadopoulos et al. (Fig. 2-3) approximate a cosine response for positive tilt angles 

(representative of flow with a downward vertical component). Assume an ideal cosine response, 

the model presented here can be used to compute the expected wind speed measurement error at 

any location below a SWT rotor. For a boom aligned directly under the rotor (B/L = 1 and γ = 0º), 

the cosine response error associated with inclination have been plotted against ra/R in Fig. 11-12 

for several power coefficients.  

 

Figure 11-12: Wind speed measurement error versus ra/R predicted by vortex cylinder 
model, assuming an ideal cosine response. 

 

The results suggest that even at Betz Limit the error associated with an ideal cosine response 

declines rapidly below the rotor and is less than 0.5% at an anemometer placement of ra/R = 1.5. 

To put this in perspective, a cup anemometer on the Bergey XL.1 tower would need to be just 

0.63 m below the blade tips to expect a cosine response error of less than 0.5% at maximum 

power coefficient. It looks as though speedup is a much more significant concern when deciding 

on anemometer placement; however, before drawing any firm conclusions, the model must be 
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verified. In the following section, an analysis of three-dimensional wind speed data obtained by 

the R.M. Young 81000 is presented and compared with theoretical predictions. 

11.4. Model Verification and Experimental Data Analysis 

Here the experimental results are presented as a case study with which to compare the vortex 

cylinder model but also as a cohesive set of observations on their own. The discussion focuses 

primarily on the experimental analyses (which are new to this section), while providing the 

necessary considerations to assess the model’s performance.  

 

As a refresher, the R.M. Young 81000 sonic anemometer was mounted below the rotor of the 

Bergey XL.1 at a position of ra/R = 1.17 and B/L = 1.0. Data were collected throughout the 

experiment and have been analyzed here as a function of wind turbine operating conditions. The 

primary goals were to quantify the speedup and flow inclination caused by the rotor at the sonic 

anemometer position. Additionally, the local turbulence intensity has been compared to 

measurements obtained at the reference mast.  

11.4.1. An Experimental Assessment of Flow Inclination 

Direct measurements of elevation angle by the sonic anemometer were used to assess flow 

inclination with and without rotor interference. It was found that the tilt-angle of the sonic 

anemometer had a significant effect on the measured elevation angles. Due to mounting 

considerations and the impact of tilting the tower up and down at various stages of the 

experiment, it was difficult to ensure that the sonic anemometer was perfectly level. To correct 

for this, the directional dependence of elevation angles was examined over the full range of data. 

Four data sets have been considered: 
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1. Sonic anemometer data collected prior to turbine installation was considered for use as a 

set of baseline data from which to draw comparisons.  

2. All data collected during normal turbine operation were analyzed and compared to each 

of the other three data sets. This is ultimately the data set in which the effects of rotor 

interference must be isolated from tilt-angle dependence.  

3. The turbine was shorted for ten days in November, 2009. Shorting the turbine simulates 

extreme high electrical load conditions and prevents the rotor from reaching high 

rotational speeds. Sonic anemometer data collected during this period were compared 

with data collected during normal rotor activity. 

4. The blades were removed from the turbine and left off for 14 days of data collection in 

December, 2009. Again, a comparison was made with data collected during normal 

activity. 

 

The reason for the variety of considerations stems from the fact that no definitive conclusions 

could be drawn directly from any individual data set. As mentioned above, it was difficult to 

provide perfectly level mounting for the sonic anemometer. This problem was compounded by 

tilting up and down the turbine tower on multiple occasions. In Data Set 1, the sonic anemometer 

was re-positioned during turbine installation, possibly altering its tilt-angle. Between Data Sets 3 

and 4 the anemometer was not re-positioned, but the tower was lowered and raised. It was 

decided that the best course of action was to consider the full range of results from each of the 

aforementioned data sets. 

 

Figure 11-13 presents the 1 min averages of elevation angle plotted against wind direction for 

each data set. (Wind speeds were filtered at 2.0 m/s.) The vertical line at 230º represents the 

direction to which the sonic anemometer boom extended from the tower. The moving average of 

elevation angle always appears to oscillate about 0, providing evidence that the anemometer was 
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not perfectly level during any data set. In each case, considerable changes were observed across 

230º, suggesting that the anemometer was tilted about its boom axis.  

 

Figure 11-13: Measured elevation angles versus wind direction with and without turbine 
operation. Vertical line indicates direction to which the sonic anemometer boom is aligned. 
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Another notable observation in Fig. 11-13 (especially visible during normal operation) is the 

distinct region of tower shadow centered on 50, the direction from which the anemometer is 

directly downwind of the tower. This has caused elevation angles to decline dramatically. More 

will be said about this later. For now, the most significant result is that elevation angles measured 

prior to turbine installation follow a different pattern than in all other data sets. This suggests that 

the anemometer’s tilt-angle was likely altered during repositioning. For this reason, the site 

calibration data will no longer be considered when analyzing flow inclination. 

 

While the turbine was shorted, rotor speed never exceeded 40 RPM. The maximum rotor speed 

was 39 RPM at a wind speed of 11 m/s. By comparison, under normal operation at this wind 

speed, the rotor would have exceeded 500 RPM had the turbine not begun to furl. By drastically 

reducing rotor speed without changing anything else, this data set provides a useful comparison to 

the data collected during normal operation. For the bladeless data set, although the tower had to 

be lowered to remove the blades, φ follows a similar trend to the shorted data and it appears that 

the tilt-angle of the sonic anemometer may not have been affected.  

 

To observe these trends in more detail, it was decided that as a preliminary course of action, the 

elevation angles measured at 0º yaw would be studied as a function of reference wind speed and 

rotor speed over the full range of data. Data from the 10º bin centered on 230º were isolated and φ 

was plotted against wind speed. For the three relevant data sets, the results are shown in Fig. 

11-14 along with linear regressions to the data. For the bladeless case, there is a slight downward 

trend in φ with increasing wind speed. This trend is pronounced slightly in the shorted data set but 

most severe during the normal operation, especially until about 8 m/s. 
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Figure 11-14: One minute averages of elevation angle versus wind speed with and without 
turbine operation, filtered at 2.0 m/s. 

 

To stay consistent with much of the analysis in Chapters 5-9, the data in Fig. 11-14 were filtered 

at 2.0 m/s. To investigate further, the entire set of unfiltered wind speed data during normal 

operation was separated into two cases, distinguishing between times in which the rotor was not 

turning (below cut-in wind speed) and all other times. The results are shown in Fig. 11-15. Again, 

it appears that the rotor blades have a significant affect on φ between the range of wind speeds 

from about 4 m/s to 8 m/s, after which, φ levels off around 0º again. Reasons for this are 

unknown. 

 

Figure 11-15: One minute averages of elevation angle versus wind speed with cut-in speed 
indicated.  
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To summarize the findings so far, Table 11-1 provides the mean elevation angle computed from 

each set of analysis, and its difference from normal turbine operation. 

 

Table 11-1: Summary of measured Elevation Angles at γ = 0º 

Data Set 
Data 

Points 
φ, º (Mean ± Standard 

Deviation) 
Mean Difference from 
Normal Operation, º 

Normal Operation above 
Cut-In Speed 

2735 -0.39 ± 3.2 N/A 

Normal Operation above 
Below Cut-In Speed 

1994 -0.39 ± 6.4 0 

Shorted Turbine  
(filtered at cut-in speed) 

720 0.36 ± 2.1 0.75 

Bladeless Turbine 
(filtered at cut-in speed) 

1804 0.91 ± 2.0 1.3 

 

These results suggest that there is a measurable φ change in the mean flow around the rotor of a 

SWT. The magnitude of this component appears to increase with reference wind speed but on 

average results in small, negative elevation angles immediately below the rotor.  

 

To consider the significance of the rotor in detail, the data have been filtered according to turbine 

operation. Specifically, φ has been quantified as a function of CP and γ. First, however, it was 

necessary to derive a series of correction factors to account for the tilt-angle of the sonic 

anemometer and any effects of tower and boom geometry on measured φ. (From Fig. 11-13 it is 

apparent that considerable values of φ have been measured even without the presence of the 

turbine.) It was decided that the best data set from which to derive correction factors for φ was the 

shorted data set. The pre-installation data has already been ruled out and the bladeless data may 

have introduced measurement errors caused by a small change in sonic anemometer tilt-angle 

upon tilting the tower down and back up. As discussed earlier, the shorted turbine generated very 

little rotor speed and any blade effects on φ should be minimal. 
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Corrections were performed by binning the data into 10º direction bins and subtracting the mean 

elevation angle in each bin during shorted operation from the elevation angles in each bin during 

normal operation, 

 ShortedOperationNormal    (10.9) 

This should isolate the effects of the rotor on measured φ. The mean results in each direction are 

presented in Fig. 11-16. There are two notable regions to consider. It appears that from about 

150º–320º some or all of the direction bins may be experiencing flow inclination caused by rotor 

interference. From 60º–110º mean elevation angles are low even after correcting for tower 

shadow. This is a possible indication of the effects of wake expansion when the anemometer is 

downwind of the rotor.  

 

Figure 11-16: Mean elevation angle changes caused by turbine operation. Vertical line 
indicates direction to which the sonic anemometer boom is aligned. 

 

Unfortunately, there is very little data in some bins, especially at low azimuths. To assess the 

statistical validity of the correction factors, precision limits have been applied to the data. To 

avoid complicating this discussion, the reader is referred to Appendix F for details. For now it 
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will be noted that the direction bins centered on 160º, 170º, and 0º–50º had insufficient data for 

applying adequate correction factors.  

 

To examine the effects of turbine operation on φ, Power coefficients were calculated by solving 

for CP in Eqn. 1.1. Yaw angles were calculated using the mean wind direction for each 1 min data 

point and assuming that the turbine was oriented properly into the wind by its tail boom. 

(Unfortunately, the yaw sensor added to the Bergey XL.1 malfunctioned early during testing and 

was not available for data analysis.) A yaw angle of γ = 0º corresponds to wind from 230º, the 

direction to which the sonic anemometer boom extended from the tower; γ = 180º corresponds to 

wind from 50º, the direction in which the sonic anemometer was downwind of the tower.  

 

Vortex cylinder theory introduced in Section 11.2 assumes axisymmetric flow. By extension, this 

implies that results are symmetrical about the 0º–180º yaw line. If the rotor axis is equidistant 

clockwise or counterclockwise of the sonic anemometer boom, the two cases are treated equally. 

However, in Fig. 11-16, experimental values of Δφ are not symmetrical. As a result, data has been 

analyzed from positive and negative γ separately. Yaw angle increases positively as wind 

direction increases above 230º and negatively as wind direction decreases below 230º. At a wind 

direction of 50º, γ = ±180º. 

 

Elevation angles corrected for anemometer tilt-angle are presented in Fig. 11-17 as a function of 

CP for several γ. A 100 point moving average has been included with the data and all plots have 

been superimposed with predictions from vortex cylinder theory at the relevant operating 

conditions. The yaw bins corresponding to direction bins with inadequate correction factors are 

centered on γ = -60º, -70º, and 130º–180º, and have been excluded from the figure. 

 



 108

Several trends are immediately apparent. As expected, it appears that elevation angles become 

more pronounced with increasing power coefficient. At all γ, Δφ steadily declines with power 

coefficient and generally tracks theory quite well. There is scatter both above and below the 

model predictions but this can be expected given the turbulent nature of the wind. Comparing 

positive and negative γ, there is very little to distinguish between the two, justifying the 

assumption of symmetry used in vortex cylinder theory. 
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Figure 11-17: Elevation angle versus power coefficient for several yaw angles. Plots at  
γ = -60º, 130º and 180º are excluded due to inadequate correction factors (see Appendix F). 
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Also in Fig. 11-17 it appears that γ has only a minor effect on Δφ, and in general, increasing γ 

causes Δφ to decrease in magnitude, as expected. At γ = -150º, the model significantly under-

predicts the magnitude of Δφ compared to the experimental data. One possible cause is the impact 

of wake expansion at the anemometer’s position downwind of the rotor. Similar results would be 

expected at γ = 180º, but, as discussed previously, there was very little data at high (negative and 

positive) γ from which to derive correction factors and little can be said with confidence in the 

high γ bins. For this reason, it is also possible that tower shadow would have shown up in the 

data. 

 

In Fig. 11-18, φ is plotted against γ for several CP. Power coefficients have been allocated to bins 

of 0.05 and only the range of CP = 0–0.35 are shown. Higher values have been excluded because 

of an increasingly sparse number of data points. This is an alternative approach to Fig. 11-17 as it 

presents very similar data with different filtering criteria (all yaws but only some power 

coefficients). Data within 5º of γ = -60º, -70º, and 130º–180º have been excluded due to 

inadequate correction factors. 

 

At CP = 0,   remains close to 0º, as expected. As CP increases, a considerable decline in Δφ 

becomes apparent. At high negative yaws, there is further decline in Δφ that is likely caused by 

the impact of wake expansion at the sonic anemometer position. Unfortunately limited data were 

available at high positive yaws and at γ = ±180º from which to observe this trend in greater detail. 
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Figure 11-18: Elevation angle versus yaw angle for five power coefficients. Data within 5º of 
γ = -60º, -70º, 130º–180º are excluded due to inadequate correction factors (see Appendix F). 
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In conclusion, by considering flow inclination as a function of wind speed with and without rotor 

interference, and as a function of γ and CP, it has been shown that there was a measureable φ 

change caused by the rotor at the sonic anemometer position. The Δφ data followed vortex 

cylinder theory well, except for deviations likely caused by wake expansion at high γ. Mean Δφ 

ranged from about 0º at low CP to more than -5º at high CP and small γ. 

11.4.2. An Experimental Assessment of Speedup 

Speedup, S, was quantified experimentally using the ratio of wind speeds measured by the sonic 

anemometer to wind speeds measured by the reference anemometer during turbine operation,  
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It was already shown in Chapter 8 that on average over the duration of the experiment, the two 

anemometers reported very similar measurements. To consider the significance of the rotor in 

detail, data have been filtered according to turbine operating conditions. Again, the analysis has 

focused on power coefficients and turbine yaw angles. 

 

Figure 11-19 shows S plotted against wind direction for the pre-installation, normal operation, 

shorted and bladeless data sets (filtered at 2.0 m/s). A few common trends are observed. In 

general, S followed a similar trend regardless of the presence of the turbine. At low γ (near 230º 

wind direction), the sonic anemometer read slightly lower than the reference anemometer as 

would be expected in uninhibited flow due to the elevation difference between the anemometers. 

As yaw angles increase from γ = 0º, S began to rise. It is hypothesized that from intermediate γ 

there is an effect of boom geometry showing up in the data. The boom from which the sonic 

anemometer was mounted may have caused speedup in front of its sensing volume (IEC, 2005). 
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At yaw angles approaching γ = 150º, tower shadow began to impact the sonic anemometer and S 

declined significantly. 

 

Figure 11-19: Speedup versus wind direction with and without turbine operation. Vertical 
line represents direction to which the sonic anemometer boom is aligned. 
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As with the elevation angle analysis, it was desired to isolate the effects of the rotor by filtering 

out other causes of speedup. A correction algorithm similar to that used in Section 11.4.1 was 

applied here. This time, the bladeless data set was used. It provides slightly more data than the 

shorted set, while avoiding any possible impacts caused by blade rotation. The slight change in 

sonic anemometer tilt-angle caused by lowering and raising the tower should have a negligible 

effect on speedup.     

 

Following the procedure used in the previous section, data were binned by 10° increments of yaw 

angle and the mean speedup in each bin was calculated. Mean values from the bladeless data set 

were subtracted from values computed during normal turbine operation,  

BladelessNormal SSS   

The results are presented in Fig. 11-20. On average, there was very little difference between the 

readings of the two anemometers at most yaw angles. Again the results at high yaw angles may 

be indicative of wake expansion impacting the sonic anemometer; however, the small amount of 

data makes it difficult to say for certain. 

 

Figure 11-20: Mean speedup ratio changes caused by turbine operation, along with the 
number of data points available for creating correction factors. Vertical line indicates 

direction to which the sonic anemometer boom is aligned. 
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Again the statistical validity of each correction factor has been assessed using precision limits and 

details are given in Appendix F. Insufficient data were available in the direction bins centered on 

340º, 350º and 0º–50º. The corresponding yaw bins are centered on γ = 110º–180º. 

 

The impacts of the rotor on speedup at various operating conditions can now be assessed. 

Mimicking the presentation of results in the previous section, plots of ΔS versus CP are provided 

in Fig. 11-21 for several γ. Vortex cylinder theory predictions are superimposed.  

 

It is apparent that there is indeed measureable speedup caused by the rotor at high power 

coefficients. For all yaw angles, speedup did not take effect until about CP = 0.2. Following this 

value, ΔS increased steadily with power coefficient. As CP increased towards 0.2, the sonic 

anemometer generally under-predicted hub-height wind speed. This trend (especially apparent at 

γ = -150º) could be a result of wake expansion behind the rotor. Unfortunately, analysis in this 

region is complicated by tower shadow and data sample size issues. 

 

In Fig. 11-22, speedup is plotted against yaw angle for several power coefficients. This figure 

confirms the observations made above. At low power coefficients the rotor appears to have 

reduced the velocity at the sonic anemometer position. With increasing CP, significant speedup is 

observed at all yaw angles until about γ = 130º, where ΔS values become sporadic and begin to 

decline (again it is difficult to draw conclusions here due to reduced amounts of data and the 

effects of tower shadow and wake expansion).  
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Figure 11-21: Speedup ratio versus power coefficient for several yaw angles. Plots at γ = 
130º, 150 and 180º are excluded due to inadequate correction factors (see Appendix F). 
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Figure 11-22: Speedup ratio versus yaw angle for five power coefficients. Data within 5º of γ 
= 110º–180º are excluded due to inadequate correction factors (see Appendix F). 
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By now it is apparent that at high CP, measured speedup ratios are significantly greater than 

predicted by vortex cylinder theory. Both the model and the experimental data indicate an 

increase in ΔS with CP; however, the magnitudes of the values measured experimentally are much 

higher than those predicted by the model. The model also indicates an increase in speedup with 

increasing γ that was not observed experimentally.  

 

At CP = 0.35, average speedup was higher than 10% over a range of γ. Although measurements 

were recorded here using a sonic anemometer, a tower mounted cup anemometer for SWT 

performance evaluation would provide similar measurements if placed too close to the turbine 

rotor. This is a much more substantial source of error than the cosine response error associated 

with the Δφ values measured in Section 11.4.1. 

 

Although the reason for the model’s failure is unknown, a hypothesis will be provided to 

streamline the direction of future research. Essentially, the model functions by approximating the 

rotor as an actuator disc while accounting for blade rotation by applying appropriate vortex 

strength to a cylindrical extension of its perimeter. The model is widely used to understand the 

flow through an actuator disc (Burton et al., 2001) but appears to perform poorly beyond the 

radial extents of the rotor. It is certainly possible (especially in light of the contours in Fig. 11-8) 

that the application of vorticity along a cylinder is simply inappropriate for estimating speedup. 

However, the model is considered largely in agreement with momentum theory and should not be 

written off as invalid.  

 

It is hypothesized that the flow velocity within close proximity to the rotor is influenced by each 

blade passing to a much greater extent than by the rotor’s propensity to mimic a porous disc with 

a generalized vorticity. The discrepancies between predicted and experimental findings are likely 
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the results of several complex transient phenomena that deserve extensively greater consideration 

beyond the scope of this thesis. These phenomena may include discrete vortex shedding at the 

blade tips, the addition of turbulent kinetic energy to the flow field from the rotor blades, the 

downstream expansion of rotor wake, and perhaps the existence of tangential velocity 

components that are overlooked by vortex cylinder theory (which only predicts small tangential 

induction factors that are confined to the cylindrical rotor wake). It would be useful to analyze the 

power spectral density of the sonic anemometer data and to observe any changes in integral and 

micro length scales as a function of γ; however, at a 4 Hz sampling rate, data has likely not been 

collected at high enough frequency. 

 

There is also the possibility that the anemometer is simply too close to the rotor to expect the 

model to perform reliably. Arguably though, any model used for this purpose should be accurate 

close to the rotor. It would be useful to have multiple cases studies over a range of anemometer 

heights from which to draw comparisons and to determine the radial extent of the model’s failure. 

11.4.3. An Experimental Assessment of Turbulence Intensity 

It an attempt to gain insight into possible causes of speedup below the rotor, the final analysis of 

sonic anemometer data focused on the measured turbulence intensity during turbine operation. 

Turbulence intensity is a commonly used expression for quantifying turbulent flows and is 

defined as the standard deviation of velocity measurements over a given averaging period, 

divided by their mean value,   
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  (10.9) 
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For an averaging period of 1 min, means and standard deviations of sonic anemometer 

measurements were derived from data sampled at 4 Hz. Means and standard deviations of 

reference anemometer measurements were derived from data sampled at 1 Hz.  

 

Similar to the graphs in the previous two sections, the turbulence intensity ratio (ISonic/IRef) is 

provided as a function of power coefficient for several yaw angles in Fig. 11-23, and as a function 

of yaw angle for several power coefficients in Fig. 11-24. No corrections were applied. 

 

Excepting the region of wake expansion and tower shadow, it is apparent from Figs. 11-23 and 

11-24 that the turbulence intensity measured by the sonic anemometer was very similar to the 

turbulence intensity measured by the reference mast for all power coefficients and at all yaw 

angles. Interestingly ISonic/IRef does drop off somewhat as CP increases beyond 0.2. This might 

suggest some acceleration of the wind speed (which due to vortex stretching should slightly 

reduce turbulence intensity, and which is consistent with the velocity plots) but this would only 

be observed if there was almost no induced turbulence due to the rotor at the sonic anemometer. It 

appears that the turbine did not induce turbulence at the location of the sonic anemometer.  
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Figure 11-23: Turbulence intensity ratio versus power coefficient for several yaw angles. 
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Figure 11-24: Turbulence intensity ratio versus yaw angle for five power coefficients. 



 123

11.5. Summary and Conclusions 

For SWT performance evaluation using tower-mounted anemometry, the optimal location for the 

topmost anemometer would be as high as possible on the turbine tower while remaining out of the 

region of influence of the rotor. A case study was conducted using experimental results obtained 

from three-dimensional sonic anemometry below the rotor of a Bergey XL.1 SWT.  

 

Data indicated that both flow inclination and speedup were caused by the rotor at the sonic 

anemometer position, directly under the rotor at γ = 0º and 0.21 m from blade tip to the centre of 

its sensing volume (nondimensionalized as B/L = 1 and ra/R = 1.17). Flow inclination resulted in 

mean elevation angles with magnitudes greater than -5º at high CP and small γ. For a cup 

anemometer with an ideal cosine response, the corresponding wind speed measurement error 

would be less than 0.5%. It was found that speedup presented a much greater potential source of 

wind speed measurement error. At high CP and small γ, mean wind speed measurements at the 

sonic anemometer position were more than 10% greater than reference anemometer 

measurements. In general, both ΔS and Δφ became less significant with increasing γ until high γ 

where the effects of wake expansion and tower shadow began to impact the experimental results. 

Ratios of turbulence intensity at that sonic anemometer and reference anemometer positions were 

also compared, indicating that the turbine is not introducing added turbulence at the location of 

the sonic anemometer. 

 

In attempt to quantify the optimal location for the topmost anemometer, a theoretical model 

rooted in vortex cylinder theory was applied. The model was able to predict experimental 

measurements of flow inclination well over a range of γ and CP. However, in the assessment of 

speedup the model failed. Vortex cylinder theory could not reliably quantify speedup at the sonic 
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anemometer position at high CP. Several possible reasons for this finding have been provided, but 

ultimately, further research is needed to develop a more appropriate model. 

 

At the present time, the optimal location for the topmost anemometer has not been identified; 

however, a few conclusions can be drawn. It is known that the sonic anemometer position was too 

close to the rotor to expect accurate performance evaluation at high CP. It is also known that 

speedup was the greatest cause of error at this position (and only at CP greater than 0.2), while 

flow inclination was of minimal importance. Considering the information available in the 

literature, two positional guidelines for locating a tower-mounted anemometer are available: a 

minimum of 3 m below the rotor according to IEC 61400-12-1; and a minimum 1D below the 

hub according to Mick Sagrillo, an expert on SWTs in Wisconsin. 

 

The research presented here suggests that a nondimensionalized ratio (such as 1D) might be more 

appropriate than a fixed distance, especially given the range of possible SWT rotor diameters 

(spanning at least 1 m–20 m). It is likely that the IEC recommendation is conservative for many 

SWT with small rotor diameters but might place the anemometer too close to the rotor of larger 

SWTs. In any case, a conservative approach coupled with vertical extrapolation appears to 

provide good results for performance evaluation, at least in the study presented here. Given the 

results of Chapter 8 and Chapter 10, it is recommended that for a 1 kW, 2.5 m rotor diameter (or 

similar sized) SWT in reasonably open terrain, the topmost anemometer should be placed a 

conservative distance (such as 3 m) below the rotor’s lowest extent, and vertical extrapolation 

should be used to predict wind speeds upwards to hub-height. 
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12. Considerations for the Placement of a Lower Tower-
Mounted Anemometer for Vertical Extrapolation 

 

12.1. Introduction and Methodology 

In addition to an anemometer mounted close to hub-height, it is desirable that SWT owners 

consider a second tower-mounted anemometer for vertical extrapolation. As discussed in Section 

2.4 it is possible to use only one anemometer and a power law exponent or estimates of surface 

roughness and friction velocity to extrapolate measured wind speeds upwards. However, the 

accuracy of vertical extrapolation is greatly improved with an additional anemometer so that 

these parameters can be derived on site.  

 

In light of the results of Chapter 8, it was desired to consider the effects of lower anemometer 

placement on power law estimates of hub-height wind speed. This is difficult to do in general 

because of the site specific nature of wind shear. A survey of the literature revealed no results or 

even attempts to analyze lower anemometer position. For most tall-towers, used for utility scale 

wind resource assessment, it is common to place an anemometer at the standard meteorological 

wind speed measurement height of 10 m (Bailey, 1997) or at some higher elevation such as 20 m. 

For a more detailed investigation, two approaches were taken. 

 

Data from NREL’s National Wind Technology Center (NWTC) M2 Tower in Boulder, Colorado 

were used as a case study to assess the impact of lower anemometer position on power law 

predictions at 80 m. This mast has several years of publicly available 1 min averaged wind speed 

data at 2 m, 5 m, 10 m, 20 m, 60 m and 80 m elevations. The power law was used to extrapolate 

one year of measured data upwards from 60 m to 80 m using each of the lower anemometers. 

Predictions were assessed based on mean error and standard deviation. 
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A theoretical study was also performed, in which wind shear was simulated using a power law 

profile representative of a rural environment (α = 1/6.5). Two anemometers were assumed to be 

located at a range of elevations. A Monte Carlo analysis was performed in which wind speeds 

were randomly perturbed using a normally distributed standard deviation of 15% (to represent 

turbulence intensity). 100,000 values were perturbed randomly at each elevation following the 

normal distribution. Wind speeds at 18 m were predicted using wind speeds at 10 m and each of 9 

lower elevations (in 1 m increments). 

12.2. Results and Discussion 

Table 12-1 provides the results of the NREL NWTC M2 data study. There was no obvious trend 

between lower anemometer level and wind speed prediction uncertainty. Power law Method 1 

was found to have the best prediction accuracy in terms of mean error but also produced high 

standard deviations that increased with decreasing distance between anemometers.  

Table 12-1: Results of Lower Anemometer Study using One Year of NWTC M2 Data and 
Predicting 80 m Wind Speeds 

 
Uncertainty (% of mean wind speed) Lower 

Anemometer 
Elevation (m) 

Upper 
Anemometer 
Elevation (m) 

Prediction 
Elevation (m) Power Law 1 Power Law 2 Power Law 3 

2 50 80 -0.019 ± 17 -1.2 ± 16 -0.96 ± 16 

5 50 80 0.47 ± 17 -1.1 ± 16 -0.61 ± 16 

10 50 80 0.040 ± 18 -2.1 ± 16 -1.2 ± 16 

20 50 80 0.58 ± 18 -2.2 ± 16 -0.92 ± 16 

 

The results shown here are limited to a case in which the upper anemometer and predicted 

elevation were much higher than the elevations of interest in this thesis. Predictions were made at 

80 m to provide as many lower anemometer elevations as possible. Using 20 m as the prediction 

height, there are only two lower elevations from which to interpret results. These results are 

presented in Table 12-2. Use of the 2 m anemometer led to smaller mean prediction errors than 
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the 5 m anemometer (and slightly lower standard deviations) using all 3 methods, but the trends 

in standard deviation are fairly consistent with Table 12-1. There is no reason to suspect that two 

lower anemometers provide enough information from which to draw broad conclusions. 

 
Table 12-2: Results of Lower Anemometer Study using One Year of NWTC M2 Data and 

Predicting 20 m Wind Speeds 
 

Uncertainty, % Lower  
Anemometer 
Elevation, m 

Upper 
Anemometer 
Elevation, m 

Prediction 
Elevation, 

m Power Law 1 Power Law 2 Power Law 3 

2 10 20 2.3 ± 11 1.9 ± 9.9 1.3 ± 9.8 

5 10 20 5.0 ± 20 4.1 ± 10 3.6 ± 10 

 
 
Table 12-3 provides the results of the Monte Carlo analysis. Power law Method 1 showed 

systematic uncertainties caused by the random perturbations at each level. When using elevations 

in close proximity, these perturbations led to large errors in predicted wind speeds. When power 

law exponents were calculated using an appropriate averaging scheme, either by averaging all 

individual values of α (Method 2) or by using the average wind speed at each elevation (Method 

3), the systematic uncertainties of Method 1 were cancelled out and the results fell closely in line 

with the expected logarithmic profile. Mean errors were very small and standard deviations fell in 

line with the 15% normal distribution of perturbations. (All wind speeds at 18 m had a 15% 

standard deviation and the predicted wind speeds had a 15% standard deviation; therefore, the 

standard deviation of the errors converged to [15%2 + 15%2]1/2 = 21.2%.)  

 

This analysis did not include a turbulence intensity profile that increased with proximity to the 

ground; however it is believed that such a profile would only slightly impact the uncertainty 

trends. 
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Table 12-3: Results of a Monte Carlo Analysis on the Impact of Lower Anemometer 
Position 

 
Uncertainty, % Lower  

Anemometer 
Elevation, m 

Upper 
Anemometer 
Elevation, m 

Prediction 
Elevation, 

m Power Law 1 Power Law 2 Power Law 3 

1 10 18 0.75 ± 24 0.11 ± 21 0.091 ± 21 

2 10 18 1.2 ± 26 0.095 ± 21 0.13 ± 21 

3 10 18 1.7 ± 28 0.13 ± 21 0.14 ± 21 

4 10 18 2.4 ± 31 0.11 ± 21 0.033 ± 21 

5 10 18 3.7 ± 35 0.13 ± 21 0.11 ± 21 

6 10 18 5.8 ± 42 0.25 ± 21 0.078 ± 21 

7 10 18 10 ± 56 0.25 ± 21 0.18 ± 21 

8 10 18 25 ± 97 0.033 ± 21 0.42 ± 21 

9 10 18 140 ± 670 0.58 ± 21 0.26 ± 21 

 

The results here support those found experimentally using NWTC data and further the notion that 

lower anemometer height has little effect on hub-height wind speed predictions using the power 

law, provided that appropriate averaging schemes are used.  

 

The only other obvious consideration is to avoid the two extremes of lower anemometer 

placement. Placing the anemometer too low would potentially introduce errors caused by surface 

conditions and placing it too high would provide limited information beyond what is already 

measured at the upper level. Otherwise, the height of the lower anemometer used with vertical 

extrapolation appears to be of little significance. It is most important simply that wind speed 

measurements at a second elevation are available. 
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13. Conclusions and Recommendations 
 
The results of this research have demonstrated that it is possible to perform accurate in-situ 

performance evaluation of small wind turbines if appropriate considerations are given to 

predicting hub-height wind speed. The most significant findings of this study are presented below 

as a series of best practices methods and additional considerations.  

13.1. Best Practices Methods for In-Situ SWT Performance 

Evaluation 

1. The most promising alternatives to reference mast measurements for estimating hub-height 

wind speed are provided by tower-mounted cup anemometers. 

2. For best results, wind speeds should be predicted by extrapolating upwards from the higher 

of two tower-mounted anemometers, while using both anemometers to determine site-

specific wind shear parameters. In an experimental study, it was found that the power law 

was preferable to the log law for this application due to its inclusion of concurrent lower 

level wind speed data in each individual prediction. 

3. An appropriate averaging scheme is needed to determine local power law exponents to 

avoid introducing systematic errors to extrapolated wind speed predictions. Power law 

exponents can be calculated either as averages from all individual data points or using the 

mean wind speed at each elevation. If the site is divided into relevant direction sectors, 

power law exponents should be calculated individually for each sector to reduce potential 

sources of error.   

4. If only one cup anemometer is available, it is possible to obtain reasonable approximations 

of hub-height wind speed providing that the anemometer is mounted high on the turbine 

tower while remaining out of the rotor’s region of influence. It can be assumed that this 
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method is less accurate for turbines with large rotors as the distance between hub-height 

and anemometer position is increased. 

5. It is recommended that the topmost anemometer is positioned a conservative distance 

below the rotor when using vertical extrapolation. IEC (2003) recommends a distance of 3 

m between the anemometer and the rotor’s lowest extent. Mick Sagrillo, an expert on 

SWTs in Wisconsin, recommends positioning the anemometer at least one rotor diameter 

below hub-height, as noted in Gipe (2000). A study defined to optimize the topmost 

anemometer position was inconclusive but suggested that standards for anemometer 

placement should be normalized to rotor diameter rather than a fixed distance. 

6. The position of the lower anemometer appears to be of little significance providing that it 

avoids the extremes cases of being too close to ground level or the upper anemometer. 

7. Data should be filtered to eliminate directions from which the effects of tower shadow are 

apparent. It is also recommended that anemometer booms are mounted into the prevailing 

wind direction to minimize the amount of data that is lost because of tower shadow. 

8. The results of this study suggest that if IEC 61400-12-1 disturbed sector criteria are met, 

vertical extrapolation can be performed to a high level of accuracy for performance 

evaluation purposes. From the test sector, the uncertainty of predicted hub-height wind 

speeds was 0.018 m/s ± 0.045 m/s (0.35% ± 8.8% of the mean reference wind speed). 

Excluding tower shadow, the worst results from any direction sector were -0.30 m/s ± 0.43 

m/s (-7.2% ± 10% of the mean reference wind speed). 

13.2. Additional Considerations 

1. An experimental power curve developed using power law predictions based on turbine-

tower-mounted anemometers was able to closely match a reference curve developed 

using standard reference wind speed measurements. In terms of annual energy production 
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over a range of annual average wind speeds, estimates were never more than 40 kWh 

(2.6%) apart. 

2. Nacelle anemometry resulted in free-stream wind speed predictions with small mean 

errors but considerable variance. When used for performance evaluation, predictions 

from the nacelle anemometer failed to represent anything close to the reference power 

curve. 

3. Three-dimensional sonic anemometry suggested that speedup is more significant below 

the rotor of a SWT than either flow inclination or turbulence intensity for the 

consideration of upper anemometer placement. 

4. A theoretical vortex cylinder model was able to predict the mean flow inclination 

measured by the sonic anemometer quite well but failed to properly represent speedup. 

This proved to be the missing link in attempts to quantify wind speed measurement error.  

5. In spite of these results, horizontal wind speed measurements from the sonic anemometer 

were able to closely match the reverence power curve. It was rare that the turbine 

operated at high enough power coefficients to cause significant speedup, even directly 

below its rotor. 

13.3. Recommendations for Future Research and Development 

The following recommendations are offered as potential considerations for future research related 

to small wind turbine performance assessment and evaluation:  

 
1. An ideal compliment to this thesis would be an appropriate model of the speedup around a 

SWT rotor. This would allow wind speed measurement errors to be quantified and an upper 

limit for tower-mounted anemometry to be recommended. A wind tunnel study quantifying 

the flow field around the rotor of a model turbine or porous disc would also be useful for 

this purpose. 
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2. Similarly, there is need for further experimentation in this area. A complete set of high 

frequency three-dimensional wind speed measurements defining the induced flow field of a 

SWT rotor would have many uses, not limited to tower-mounted anemometry. The same 

can be said about an expanded database from which to draw conclusions about vertical 

extrapolation. 

3. The effects of ambient turbulence intensity have yet to be property integrated into wind 

turbine performance assessment. Any progress in this area would be a step towards 

eliminating the site-dependency associated with power curve measurements.  

4. Not discussed in this thesis are the limitations of the current options available for data 

collection and analysis. Data logging equipment and post-processing software are typically 

expensive and require a fair amount of competency to use. If the entire process could be 

simplified and made more affordable, it would encourage individual efforts. 

5. Finally, the nature of the performance evaluation problem makes it difficult to draw general 

conclusions. Further, only a small number of case studies are available from which to infer 

general guidelines. A survey of existing small wind turbine owners on their experiences 

and the development of a database of well-documented findings would prove considerably 

useful for future research.  

 



 133

14. References 
 

Antoniou, I., and Pederson, T. F., “Nacelle Anemometry on a 1 MW Wind Turbine: Comparing 

the Power Performance results by use of the Nacelle or Mast Anemometer,” Risø National 

Laboratory, Risø-R-941(EN), Roskilde, Denmark, 1997. 

 

Antoniou, I., Wagner, R., Pedersen, S. M., Paulsen, U., Madsen, H., Jørgensen, H. E., Thomsen, 

K., Enevoldsen, P., Thesbjerg, L, “Influence of Wind Characteristics on Turbine Performance,” 

European Wind Energy Conference Proceedings, Wind Energy Department, Risø, 2007. 

  

AWEA, 2008, “AWEA Small Wind Turbine Global Market Study 2008,” American Wind 

Energy Association [report], 2008. 

 

AWEA, “AWEA Small Wind Turbine Global Market Study 2009,” American Wind Energy 

Association [report], 2009a. 

 

AWEA, “AWEA Small Wind Turbine Performance and Safety Standard [Draft Document],” 

American Wind Energy Association, 2009b. 

 

AWEA, “Policies to Promote Small Wind Turbines: A Menu for State and Local Governments,” 

American Wind Energy Association, 2009c. 

 

Bailey, B. H., McDonald, S. L., Bernadett, D. W., Markus, M. J., and Elsholz, K. V., “Wind 

Resource Assessment Handbook,” AWS Scientific Inc., National Renewable Energy Laboratory, 

Apr. 1997.  



 134

 

Bergey, “BWC XL.1 24 VDC Battery Charging System Owners Manual,” Bergey Windpower 

Co., 2003. 

 

Brunskill, A., “A Neural Network Based Wake Model for Small Wind Turbine Siting Near 

Obstacles,” MASc Thesis, School of Engineering, University of Guelph, Guelph, ON, 2010. 

 

Burton, T., Sharp, D., Jenkins, N., and Bossanyi, E., Wind Energy Handbook, John Wiley & Sons 

Ltd, Toronto, 2001, Chap. 3. 

 

BWEA, “British Wind Energy Association Small Wind Turbine Performance and Safety 

Standard,” British Wind Energy Association, March, 2007. 

 

Coleman, H. W., and Steele, W. G., Experimentation and Uncertainty Analysis for Engineers, 

John Wiley & Sons, Toronto, Canada, 1989. 

 

Crawford, C. A., “Advanced Engineering Models for Wind Turbines with Applications to the 

Design of a Coning Rotor Concept,” Ph.D. Dissertation, Trinity College, Department of 

Engineering, University of Cambridge, Oct. 2006. 

 

Environment Canada, “Canadian Climate Norms, 1971-2000,” Lester B. Pearson International 

Airport, Toronto, URL: 

http://www.climate.weatheroffice.gc.ca/climate_normals/results_e.html?StnID=5097 [cited 05 

November 2009]. 

 

Garratt, J. R., The Atmospheric Boundary Layer, Cambridge University Press, New York, 1992. 



 135

 

Gilbert, L., 2008, “Lifting Line Theory of Lift, URL: 

http://www.onemetre.net/Design/Downwash/LiftLine/Liftline.htm [cited 22 March 2010]. 

 

Gipe, P., “Testing the Power Curves of Small Wind Turbines,” URL:  

http://www.wind-works.org/articles/PowerCurves.html [cited 17 February 2010]. 

 

Glauert, H. “Division L: Airplane Propellers,” In Durand, W. F. (ed.), “Aerodynamic 

Theory,” Vol. 4. Springer, Berlin, 1935 

Grayson, T., “Circulation,” URL: http://www.boundvortex.com/ReadArticle.aspx?ArticleID=53 

[cited 2 April 2010]. 

 

Humiston, C., and Viser, K., “Full Scale Aerodynamic Effects of Solidity and Blade Number on 

Small Horizontal Axis Wind Turbines,” World Wind Energy Conference, Cape Town, South 

Aftrica, 2003. 

 

Hunter, R. Pederson, T. F., Dunbabin, P., Antoniou, I., Frandsen, S., et al., “European Wind 

Turbine Testing Procedure Developments, Task 1: Measurement Method to Verify Wind Turbine 

Performance Characteristics,” Risø National Laboratory, Risø-R-1209(EN), Roskilde, Denmark, 

2001. 

 

International Electrotechnical Commission (IEC), “Wind Turbines – Part 12-1: Power 

Performance Measurements of Electricity Producing Wind Turbines, Ed. 1.0,” International 

Standard, IEC 61400-12-1. Geneva Switzerland, Dec. 2005.  

 



 136

Justus, C. G., Winds and Wind System Performance, The Franklin Institute Press, Philadelphia, 

1978. 

 

Kaiser, H., Langreder, W., Hohlen, H., Højstrup, J., “Turbulence Correction For Power Curves.,” 

Wind Energy, Poceedings of the Euromech Colloquium, Springer Berlin Heidelburg, 2003. 

 

Kelley, N. D., Jonkman, B. J., Scott, G. N., “Comparing Pulsed Doppler LIDAR with SODAR 

and Direct Measurements for Wind Assessment,” National Renewable Energy Laboratory, 

Conference Paper, NREL/CP-500-41792, Jul. 2007. 

 

Klemen, M. A., 2004, “Bergey XL. 1 Power Curve,” North Dakota State University [online 

database], http://www.ndsu.nodak.edu/ndsu/klemen/Bergey_XL.1_Power_Curve.htm [cited 11 

November 2009]. 

 

Klug, H., “IEC-News: Power Performance and Acoustic Noise,” DEWI Magazine, No. 28, Feb. 

2006. 

 

Kristensen. L., “The Perennial Cup Anemometer,” Wind Energy, Vol. 2, 1999, pp. 59-75. 

 

Lubitz, W. D., “Power Law Extrapolation of Wind Measurements for Predicting Wind Energy 

Production,” Wind Engineering, Vol. 33, Iss. 3, 2009.   

 

Manwell, J.F., McGowan, J.G., Rogers, A.L., Wind Energy Explained: Theory, Design and 

Application, John Wiley & Sons, Chichester, England, 2002, Chap. 3. 

 

MATLAB, Software Package, Ver. 7.0.1.24704 (R14) Service Pack 1, MathWorks, 2004. 



 137

 

NREL, 2010, “National Wind Technology Center NWTC M2 Tower,” National Renewable 

Energy Laboratory [online database], URL: http://www.nrel.gov/midc/nwtc_m2/ [cited 27 

February, 2009]. 

 

NRG Systems, “Specifications: NRG #40C Anemometer,” 2007. 

 

Papadopoulos, K.H., Stefanatos, N. C., Paulsen, U. S., and Morfiadakis, E., “Effects of 

Turbulence and Flow Inclination on the Effects of Cup Anemometer Performance in the Field,” 

Boundary-Layer Meteorology, Vol. 101, Mar. 2001, pp. 77-107. 

 

Pedersen, T. F., “On Wind Turbine Performance Measurements at Inclined Flow,” Risø National 

Laboratory, Wind Energy, Vol. 7, 2004, pp. 163-176. 

 

Pedersen, T. F., Sørensen, N., Enevoldsen, P., “Aerodynamics and Characteristics of a Spinner 

Anemometer”, Journal of Physics: Conference Series 75, 2007. 

 

Perez, I. A., Garcia, M. A., Sanchez, M. L., and de Torre, B., “Analysis and Parameterization of 

Wind Profiles in the Low Atmosphere,” Solar Energy, Vol. 78. 2005, pp. 809-821.  

 

Pope, S. B., Turbulent Flows, Cambridge University Press, New York, 2000. 
 

Ray, M. L., Rogers, A. L., and McGowan, J. G., “Analysis of Wind Shear Models and Trends in 

Different Terrains,” American Wind Energy Association Annual Conference, Pittsburgh, PA, 

2006. 

 



 138

Seitzler, M., “The Electrical and Mechanical Performance Evaluation of a Roof-Mounted, One-

Kilowatt Wind Turbine,” California Wind Energy Collaborative, University of California, Davis, 

CWEC-2009-003, Davis CA, 2009. 

 

Smaili, A., and Masson, C., “On the Rotor Effects upon Nacelle Anemometry for Wind 

Turbines,” Wind Engineering, Vol. 28, No. 6, 2004, pp. 695-714. 

SWCC, “About SWCC,” Small Wind Certification Council, URL: 

http://www.smallwindcertification.org. [cited 20 February 2010]. 

 

Smith, B. and Link, H., “Applicability of Nacelle Anemometer Measurements for Use in Turbine 

Power Performance Tests,” National Renewable Energy Laboratory, NREL/CP-500-32494, 

Golden, CO, May 2002.  

 

Summerville, B., “Small Wind Turbine Performance in Western North Carolina,” Appalachian 

State University, Boone, NC, 2005 (unpublished). 

 

University of Waterloo (UW), 2006, “Vorticity,” Faculty of Mathematics, URL: 

http://www.student.math.uwaterloo.ca/~amat361/Fluid%20Mechanics/topics/vorticity.htm [cited 

22 March 2010]. 

 

Van Dam, J., Meadors, M., Link, H., and Migliore, P., “Power Performance Test Report for the 

Southwest Windpower Air-X Turbine,” National Renewable Energy Laboratory Technical 

Report, NREL/TP-500-34756, Sept. 2003. 

 

White, F. M., Fluid Mechanics, 5th Ed., McGraw-Hill, Toronto, Canada, 2003. 

 



 139

Wieringa, J., “Representative Roughness Parameters for Homogeneous Terrain,” Boundary Layer 

Meteorology, Vol. 63, 1993, pp. 323-363. 

 

Wills, R., “Wireless Wind Monitor Installation Manual,” WindMonitoring.com, 2009.  

 

Wucknitz, J., “Disturbance of Wind Profile Measurements by a Slim Mast,” Boundary Layer 

Meteorology, Vol. 11, 1997, pp. 155-169. 

 

Zhou, Y. and Kareem, A., “Definition of Wind Profiles in ASCE 7,” Journal of Structural 

Engineering, Vol. 128, Aug. 2002, pp. 1082-1086.



 140

Appendix A: Turbine Power Measurement 

Figure A-1 shows a circuit diagram representing the resistor wiring through which the wind 

turbine’s output power was dissipated.  

 

Figure A-1: Resistor wiring used to calculate Bergey XL.1 power output. 
 

The 2.0 Ω resistance in the lower path represents the dump load resistor. The 23.2 kΩ and 2.2 kΩ 

resistances in the upper path represent a series of resistors added to the circuit to ensure that the 

data logger measured an appropriate voltage. If the entire current produced by the wind turbine 

were routed through the data logger, there is a high likelihood that failure would have ensued. 

This was prevented by routing a small portion of the current through the data logger, which then 

measured a small voltage related to the turbine’s power output. The voltage produced by the wind 

turbine and the corresponding power output were then determined in post-processing. 

 

Due to the difference in magnitude of the resistors on either path of Fig. A-1 the equivalent 

resistance is approximately equal to the 2.0 Ω dump load resistance. This can be demonstrated as 

follows, 
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The additional resistors produce a negligible change in the overall resistance of less than 0.01%. 

Because of this, the turbine’s power output can be calculated as, 
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where V1 is the turbine’s voltage output, calculated from the measured voltage, V2, as, 
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Appendix B: Field Experiment Apparatus 
 

Table B-1: Field Experiment Apparatus 

 Equipment Manufacturer Quantity Specifications Available At: 

Bergey XL.1 Wind Turbine Bergey Windpower 1 http://www.bergey.com/Products/XL1.Spec.pdf 

18 m Bergey XL.1 Tilt.Tower Bergey Windpower 1 http://www.bergey.com/Products/Tilt.Tower.html 

34 m NRG TallTower (18 m used) NRG Systems 1 
http://www.nrgsystems.com/AllProducts/ 

Tilt-UpTowers/NRGTallTowers.aspx 

NRG #40C Cup Anemometer NRG Systems 6 
http://www.nrgsystems.com/sitecore/content/ 

Products/1900.aspx?pf=StandardSensors 

NRG #200S Wind Vane NRG Systems 1 http://130.226.17.201/extra/web_docs/nrel/NRG_vane.pdf 

NRG #110S Temperature Sensor NRG Systems 1 
http://www.nrgsystems.com/sitecore/content/ 

Products/1906.aspx?pf=StandardSensors 

NRG #BP20 Barometric Pressure 
Sensor 

NRG Systems 1 http://www.nrgsystems.com/sitecore/content/Products/2046.aspx 

NRG Side Mounting Boom NRG Systems 6 http://www.nrgsystems.com/sitecore/content/Products/3390.aspx 

NRG Sensor Cables NRG Systems 9 
http://www.nrgsystems.com/AllProducts/ 

SensorsandTurbineControl/CablesforStandardSensors.aspx 

Davis Standard Cup Anemometer 
and Wind Vane Assembly 

Davis Instruments 1 
http://www.davisnet.com/WEATHER/products/ 

weather_product.asp?pnum=07911 

R.M. Young 81000 Ultrasonic 
Anemometer 

R.M. Young 
Company 

1 http://www.youngusa.com/products/11/3.html 
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Dynamic Braking Resistor MegaResistors 1 N/A 

6 ft. Screw Anchors N/A 8 N/A 

Wind Monitor Wireless Data Logger WindMonitoring.com 1 
http://www.windmonitoring.com/update/ 

WWM_Installation_Manual.pdf 

XBee Wireless Adaptor Zigbee Alliance 1 
http://www.digi.com/products/wirelessdropinnetworking/ 

xbeeadapters.jsp#specs 

CR1000 Data Logger Campbell Scientific 1 http://www.campbellsci.com/cr1000 

LLAC4 Low-Level AC Conversion 
Module 

Campbell Scientific 1 http://www.campbellsci.ca/Catalogue/LLAC4.html 

NL115 Compact Flash Module Campbell Scientific 1 http://www.campbellsci.com/nl115 

2GB CompactFlash Card Silicon Systems 1 http://www.campbellsci.com/flash2g 

16"x18" CR1000 Enclosure Campbell Scientific 1 http://www.campbellsci.ca/Catalogue/ENC1618.html 

BP 350, 50 W Photovoltaic Module BP Solar 1 
http://www.gogreensolar.info/specs/ 
product_data_sheet_bp_350_J_B.pdf 

12 V lead acid battery N/A 2 N/A 

Potentiometer for measuring Rotor 
Yaw 

N/A 1 N/A 

Read Switch for measuring Rotor 
Speed 

N/A 1 N/A 

Various assembly and mounting 
hardware 

N/A - N/A 
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Appendix C: Error Propagation and Additional Error 
Considerations 

 
When performing calculations on experimental data, it is possible to propagate errors of the 

individual measurements throughout the calculation. Coleman and Steele (1989) provide the 

following method for estimating the uncertainty caused by independent measurement 

uncertainties on calculated values: 

 

If the desired result k is a function of multiple independent variables Xi as follows,  

                                                         ),,,( 21 jXXXkk                                                       C.1 

The overall measurement uncertainty, μk, is given by  
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For simplicity in some calculations, Eqn. C.2 can also be expressed as,             
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               C.3 

Error Propagation when Directly Comparing Anemometer 
Measurements 

 
A common calculation used in this thesis is mean error, which is simply the difference between 

two values. When comparing wind speeds measured by two anemometers, mean error can be 

expressed as  

 21 UUME   C.4 

Equation X.2 can be used to determine the uncertainty caused by error propagation. The result is 

      2/12
2

2
1  ME  C.5 
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To obtain values of μ1 and μ2, values provided by the anemometer manufacturer can be used: 

 

 According to the manufacturer specifications referenced in Appendix B, the accuracy of 

the NRG 40C cup anemometer is ±0.1 m/s for the range of wind speeds from 5 m/s to 25 

m/s. The individually calibrated NRG 40C anemometers used here had response 

thresholds in the range of 0.34 m/s–0.38 m/s, but no accuracy was provided for the lower 

wind speed range. It will be assumed here that the accuracy is ±0.1 m/s for the entire 

range of interest. (This is probably a reasonable assumption because cup anemometer 

response is close to linear.)  

 The accuracy of the R.M. Young 81000 is reported as ±1% rms ±0.05 m/s for the range 

of wind speeds from 0 m/s to 30 m/s. This has been interpreted as a bias of ±1% of the 

mean wind speed with a precision error of 0.05 m/s, which should approach zero at large 

enough sample sizes. R.M. Young 81000 also measures elevation angle to an accuracy of 

±2º and a resolution of 0.1º. 

 The accuracy of a Davis Standard cup anemometer is reported as the greater of ±1 m/s or 

±5%, which for the range of relevant wind speeds here is always ±1 m/s. 

 

When comparing the measurements of two NRG 40C cup anemometers, the uncertainty can be 

expressed as 

  14.0)/1.0()/1.0(
2/122  smsmME m/s 

Here, there propagation caused by anemometer uncertainty is simply the sum of the squares of the 

individual values. 
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When comparing the measurements of the R.M. Young 81000 sonic anemometer (U1) and an 

NRG 40C cup anemometer (U2), the uncertainty can be expressed as 

     2/122
1 /1.0%1 smUME   

which is smaller than the previous value for all U1 less than 10 m/s. 

 

No values were presented in which Davis Standard measurements were compared directly to 

concurrent NRG 40C or R.M. Young 81000 measurements. More complicated analyses involving 

predictions to hub-height wind speed were presented in Chapter 9 but their uncertainties will not 

be assessed here, as they are inconsequential to the broader scope of this thesis. 

Error Propagation when Calculating Wind Speed Ratios 

Ratios were used on several occasions to compare wind speeds. For the wind speed ratio R = 

U1/U2 , the percent uncertainty caused by measurement errors can be calculated from Eqn. C.3 as 
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For comparing two NRG 40C anemometers, the resulting percent uncertainty is given by 
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A range of relevant values is provided in Table C-1. It is observed that higher wind speeds and 

more extreme ratios result in the lowest uncertainty. In many cases, significant uncertainty is 

introduced to the ratio results by the ±0.1 m/s accuracy of the NRG 40C cup anemometers. 
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Table C-1: Uncertainties (%) Associated with NRG 40C Cup Anemometer Wind Speed 
Ratios (UNRG,1/UNRG,2) 

 
  UNRG,2 
  1 2 3 4 5 6 7 8 

1 14.1 11.2 10.5 10.3 10.2 10.1 10.1 10.1 
2 11.2 7.07 6.01 5.59 5.39 5.27 5.20 5.15 
3 10.5 6.01 4.71 4.17 3.89 3.73 3.63 3.56 
4 10.3 5.59 4.17 3.54 3.20 3.00 2.88 2.80 
5 10.2 5.39 3.89 3.20 2.83 2.60 2.46 2.36 
6 10.1 5.27 3.73 3.00 2.60 2.36 2.20 2.08 
7 10.1 5.20 3.63 2.88 2.46 2.20 2.02 1.90 

UNRG,1 

8 10.1 5.15 3.56 2.80 2.36 2.08 1.90 1.77 
 

For comparing the ratio of R.M. 81000 measurements to NRG 40C measurements (used for 

assessing speedup in Chapter 11), the resulting percent uncertainty is given by 
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Table C-2 provides a range of relevant values. Due to the accuracy of the R. M. Young being 

expressed as a percent of mean wind speed, the percent uncertainty is dependent on the NRG 40C 

wind speed only. 

 
Table C-2: Uncertainties (%) Associated with R. M. Young 81000 Sonic Anemometer to 

NRG 40C Cup Anemometer Wind Speed Ratios (UR. M. Young/UNRG) 
 

  UNRG , m/s 
  1 2 3 4 5 6 7 8 

1 10.0 5.10 3.48 2.69 2.24 1.94 1.74 1.60 
2 10.0 5.10 3.48 2.69 2.24 1.94 1.74 1.60 
3 10.0 5.10 3.48 2.69 2.24 1.94 1.74 1.60 
4 10.0 5.10 3.48 2.69 2.24 1.94 1.74 1.60 
5 10.0 5.10 3.48 2.69 2.24 1.94 1.74 1.60 
6 10.0 5.10 3.48 2.69 2.24 1.94 1.74 1.60 
7 10.0 5.10 3.48 2.69 2.24 1.94 1.74 1.60 

UR .M. Young, 
m/s 

8 10.0 5.10 3.48 2.69 2.24 1.94 1.74 1.60 
 

For comparing the ratio of Davis Standard to NRG 40C measurements (used for deriving sonic 

anemometer correction factors), the resulting percent uncertainty is given by 
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Table C-3 provides a range of relevant values. It is clear that the low measurement accuracy of 

the Davis Standard introduces very high uncertainty to the analysis. 

 
Table C-3: Uncertainties (%) Associated with NRG 40C to Davis Standard Cup 

Anemometer Wind Speed Ratios (UNRG/UDavis) 
 

  UDavis 
  1 2 3 4 5 6 7 8 

1 101 51.0 34.8 26.9 22.4 19.4 17.4 16.0 
2 100 50.2 33.7 25.5 20.6 17.4 15.1 13.5 
3 100 50.1 33.5 25.2 20.3 17.0 14.7 12.9 
4 100 50.1 33.4 25.1 20.2 16.9 14.5 12.7 
5 100 50.0 33.4 25.1 20.1 16.8 14.4 12.7 
6 100 50.0 33.4 25.1 20.1 16.7 14.4 12.6 
7 100 50.0 33.4 25.0 20.1 16.7 14.4 12.6 

UNRG 

8 100 50.0 33.4 25.0 20.0 16.7 14.3 12.6 
 

For all cases, using Eqn. C.2, the mean uncertainty associated with an entire data set of j data 

points can be expressed as follows: 
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   C.7 

 

These uncertainties are represented by the accuracy limits given for each instrument by its 

manufacturer. The assumption has been applied that the listed accuracies represent confidence 

intervals and that the intervals used for the three types of anemometer are equal (for example, 

95%). In reality, it is unknown whether or not this is true, or what coverage was used in each case 

(if confidence intervals were used at all). 
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Error Propagation Upwards with Height 

When using vertical extrapolation to predict hub-height wind speed, there are errors propagated 

by the use of the power law or log law. For the power law, the individually calculated values of α 

will be influenced by error propagation according to Eqn. 2.3; however, as discussed in Chapter 

12, when using appropriate averaging schemes (Methods 2 or 3) the uncertainty in α caused by 

error propagation is eliminated. The estimates of hub-height wind speed are then made as 

follows: 

 









10

18
10UU est  C.8 

The resulting uncertainty (when α = 0.172, for example) can be expressed as 

smest /111.0
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If the wind followed an ideal power law profile, this value could then be used in Eqn. C.5 to 

calculate the corresponding uncertainty in ME (0.149 m/s). However, the usefulness of this 

approach is questionable, considering that a much more significant source of error comes from 

the assumption that wind shear follows an ideal power law profile to begin with.  

Notes on Wind Direction and Yaw Angle 

The NRG 200S wind direction sensor manufacturer specifications indicate that a DC voltage 

signal with 1% linearity is directly proportional to the wind direction. The sensor has a 352º range 

(and an 8º dead band). It is uncertain in which direction the dead band was positioned in the 

experimental installation. The most likely cause of error in wind direction measurements is 

human error arising from estimates of true compass direction. As a result, it is difficult to quantify 

the extent of the wind direction measurement error here. 
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As mentioned in Section 11.4.1, the yaw angle sensor installed on the Bergey XL.1 failed early 

during the experiment. Turbine yaw angle was estimated according to concurrent measurements 

of wind direction, likely resulting in significant error. When γ was used for analysis in Chapter 

11, it was used primarily for observing the trends in φ and S. 

Considerations for Power Measurements 

The power output of the wind turbine has been converted from voltage measurements as 

explained in Appendix A. The resulting uncertainty is a function of the error propagated by the 

uncertainty in the turbine voltage output and the tolerance of the dump load resistor. The 

uncertainty in the turbine voltage output is related to the accuracy of the data logger 

measurements and the tolerance of each smaller resistance. It is assumed that the error associated 

with the data logger is much smaller than other sources of error and is thus negligible. The 

resistor tolerances are unknown, however. The information in Appendix A has been used along 

with Eqns. C.2 and C.3 to arrive at the following set of uncertainties (where τ = resistor 

tolerance): 
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To give an idea of the expected uncertainty, if every resistor (including the dump load) had a 

tolerance of ±5%, the combined uncertainty of the power measurements would be 12.2%. 

Considerations for Rotor Speed and Power Coefficients 

Rotor speed was measured by a magnet and reed switch combination, obtained from a modified 

Davis Standard cup anemometer. Therefore, it will be assumed that the uncertainty is 1 m/s. This 

corresponds to about 7.6 RPM. Tip speed ratio, λ, is a function of rotor speed and reference 

(NRG 40C measured) wind speed. Therefore, the corresponding uncertainty is related to the 

UDavis/UNRG ratio, but (because the rotor operates at high speeds and λ is a large ratio relative to 

measured wind speed ratios) the uncertainty can be expected to be low relative to the values in 

Table C.3. 

 

Power coefficients were calculated by solving for CP in Eqn. 1.1, 

 
3

2

AU

P
CP 

  C.9 

where density is calculated from the ideal gas law as 

 
RT

p
  C.10 

The corresponding uncertainty is therefore a function of the power, area, wind speed, density, and 

pressure and temperature uncertainties. The relevant values have not been worked out here but 

similar methods can be applied as used above. Similarly, when normalizing the power curve for 

density, Equation C.10 is relevant for understanding the uncertainty. 

Significant Figures 

Generally, a common sense approach has been taken for expressing the experimental 

results in terms of significant figures.
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Appendix D: Notes on Cup Anemometer Calibration 

Wind speed measurements from each cup anemometer were verified against a pitot tube in the 

University of Guelph boundary layer wind tunnel. The wind tunnel was emptied of spires and 

roughness elements to simulate free-stream, laminar flow as closely as possible. Each 

anemometer was positioned individually in the measurement sector and its reported wind speeds 

were compared with concurrent measurements from the pitot tube. The results are summarized in 

Fig. D-1. 

 

Each NRG 40C cup anemometer was provided with a certified calibration curve according to the 

National Institute of Standards and Technology (USA). The purpose of the wind tunnel 

comparisons was not to recalibrate the anemometers but rather to ensure that they read similarly 

to each other and to the pitot tube.  

 

It is clear from Fig. D-1 that the NRG 40C anemometers were consistent with each other. In 

general, they read slightly higher than the pitot tube at low wind speeds but were very accurate at 

higher wind speeds. The reason for the high readings at low wind speeds is unknown but might be 

a result of the turbulent nature of the wind tunnel causing greater disparity between measurements 

at low winds. The University of Guelph wind tunnel cannot approximate laminar flow over a 

wide range of wind speeds and therefore is not an ideal wind tunnel for cup anemometer 

calibrations. This justifies the choice to defer to the standardized NRG 40C calibrations provided 

by the manufacturer. 
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Figure D-1: Cup anemometer wind speeds plotted against reference pitot tube wind speeds 
during a wind tunnel verification of cup anemometer calibration curves 

 

The most significant finding from the wind tunnel measurements was that the Davis Standard did 

not read consistently with the NRG 40C anemometers or the pitot tube. This was not entirely 

unexpected, as the Davis Standard is a consumer grade cup anemometer that is not held to the 

same standards for measurement accuracy as the NRG 40C. In Fig. D-2 a linear regression was 

applied to the data collected using the Davis Standard anemometer and plotted alongside the data 

from the NRG 40C to be used as the hub-height reference anemometer. The two regression lines 

in Fig. D-2 have identical slopes and only differ by their offsets. Standard cup anemometer 

calibrations are allowed offsets to account for a slight non-linearity in anemometer response at 

low wind speeds, and therefore it is not appropriate simply to force each line through the origin. 

The regression lines have been left exactly as determined experimentally.  
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In an attempt to achieve consistency between anemometers in the field, a calibration correction 

has been applied to Davis Standard measurements based on Fig. D-2. The difference in offsets 

between the two regression lines (0.2469 m/s) was added to the Davis Standard measurements 

during data analysis. As expected, this correction was less accurate at low wind speeds when both 

anemometers read close to zero. As a result, the correction was introduced gradually as a linear 

addition from 0 m/s until 2 m/s. This was a largely arbitrary process but was considered 

reasonable given the limitations of the Wind Monitor’s one minute averaging period. 
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Figure D-2: A linear regression to Davis Standard cup anemometer measurements obtained 

in the wind tunnel for developing experimental correction factors. 
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Appendix E: An Overview of Circulation and Vorticity 
 

To avoid reproducing several pages of text, information from White (2003) has been summarized 

and only key results are presented here. The appropriate pages of White (2003) have been 

provided for reference. A full, in depth explanation is beyond the scope of this thesis. 

 

This appendix will begin with a discussion of vorticity ζ. Vorticity is a measure of the local 

rotation of the fluid at a point in a velocity field. It is related to the curl of the local velocity 

vector V. The curl is a measure of the perpendicularity of V and its gradient, 

=  zyx  /,/,/ , and can be found by taking the cross product, V ,  

  E.1 

For a velocity field confined to the i–j plane, the cross product becomes, 

 curl V = k 














y

u

x

v
 E.2 

From here it can be shown that the local angular velocity vector ω is equal to ½ curl V. Details 

are given on pages 257-258 of White (2003). The vorticity vector can therefore be defined as, 

 ζ = curl V = 2ω E.3 

 

A second important aspect to define is the circulation, Γ. Circulation is a global property of the 

fluid related to the vorticity, and is defined by taking the integral of the tangential component of 

the velocity vector around any closed contour C in the velocity field. This is explained in detail 

on page 527 and 528 of White (2003). The integration is shown here with reference to Fig. E-1. 
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Figure E-1: Definition of the fluid circulation, Γ (Source: White, 2003) 
 

In general, Γ is a measure of the net algebraic strength of the vorticity within the closed curve 

(White, 2003). 

 

Of interest here are point vortices and line vortices. A point vortex is a concentrated vortex that is 

represented by a single point. A line vortex (or vortex filament) is a point vortex that extends in 

three-dimensional space (UW, 2006). In vortex cylinder theory, the rotor is approximated as an 

actuator disc consisting of an infinite number of bound vortex filaments and a vortex ring along 

its perimeter. A bound vortex is a permanent vortex that, within a flow field, will encircle an 

object such as an airfoil without dissipating (Gilbert, 2008). A vortex ring is simply an azimuthal 

vortex filament that forms the perimeter of a circle. The rotor wake is decomposed into a root 

vortex (a vortex filament extending along the axis of rotation) and a cylindrical vortex sheet 

(comprised of an infinite number of rings and filaments extending downwind). 
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Appendix F: Flow Inclination and Speedup Correction 
Factors: Sample Size Considerations 

 
As discussed in Section 11.4, several yaw bins had insufficient data to derive correction factors 

for analyzing flow inclination and speedup at the sonic anemometer position.  Statistical methods 

have been applied to determine the merits of each correction factor based on the number of data 

points in each bin. The concept of precision limits has been used to identify the 95% confidence 

limits of each correction factor. This is analogous to the more common definition of confidence 

intervals but takes into account the sample size of the data. If the measurements of a variable X 

are normally distributed about their mean, X , the precision limit PX identifies the 95% 

confidence interval in which an individual measurement can be expected to fall. The precision 

limit of the mean, 
X

P , identifies the 95% confidence interval in which the mean value of the 

parent population can be expected to fall.  

 

Expressing the precision limits mathematically, 

 XX tP   F.1 

where t is the number of sample standard deviations, σX, comprising the interval, and, 

 ntP XX
/   F.2 

A detailed explanation is provided in Coleman and Steele (1989). 

 

It is 
X

P that is of interest here, considering that the correction factors used in Section 11.4 are 

mean values derived from data with a small number of samples. Following the standard outlined 

in Coleman and Steele (1989), any data set of 30 samples or less is of concern.  
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Table F-1 presents the relevant data used to derive flow inclination correction factors ( shorted). 

The 8 bolded rows indicate yaw bins that are of concern for having too few data points. Of the 

other 28, it can be said with 95% confidence that all but one correction factor falls within 1º of 

the parent population value of  shorted (examining P ) and most fall within less than 0.5º. The 

correction factors at γ  = -70º, -60º, 130º, and 180º provide considerably less confidence. No data 

were available in the shorted data set at γ = 140º, 150º, 160º, and 170º, so correction factors were 

not applied. Data from all of the bolded rows should be treated with scepticism in Section 11.4.1. 

 

Table F-2 presents the relevant data used to derive speedup correction factors ( S bladeless). Again, 

the bolded rows indicate yaw bins that are of concern for having too few data points. All but two 

of the remaining yaw bins have correction factors that fall within 2% of the parent population of 

S bladeless and most fall within the range of 0.2%–1.5%. The correction factors at γ = 110-180 

provide less confidence and should be treated with scepticism. 
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Table F-1: Precision Limits for φ Correction Factors (Derived from Shorted Data Set) 
 

γ-bin center, ° 
Corresponding 

Azimuth, ° 
Number of 
data points  shorted, °  , ° t  P ,  °  

-170 60 156 -3.60 3.31 2 0.530 
-160 70 479 -1.03 1.98 2 0.181 
-150 80 290 0.05 2.44 2 0.287 
-140 90 236 0.34 2.66 2 0.347 
-130 100 196 0.69 3.33 2 0.476 
-120 110 233 1.37 3.39 2 0.444 
-110 120 145 2.21 3.42 2 0.569 
-100 130 90 1.78 3.67 2 0.775 
-90 140 78 1.21 3.05 2 0.692 
-80 150 49 1.19 2.43 2 0.694 
-70 160 11 4.25 7.80 2.228 5.24 
-60 170 22 4.91 5.87 2.08 2.60 
-50 180 81 3.08 4.33 2 0.962 
-40 190 191 2.82 3.06 2 0.443 
-30 200 250 2.78 2.75 2 0.348 
-20 210 396 2.24 2.31 2 0.232 
-10 220 1222 1.58 2.26 2 0.129 
0 230 804 0.43 2.13 2 0.150 

10 240 551 -1.26 1.92 2 0.164 
20 250 264 -2.36 2.14 2 0.263 
30 260 360 -3.10 1.73 2 0.182 
40 270 769 -3.51 1.56 2 0.112 
50 280 466 -3.88 1.40 2 0.130 
60 290 375 -4.40 1.77 2 0.183 
70 300 498 -4.63 2.61 2 0.233 
80 310 290 -4.46 3.98 2 0.468 
90 320 149 -4.90 4.62 2 0.756 

100 330 89 -4.59 5.62 2 1.192 
110 340 80 -5.00 3.78 2 0.846 
120 350 46 -4.06 3.19 2 0.942 
130 360 / 0 18 -4.62 3.84 2.11 1.91 
140 10 0 NaN NaN N/A N/A 
150 20 0 NaN NaN N/A N/A 
160 30 0 NaN NaN N/A N/A 
170 40 0 NaN NaN N/A N/A 
180 50 3 -10.99 2.44 4.303 6.07 
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Table F-2: Precision Limits for S Correction Factors (Derived from Bladeless Data Set) 

 

γ-bin center, ° 
Corresponding 

Azimuth, ° 
Number of 
data points S bladeless S  t 

S
P   

-170 60 175 0.719 0.106 2 0.016 
-160 70 314 0.917 0.098 2 0.011 
-150 80 290 1.006 0.089 2 0.010 
-140 90 887 1.043 0.090 2 0.006 
-130 100 509 1.056 0.083 2 0.007 
-120 110 145 1.050 0.086 2 0.014 
-110 120 74 1.069 0.082 2 0.019 
-100 130 126 1.065 0.082 2 0.015 
-90 140 190 1.052 0.076 2 0.011 
-80 150 87 1.053 0.065 2 0.014 
-70 160 53 1.009 0.065 2 0.018 
-60 170 66 0.960 0.087 2 0.022 
-50 180 99 0.958 0.082 2 0.016 
-40 190 139 0.970 0.093 2 0.016 
-30 200 160 0.952 0.084 2 0.013 
-20 210 239 0.947 0.074 2 0.010 
-10 220 929 0.947 0.062 2 0.004 
0 230 2043 0.957 0.051 2 0.002 

10 240 2977 0.971 0.048 2 0.002 
20 250 2052 0.979 0.052 2 0.002 
30 260 1071 0.990 0.057 2 0.003 
40 270 713 1.000 0.055 2 0.004 
50 280 401 1.019 0.059 2 0.006 
60 290 393 1.006 0.055 2 0.006 
70 300 197 1.040 0.065 2 0.009 
80 310 140 1.041 0.083 2 0.014 
90 320 122 1.052 0.084 2 0.015 
100 330 48 1.041 0.071 2 0.020 
110 340 17 1.067 0.062 2.12 0.032 
120 350 9 1.101 0.081 2.306 0.062 
130 360 / 0 3 1.112 0.032 4.303 0.079 
140 10 5 1.185 0.090 2.776 0.112 
150 20 3 1.120 0.099 4.303 0.246 
160 30 7 0.988 0.120 2.447 0.111 
170 40 22 0.777 0.091 2.08 0.040 
180 50 28 0.685 0.060 2.052 0.023 

 
 
 


