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Abstract

Small wind turbines are often sited in more complex environments than the open terrain sites
assumed in relevant installation guidelines or in the international small wind turbine design
standard IEC61400-2. The built environment is an example of such a complex environment
and installation of small wind turbines on the rooftops of high buildings has been suggested
by architects and project developers as a potential means of incorporating sustainable energy
generation into building design. In the absence of guidelines for installing wind turbines in
the built environment, two key wind measurement parameters are the rate at which a data
acquisition system (DAQ) samples the sensor, and the period over which the sampled data is
averaged.

This paper presents the results of the effect of sampling rate and averaging period on
turbulence measurements from a monitoring system on a building rooftop, in order to inform
the process of developing guidelines. The results will inform the development of a
Recommended Practice of wind resource assessment in the built environment, via the
International Energy Agency Task 27. The key finding of the paper is that, in general, 10Hz
sampling and 10 minutes averaging period give upper estimates for turbulence intensity and
maximum values of the turbulence power spectra. Using these conservative values in the
design of the turbine may be the best approach to ensure that the turbine can handle both the
fatigue loads and resonance due to gusts.

Keywords: Small wind turbines, Built environment, Turbulence, Sampling rate, Averaging
period.

Nomenclature

L Monin- Obukhov length scale [m]

Uu, Friction velocity [m/s]
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T, Mean air temperature [K]

g Gravitational acceleration constant [m/s°]
k von Karman constant [-]
wT Kinematic heat flux [mK/s]
o, Standard deviation of longitudinal wind speed [m/s]
s Characteristic turbulence intensity at 15 m/s [-]
a Slope parameter for turbulence standard deviation model [-]
Vi Mean wind speed at the hub-height of the turbine [m/s]
U Wind velocity vector [m/s]
7 Mean wind velocity vector [m/s]
l_f Fluctuation in the wind [m/s]
o, Standard deviation of x [m?/s?]
z Height of the anemometer a.g.l [m]
h Height of the Bunnings warehouse fagade a.g.l [m]
U Longitudinal wind speed from the ultrasonic (raw data) [m/s]
Vg Lateral wind speed from the ultrasonic (raw data) [m/s]
Wy Vertical wind speed from the ultrasonic (raw data) [m/s]
Uzg Longitudinal component of the horizontal wind speed [m/s]
0 Wind direction in the horizontal plane [degree]
7 Flow direction at an incline to the horizontal [degree]
O, Covariance between u, and v, [m%/s’]
O, Covariance between u,, and w, [m%/s?]
Usg Longitudinal component of the three-dimensional wind speed

(reference frame of the mean three-dimensional wind speed) [m/s]



V34 Lateral component of the three-dimensional wind speed (reference
frame of the mean three-dimensional wind speed) [m/s]

Wsg Vertical component of the three-dimensional wind speed (reference
frame of the mean three-dimensional wind speed) [m/s]

I Turbulence intensity for longitudinal wind component [-]
I Turbulence intensity for lateral wind component [-]

I Turbulence intensity for vertical wind component [-]

1. Introduction

The installation of small wind turbines (< 200 m? swept area [1]) on the rooftop of high
buildings has been suggested by architects and project developers as a potential means of
achieving a form of sustainable and low-energy buildings. Many rooftop installations,
however, have suffered from poor siting [2,3] and have often bypassed a wind resource
feasibility study prior to installation. As with all wind projects, large and small, a wind
resource assessment is crucial in order to know the exact conditions that the wind turbine will
experience.

For wind projects in open terrain, there exist a number of guidelines for conducting a
monitoring campaign to assess the wind resource at the site [4,5]. The guidelines assume a
clear distinction between the variations in wind speed due to large-scale macro-
meteorological events and small-scale high frequency fluctuations. The mean wind speed is
defined over an averaging period of 10 minutes in order to capture both. The IEC61400-12-1
standard provides a process for measuring the wind resource at a site and correlating with
power measurements from a wind turbine situated close to the meteorological mast. For small
wind turbines a period of 1 minute is chosen to accommodate the response of the small
turbine to wind fluctuations. A site calibration may be carried out to account for differences
between the measured wind speeds and turbine inflow conditions due to changes in the
terrain around the site [5].

In both the US and UK, where significant markets for small wind turbines (SWTs) have been
established [6,7] , the proportion of systems that are grid-connected is increasing whereas the
proportion of systems off-grid is decreasing [8,9]. There is a also a growing trend for SWTs
to be sited in more complex environments than the open terrain assumed in the
aforementioned guidelines or in the international small wind turbine design standard
IEC61400-2[10]. These sites include locations near buildings, trees and other obstacles. In
such locations, the wind is normally highly three-dimensional, turbulent, unstable and light,
in terms of direction and speed [11], and some sites may experience values of turbulence
intensity that are many times greater than an open field site. Wind monitoring campaigns play
a particularly important role for these turbulent sites since the level of turbulence
significantly affects the power output of the turbine, and elevated turbulence intensity has
been found to be the most important factor in reducing turbine fatigue life [12].



There are very few details in the literature on a methodology for conducting wind resource
assessment campaigns in the built environment. In 2007, the Wind Energy Integration in
Urban Europe (WINEUR) project released a report on resource assessment and recognised
that, although expensive and time-consuming, there was no substitute for direct measurement
in order to obtain quality data that will lead to accurate predictions of annual energy
production [13]. As part of that project, direct measurements were conducted on rooftops of
buildings in France and the UK. The monitoring methods were not specifically stated other
than the use of cup anemometers and procedures that were similar to those for large-scale
utility wind farms.

In the absence of guidelines, the monitoring methods for direct measurement of wind in
urban areas have varied from study to study and in accordance with application. Two key
measurement parameters are the rate at which a data acquisition system (DAQ) samples the
wind sensor, and the period over which the sampled data is averaged. For instance, Anderson
et al. sampled data at 10Hz and recorded as 10 minute averages on the rooftop of a three-
storey building for the specific purpose of assessing the feasibility of the site for a small wind
turbine installation [14]. On the other hand, Rotach used 1Hz data averaged over 50 minutes
when measuring wind turbulence in urban street canyons as part of air pollution studies [15].
In designing a measurement campaign to capture the characteristics of the flow in the urban
environment, consideration has to be given to (1) the choice of sensor, (2) whether the
sampling rates are fast enough to accurately capture turbulence, and (3) whether the
averaging period is suitably matched to the power spectra at the site.

Some literature is available on the comparison of different kinds of wind sensors for wind
speed and turbulence characterization. Kristensen noted that the most significant error in
mean wind speeds recorded by cup anemometers is due to lateral velocity fluctuations, and
this error may be suppressed significantly by combining the cup anemometer with a wind
vane and using a signal processing technique called the vector wind-run method [16].
Yahaya and Frangi compared measurements of turbulence using an ultrasonic anemometer
and two opto-electronic cup anemometers and found that fast cup anemometers have the
potential to measure some turbulence parameters (e.g. wind variance) with errors of
magnitude as per those for mean speed measurements [17]. The U.S. Department of Energy’s
turbulence characterization program used propeller-vane and cup anemometers under very
turbulent conditions, and the results suggested that the cup anemometer may prove to be an
inexpensive and rugged sensor appropriate for turbulence measurements in wind energy
applications [18]. On the other hand, Anderson et al. justify their use of an ultrasonic
anemometer by stating that the output of cup anemometers is degraded at fast sample rates
due to pulse counting demodulation, and in the highly dynamic and constantly changing wind
environment of a rooftop, a significant amount of valuable data could be lost while the cup
devices respond to change [14].

Researchers who are interested in accurately recording wind turbulence use a high frequency
sampling rate, typically at or above 10 Hz [19]. If a spectral analysis of the high frequency
turbulent regime is of interest, then a sampling rate related to the time constant of the
measurement system is likely to be chosen (assuming this is sufficiently low) [20]. Lubitz
studied the impact of ambient turbulence on the performance of a small wind turbine.
Measurements recorded at 1 Hz showed a time lag of one to two seconds between a change in
wind speed and the resulting change in energy production. [21].



The International Energy Agency (IEA) Task 27 was established in 2009 and is concerned
with small wind turbine research [22]. The IEA Task 27 members have identified a need for a
Recommended Practice on the micro-siting of small turbines in highly turbulent sites, such as
the complex urban sites mentioned in this paper. The Recommended Practice will include
best practice in site assessments in terms of a specific measurement and data acquisition
strategy including sampling rate and averaging period analysis. Murdoch University is part of
the IEA Task 27 working group and this paper presents the results of the effect of sampling
rate and averaging period on turbulence measurements from a monitoring system on the
rooftop of a building, in order to inform the process of developing the Recommended
Practice. The specific objectives of this research are to:

(1) Investigate the effects of different sampling rates and averaging periods on the
turbulent intensity and turbulence power spectra of the three components of wind flow
(longitudinal, lateral and vertical) under the most common types of atmospheric
conditions that a roof-mounted small wind turbine would operate in, and

(2) Compare the effect that sampling rate has on the value of the characteristic turbulence
intensity, as defined in the international small wind turbine design standard,
IEC61400-2, for small wind turbines mounted at different heights above a roof.

2. Theory

2.1. Turbulence Intensity

Turbulence is defined as “stochastic variations in wind velocity” from mean values in three
dimensions; longitudinally, laterally and vertically. In wind resource analysis, one measure of
turbulence is given by the dimensionless quantity, turbulence intensity, I, which is the ratio of
the wind speed standard deviation to the mean wind speed, measured from the same set of
data [1]. The intensity of turbulence has been studied via various field and wind tunnel
experiments in and above canopies. Measurements of standard deviations of velocity
component fluctuations show that these variables are very scattered within canopies. The
scatter is due to the effects of pressure gradients as well as the structure of the canopy and
turbulence characteristics above the canopy [23].

The small wind turbine standard IEC6400-2: Design requirements for small wind turbines
(ed. 2) uses a Normal Turbulence Model (NTM) that describes turbulence and turbulence
intensity and includes the effects of varying wind speed and varying direction [1]. IEC6400-2
defines a ‘characteristic turbulence intensity’, as the 90™ percentile of turbulence intensity
measurements binned with respect to wind speed [1]. For each wind speed bin, the 90"
percentile value of | is obtained by taking the mean I value in the bin plus 1.28 standard
deviations of I from the mean, thus assuming a Gaussian distribution for turbulence intensity
values. The Normal Turbulence Model (NTM) states that the expected standard deviation of
longitudinal wind speed, o1, is given by following equation [1] based on data collected from
open terrain sites:

Oy90m) = l1s (5+aV,, ) /(a+1) (1)



The necessary minimum requirements of the NTM in terms of load analysis of regular wind
turbines is discussed by Stork et al. , who state that the curve for o versus V,,,;, is based on
observations of hub-height wind speeds in the range 10-25 m/s over open terrain [24].

2.2. Turbulence and Thermal Stability

A three-dimensional wind velocity vector U can be defined as

S

U=U+1U )

The term ‘spectra’ is applied to describe the functions of frequency and the function that
presents turbulence as a function of frequency is recognized as a ‘spectral density’ function
[25, 26].

Turbulence is affected by the atmospheric thermal stability conditions, which depend on the
potential temperature gradient. In unstable conditions, the temperature gradient is negative
and the air near to the ground is warmer with a lower density than the surrounding air,
resulting in positive buoyancy forces that move a parcel of air upwards. The turbulent eddies
in an unstable boundary layer can extend vertically for a significant distance. In a neutral, or
near neutral atmospheric condition, the air is well-mixed and the vertical potential
temperature gradient is close to zero, resulting in buoyancy forces that are close to zero. High
wind speeds and cloudy skies prevent any significant temperature gradient and lead to neutral
atmospheric conditions [27].

The cut-in wind speed for most small wind turbines that are appropriate for rooftop
applications is, at a very minimum, 2 m/s and most of the power generated by a turbine on the
roof occurs at wind speeds greater than 4 m/s. For most operating conditions of small rooftop
wind turbines, the atmospheric stability is either slightly unstable or neutral [28].

The atmospheric boundary layer can be specified according to the parameter known as the
Monin-Obukhov length, L; which is the height where the turbulent forcing from thermal and
shear processes are in balance. L is constant with height but changes with stability in the
surface layer and as a result can be used as a stability parameter [29]. L is defined as:

37T
[ = 2o @A)

grkwT

Golder, using micro-meteorological data, calculated L (the Monin-Obukhov length) values
and Pasquill atmospheric stability classes and obtained curves presenting atmospheric
stability classes as functions of L and roughness length, zo [30]. This curve can be used to
select wind data with respect to a range of Monin-Obukhov lengths to choose data that
correspond to particular atmospheric stability conditions.

It should be noted that the Monin-Obukhov analysis was originally proposed as a stability
correction to the logarithmic law for the mean wind speed profile which is normally modelled
as a fully developed wind profile over homogeneous and uniformly rough terrain under
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steady state conditions. Such a situation is never going to be appropriate to urban flows but
Rotach [31] suggests that when the wind speeds and temperatures are averaged over all wind
directions, their gradients can be described using MO theory based on local values of the
scaling parameters. Since sensible heat flux was not measured the analysis of Golder has
been used to estimate the Monin-Obukhov length scale to classify atmospheric stability.

3. Method
3.1 Site Measurements

This study makes use of data collected from a wind monitoring system on the roof of a large
warehouse belonging to the hardware chain Bunnings Ltd. in the suburb of Port Kennedy,
Perth, Western Australia. The warehouse is a rectangular building, with its long-axis oriented
NNE-SSW, a facade wall that extends above the roof and is h = 8.5 m a.g.l, and a very low
pitched roof (almost flat). The building lies approximately 5km distant from the coast (Indian
Ocean) with the prevailing winds from the south-west. The warehouse is situated in a
commercial estate but has no larger buildings or large trees in the vicinity. Within a 1km
radius of the site there are mainly residential buildings to the north, commercial and industrial
buildings to the east and a few buildings, low shrubs and low sand dunes to the south and
west. The south-west front and the north-west side are comparatively open, though street
furniture® and a car park exist on these sides [32]. The built-up area surrounding the
warehouse is shown in Figure 1.

The wind monitoring system was installed in September 2009 as part of a wind resource
assessment for the installation of five small wind turbines that were later commissioned in
March 2010. A Gill WindMaster Pro 3D ultrasonic anemometer was installed on a boom on a
5.3 m mast attached to the front-facade of the warehouse. The boom had a sliding collar in
order to position the ultrasonic anemometer at different heights above the roof. The mast
could be tilted down in order to make adjustments or to replace sensors. The data consists of
10Hz data over a 2 year period. To reduce processing time, smaller records of 10 days of data
were extracted for each of 4 normalized heights studied; z/h = 1.35, 1.46, 1.58 and 1.70,
where z is the height of the anemometer a.g.l. The choice of 10 days of measured wind data was
driven by a need to provide a balance between having enough data that would capture changes in
average wind speed from events that typically occur over several days whilst avoiding the collection
of too much data, particularly at high sampling rates, which adds complexity in terms of data storage,
transfer and analysis. . In this paper, the results for mean turbulence intensity and power
spectral density are presented for z/h = 1.46, which is a representative height for small wind
turbines on the roof. The results for all 4 heights, however, are included in the study of
characteristic turbulence intensity. Figure 2 indicates the position of the ultrasonic
anemometer on the roof.

! Objects and pieces of equipment installed on streets and roads for various purposes
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Flgurel Aerial view of the built- -up area surroundlng the Bunnlngs warehouse in Port Kennedy, WA.

Figure 2. A photograph of the front view of the Bunnings warehouse showing the five small wind turbines and
the ultrasonic anemometer position (red circle).



3.2. Data Processing

The data series of 10 days of 10 Hz measured data from the rooftop of the warehouse were
filtered to produce a number of datasets with lower sampling rates, in order to compare
turbulence characteristics between datasets. In addition the original 10Hz dataset was
analysed to see the effect of different averaging periods on turbulence characteristics.

As stated in Section 2, the most common atmospheric conditions experienced during the
operation of a small wind turbine in the built environment are either slightly unstable or
neutral atmospheric conditions. Based on a table of roughness length, surface characteristics
and roughness class from the European wind atlas, the aerodynamic roughness of Bunnings
warehouse area was estimated to be 50 cm [33]. The curves presented by Golder were then
used to find the range of Monin-Obukhov lengths corresponding to slightly unstable and
neutral condition on the roof of the warehouse for 10 minutes averaging period and these
values were used to filter the raw measurements [30].

The next part of the procedure was to change from the ultrasonic anemometer reference
frame to the reference frame of mean three-dimensional wind speed (longitudinal, lateral and
vertical) and direction. This allowed the measured data to be compared to the values from the
NTM model in IEC61400-2. The filtered data for each dataset was binned with respect to
different time periods and averages, allowing standard deviations of data for each bin to be
calculated. As a first step, the time-averaged data was used to compute the wind direction in
the horizontal plane, &, along with the covariance, o, . These parameters were used to

translate the data from the reference frame of the ultrasonic anemometer to the reference
frame of the horizontal wind speed and direction, in accordance with:

2 _ 2 2 2 i 2 -
04,, = Oy, -€0s” 6 + g sin® 6 — 2sinf cos 6. gy, (@)
2 _ 2 _ 2 2 2 2 ;

05, = Op,, =04, .sin*6 + a7 .cos? @ + 2sinf cosf .0y, (5)

Figure 3a shows the first step in changing referencing frame. In the next step, averages and
standard deviations of u,,; and wg in each bin were calculated. From the time-averaged data
the direction of flow at an incline to the horizontal, ¢, was computed along with the
covariance a,,,,, . In a process similar to the first step, these parameters were used to
translate the data from the reference frame of the horizontal wind speed to the reference
frame of the mean three-dimensional wind speed and direction, in accordance with :

Of., = Ok, -COS> @ + 0y sin® @ + 2sing cos @ . oy, ,w, (6)
0., = Ok, -Sin® @ + 05,_.cos* @ — 2sin@ cos ¢ .oy, . (7

Figure 3b shows the second step in changing referencing frame. The turbulence intensity for
each wind component was then calculated according to:



I, = ’afgd/U,Iv= fa,?M/U,IW: 0%.,/U (8)
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Figure 3a. Changing the reference frame of the ultrasonic anemometer to the reference frame of the horizontal
wind speed.
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Figure 3b. Changing the reference frame of the horizontal wind speed to the reference frame of the mean three-
dimensional wind speed.
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To investigate the effect of sampling rate on the turbulent wind regime experienced by small
wind turbines in the built environment, the above procedure for calculating turbulence
intensity was performed on three datasets with different sampling rates; 1Hz, 4Hz and 10Hz,
with an averaging period of 10 minutes (the standard averaging period used in wind
monitoring studies). The rationale for choosing these sampling frequencies was largely based
on previous studies concerned with the effect of turbulence on small wind turbines. Lubitz
used 1Hz data based on the time lag in the response of the small wind turbine energy
production to changes in wind speed [21]. SWT manufacturer Quiet Revolution and the
Energy Savings Trust studies used 4Hz with all their rooftop installations. Anderson et al.
used 10Hz and this has been used by others looking at turbulence in detail e.g. [14].

To investigate the effect of averaging period on turbulence the above procedure for
calculating turbulence intensity was performed on the 10 Hz data using three different
averaging periods; 10 minutes, 5 minutes and 1 minute. The rationale for choosing these
averaging periods was based on values used from previous studies. The UK body SWIIS has
recommended a 10-minute sampling standard for measuring turbulence [34]; the Warwick
Wind Trial data analysis suggests 5-minute averaging may be more representative in urban
areas [35]; other groups have used 1-minute averaging in accordance with the procedures of
power performance measurement of small wind turbines in IEC61400-2 Annex H [1].

For the different sampling rates and averaging periods noted above, the value of the
characteristic turbulence intensity, ;5 has been calculated by using a linear fit to the scatter
plot of standard deviation versus mean of the longitudinal wind speed, extrapolating the fit
and substituting 15 m/s as the mean wind speed. The results are compared with the values
from the NTM of IEC61400-2, which were generated using Eq. 1.

To find the power spectral density for each dataset the mean longitudinal, lateral and vertical
wind components are separately subtracted from their respective measurements to leave the
fluctuations for each component. The normalized autocorrelation of the fluctuations is then
computed and a Fast Fourier Transform of this autocorrelation provides the data for the
power spectral density plots. To investigate the effect of sampling rate on turbulence power
spectral density, the data in neutral atmospheric conditions (243 records, each of ten minutes
duration and taken at z/h = 1.46) were sampled at 1Hz, 4Hz and 10Hz, respectively, to
produce the power spectra presented here.

To investigate the effect of averaging period on turbulence power spectral density data set
sampled at 10 Hz at z/h = 1.46 above the roof fagade in neutral atmospheric conditions were
used. During 10 days of measured wind data, there were 243 groups of ten-minute readings
taken in neutral atmospheric conditions. This same data was divided into 468 groups of five-
minute reading as well as 2430 groups of one-minute readings. The different groupings of the
same dataset were then used to investigate the effect of averaging period on turbulence power
spectral density.

This approach uses the highest possible sampling rate from the experiment (10Hz) when
investigating the impact of averaging period on time-averaged turbulence intensity. This
couples the requirement for sufficient number of samples to ensure convergence of
turbulence intensity with the frequency needed to provide adequate resolution of spectra.
Although there is evidence that the spectral gap [36] may not exist at some sites [37], our data
suggest a convergence of results beyond a 10 minute averaging period consistent with the
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presence of a spectral gap. Since the sampling rate determines the spectra and the spectral gap
influences the choice of averaging period, there is thus an interdependency of sampling rate
and averaging period which makes it difficult to exactly determine the individual effect of
either parameter on time-averaged turbulence intensity. This must be noted as a limitation of
the research.

4. Results and Discussion
4.1. Turbulence Intensity

Figures 4, 5 and 6 show the mean of turbulence intensity for longitudinal, lateral and vertical
wind components, respectively. Each figure shows the effect of three different sampling rates
on 10 minute averaged data collected at z/h = 1.46 for slightly unstable and neutral
conditions. Note that the error bars in Figures 4, 5 and 6 represent the standard deviation of
binned turbulence intensity values and the number of measured data points in each bin for the
10 Hz case is displayed in brackets on the plots. Due to the low number of measured neutral
condition data for last bin, this bin has not been included in the analysis.
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Figure 4. Effect of different sampling rates on mean of turbulence intensity (longitudinal component), z/h = 1.46
(the values in the brackets show the numbers of measured data).
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Figure 5. Effect of different sampling rates on mean of turbulence intensity (lateral component), z/h = 1.46(the
values in the brackets show the numbers of measured data).
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Figure 6. Effect of different sampling rates on mean of turbulence intensity (vertical component), z/h = 1.46(the
values in the brackets show the numbers of measured data).

Figures 4, 5 and 6 are striking in that there are only slight differences in mean turbulence
intensity for the three wind components with respect to the three different sampling rates. To
quantify this, for slightly unstable conditions, the maximum relative percentage difference
between mean turbulence intensity values from the 10 Hz and 1 Hz data sets is 2.23%, 4.34%
and 2.79% for the longitudinal, lateral and vertical components, respectively, and for neutral
conditions these values reduce to 2.05%, 1.36% and 0.89%. Generally, in neutral
atmospheric conditions the calculated values for mean turbulence intensity of all wind
components are less sensitive to sampling rate compared to slightly unstable conditions. This
discrepancy may be due to buoyancy effects because of the differential heating of buildings
under slightly unstable conditions. These results clearly show that there is no significant
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difference between the results of the different sampling rate study in terms of turbulence
intensity.

Where there is good agreement in mean turbulence intensity values across the range of
sampling frequencies, the standard deviation of turbulence intensity is greatest for the lowest
sampling rate. This is particularly evident at low wind speeds and in consistent with the
results of Hristov [13]. For slightly unstable conditions, the maximum relative percentage
difference between the standard deviation of turbulence for the 10 Hz and 1 Hz data sets is
24.98%, 9.57% and 16.07% for the longitudinal, lateral and vertical components,
respectively, while for neutral conditions these values reduced to 12.98%, 11.51% and
8.72%.

Figures 7, 8 and 9 show the mean of turbulence intensity for longitudinal, lateral and vertical
wind components, respectively. Each figure shows the effect of three different averaging
periods on data sampled at 10 Hz measured at z/h = 1.46 in both slightly unstable and neutral
conditions.
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Figure 7.Effect of different averaging time on mean of turbulence intensity (longitudinal component), z/h =
1.46(the values in the brackets show the numbers of measured data).
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Figure 8.Effect of different averaging time on mean of turbulence intensity (lateral component), z/h = 1.46(the
values in the brackets show the numbers of measured data).
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Figure 9.Effect of different averaging time on mean of turbulence intensity (vertical component), z/h = 1.46(the
values in the brackets show the numbers of measured data).

The results show that the vertical component of mean turbulence intensity was much less
sensitive to changes in averaging period than either the longitudinal or lateral components. To
quantify this, for neutral conditions, the maximum relative percentage difference between
the values of the vertical component of turbulence intensity in Figure 9, comparing 10 minute
and 1 minute averaging periods, is 11.01% (neutral conditions) and 9.43% (slightly unstable
conditions). In contrast, the longitudinal and lateral components of turbulence intensity were
significantly more sensitive to averaging period than the vertical component and this could be
a function of the horizontal scale of the local environment; in general, for both atmospheric
conditions, decreasing averaging period decreases the value of calculated turbulence
intensity. As an example, the maximum relative percentage difference between the values of
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the lateral component of turbulence intensity in Figure 8(b), reduced from 27% to 20% by
shortening the averaging period from 10 minutes to 1 minute in neutral conditions. Similarly
for slightly unstable conditions, the maximum relative percentage difference between the
values of the longitudinal component of turbulence intensity in Figure 7(a) decreases from
29% to 22% by reducing the averaging period from 10 minutes to 1 minute. Again, the
number of measured data points in each bin for the 10 Hz case is shown in brackets in
Figures 7, 8 and 9. Due to the low number of measured neutral conditions data for last two
bins, the numbers of points have not been displayed and the data in these last bins has not
been included in the analysis.

It is likely that the lower values of mean turbulence intensity when using shorter averaging
periods is due to the fact that a longer time period has a greater probability of capturing a
greater range of wind conditions and hence a greater deviation of wind speeds. The figures
clearly show that a 10 minute averaging period gives the largest Tl and suggests that
monitoring with a 1 minute or 5 minute averaging period will not provide accurate enough
results. On the other hand, it should be noted that 5 minute or 10 minute averages can always
be calculated from 1 minute averages but not the other way around.

Table 1 provides the calculated values of characteristic turbulence intensity |45 for different
heights above the roof and different sampling rate. Figure 10 shows an example of how
measured mean and standard deviation of wind speed data, in this case at z/h = 1.70, are used
to estimate 115 using extrapolation of a linear fit.

6 =
+ observation
—Linear regression

u

© |K0=-0.0075

K1=0.2321

115=( K0/15) +K1=0.232
r=0.948

Standard Deviation of Wind Speed,c_(mis)
w

e 1 L L L 1 1 1 L | L L | 1 | 1 L ]
00 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Mean Wind Speed (m/s)

Figure 10. Estimation of characteristic turbulence intensity |5 using extrapolation of a linear fit to measured
standard deviation versus mean wind speed data (longitudinal component), z/h = 1.70 using a 10Hz sampling
rate and a 10 minute averaging period.
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Table 1
Calculated values of 1,5 for different heights above roof and different sampling rates (10 minute averaging
period)

Normalized Height Sampling Rate(Hz) I35 Correlation Coefficient
1 0.241 0.817
1.35 4 0.241 0.818
10 0.241 0.818
1 0.282 0.883
1.46 4 0.282 0.883
10 0.282 0.883
1 0.252 0.925
1.58 4 0.251 0.924
10 0.251 0.924
1 0.232 0.947
1.70 4 0.232 0.948
10 0.232 0.948

Comparing the calculated 115 values at each height with respect to sampling rate, it is clear
that the estimated value of I;5 has not been significantly affected by sampling rate; for all
heights studied, a change in sampling rate from 1 Hz to 10 Hz resulted in less than 0.15%
change in the value of 15,

Table 2 provides the calculated values of 145 for different heights above roof and different
averaging periods.

Table 2
Calculated values of 1,5 for different heights above roof and different averaging periods (10 Hz sampling rate)

Normalized Height Averaging Period (min) l15 Correlation Coefficient
1 0.199 0.756
1.35 5 0.234 0.812
10 0.241 0.812
1 0.236 0.862
1.46 5 0.275 0.884
10 0.282 0.883
1 0.208 0.894
1.58 5 0.242 0.929
10 0.251 0.924
1 0.192 0.912
1.70 5 0.222 0.944
10 0.232 0.948

Comparison of the calculated 115 values in Table 2 clearly shows that the averaging period
has a significant effect on the value of 1,5, and reducing the averaging period results in lower
values of ;5. As example, for z/h = 1.70 reducing the averaging period from 10 minutes to 1
minute decreases the value of 115 by 17% and at z/h = 1.46, shortening the averaging period
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causes a 16% reduction for 45 . It is notable that the difference between the calculated values
of 115 according to 10 minutes averaging period and 5 minutes averaging period is so close.

The value of 1,5 was observed to increase with height to achieve its maximum at z/h = 1.46
and thereafter decreased with height. Although these measurements for different elevations
were not taken at the same time, the location of the maximum longitudinal variance is
consistent with the result that Rotach achieved through simultaneous measurement at
different elevations (between z/h =1.4 and z/h =1.6) [9]. Also measuring at higher heights
moves the sensor out of the building turbulence wake and there is less scatter in the data
leading to higher correlation coefficients.

The calculated value for 15 at rooftop in built environment for all cases is significantly
higher than the 115 based on the IEC6400-2 standard (18%); this questions the use of 15 as
characteristic standard turbulence intensity for small wind turbine applications in built-
environment. Equation 1 of this paper (taken from the IEC6400-2 standard) is based on open
terrain data with wind speeds in the range 10-25 m/s [18], yet such speeds are unlikely to be
experienced in urban applications. It also implicitly assumes that wind speeds have a
Gaussian distribution and while Panofsy and Dutton [38] have shown this to be appropriate
for open terrain applications, such an assumption is questionable within the complex urban
environment [39]. Thus I15 as a measure of the characteristic turbulence intensity for small
wind turbine applications in built-environment is inappropriate and a lower characteristic
intensity i.e., Is or li. should be investigated as an alternative metric for the characteristic
turbulence intensity for urban wind regimes. In addition, a brief inspection of the turbulence
intensity for the 10Hz dataset indicates non-Gaussian behaviour, particularly in low wind
speeds and further research is required to investigate the probability distribution of turbulence
intensity data.

4.2. Turbulence Power Spectra

The turbulent wind spectra for an average of 243 records at a representative height (z/h =
1.46) in neutral atmospheric conditions and three different sampling rates are shown in Figure
11 for the longitudinal, lateral and vertical components of turbulent wind fluctuations.
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Figure 11a.Effect of different sampling rates on the power spectral density of the longitudinal component of
turbulent wind fluctuations, z/h = 1.46 in neutral atmospheric conditions.
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Figure 11b. Effect of different sampling rates on the power spectral density of the lateral component of turbulent
wind fluctuations, z/h = 1.46 in neutral atmospheric conditions.
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Figure 11c. Effect of different sampling rates on the power spectral density of the vertical component of
turbulent wind fluctuations, z/h = 1.46 in neutral atmospheric conditions.

Figure 11 shows that for all three turbulent wind components, the values of power spectral
density are not very sensitive to different sampling rates and the maximum value of the
spectra for the three different sampling rates are very similar. The trends of the spectral
density curves for different sampling rates are, for each wind component, almost coincident
but it is clear that the spectrum covers a greater frequency range for higher sampling rates, as
expected. For all sampling rates maximum peaks are observed around 0.01 Hz for

longitudinal, lateral and vertical components;

The turbulent wind spectra at a representative height (z/h = 1.46) for an average of 243, 486
and 2430 records for three different averaging periods (10 minutes, 5 minutes and 1 minute)
in neutral atmospheric conditions are shown in Figure 12 for the longitudinal, lateral and
vertical components of turbulent wind fluctuations.
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Figure 12a. Effect of different averaging periods on the power spectral density of the longitudinal component of
turbulent wind fluctuations, z/h = 1.46 in neutral atmospheric conditions.
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Figure 12b. Effect of different averaging periods on the power spectral density of the lateral component of
turbulent wind fluctuations, z/h = 1.46 in neutral atmospheric conditions.
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Figure 12c. Effect of different averaging periods on the power spectral density of the vertical component of
turbulent wind fluctuations, z/h = 1.46 in neutral atmospheric conditions.

The results show that for all three turbulent wind components, using a 10 minute averaging
period results in the largest values for maximum calculated power in the turbulent winds
(given by the maximum power spectral density values), decreasing with decreasing
averaging period. For example, for the longitudinal component the maximum value of the
spectra is around 0.22 (m/s)*/Hz for a 10 minute averaging period compared to almost 0.02
(m/s)%/Hz for a 1 minute averaging period and maximum peaks are observed approximately
at 0.008 Hz for 10 minutes averaging period but for 1 minute averaging period it moves to
approximately 0.03 Hz. The trends in the spectral density curves for different averaging
periods are, for each wind component, almost coincident but it is clear that more spectral
frequencies have been collected during the longer averaging periods. In addition, the spectra
of a longer data set exhibits more peaks over a wider range of frequencies especially in the
starting part of the spectra. It is clear that averaging period affects the maximum value of the
turbulence power spectra of wind in the built environment and different averaging periods
will result in different power spectral density values. For the purpose of fatigue loads on a
small wind turbine it would thus be important to investigate the power spectrum at least at 10
minutes averaging period to know what power is in the gusts that are hitting the blades of the
turbine. In addition, using a longer averaging period will pick up more of the different
frequencies (time-scales) of turbulence and this may be important in terms of resonance or
noise in the interaction of the gust with the turbine blade. It is however, important to not
choose an averaging period that is so long that it is outside the ‘spectral gap’ and the detail of
the small-scale turbulence that impacts turbine blades is lost due to the mesoscale variations.
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5. Conclusion

In this paper, the impact of sampling rate and averaging period on a turbulence study of the
wind regime in the built environment is investigated. It is shown that choice of sampling rate
does not significantly influence the values of turbulence intensity and power spectral density.
In particular the characteristic turbulence intensity 1;5,a key parameter in the small wind
standard IEC6400-2, does not appear to be sensitive to sampling rate. Changing the sampling
rate from 10 Hz to 1 Hz changed the calculated value of I;5 by at most 0.25%. Unlike
sampling rate, changing the parameter of averaging period can significantly affect the results
of calculated turbulence intensity, and value of I;5. A shorter averaging period results in a
clear decrease in the recorded mean values of turbulence intensity for all wind components
with a decrease in the value of ;5 of approximately 17% in the case of reducing the
averaging period from 10 minutes to 1 minute at z/h =1.70. Investigating the impact of
averaging period on the turbulence power spectra shows that different averaging periods
cause changes in the maximum turbulence power spectral density values. Generally, the
results of this study show that the turbulence intensity and power spectra of the longitudinal
and lateral components of wind over a rooftop are sensitive to choice of averaging period and
because of this sensitivity, an averaging period of at least 10 minutes is suggested for rooftop
wind monitoring to avoid underestimating values of turbulence intensity and turbulence
power spectra.

Further, the results show that the required sampling rate and therefore type of anemometer
used for a wind resource assessment in the built environment for the application of small
wind turbines completely depends on the aim of the assessment. If the aim is just to
investigate average turbulence intensity, I;5, and maximum longitudinal power spectral
density values, 1 Hz sampling rate may provide results that are accurate enough. This is
encouraging for more widespread monitoring of wind in the built environment as cup
anemometers can sample at 1Hz and, despite price decreases in sonic anemometers in the last
decade, are significantly cheaper than other options. Sampling at 1Hz, however, will not
capture the full turbulence power spectra, in particular the very small-scale turbulence, and
this may be a concern for an investigation that looks to predict the dynamic loading on a
small wind turbine. In addition sampling at 1Hz may incorrectly predict the turbulence
intensity and turbulence power spectra for the lateral and vertical components of wind
fluctuations. Thus in the case where there is highly three-dimensional flow (a large lateral
component of wind fluctuations due to e.g. extreme changes in wind direction, or a large
vertical component of wind fluctuations due to e.g. vortex shedding) a sonic anemometer
would be recommended. In summary, a 10Hz sampling rate and a 10 minute averaging
period will give us upper estimates for values of turbulence intensity and turbulent power
spectral density and this conservative approach may be best if we are looking to ensure that
the wind resource assessment accurately captures the inflow to the wind turbine so that the
turbine can be designed to handle both the loading and resonance due to turbulent gusting.
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