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Abstract

The IEC standard 61400‐1 edition 3 uses the so‐called Frandsen model to assess

levels of turbulence intensity (TI) within wind farms, specifically to determine turbine

suitability associated with stress and fatigue. Since the Frandsen model was devel-

oped, turbines have significantly grown in size and the number of turbines in an indi-

vidual wind farm has grown in number. It is of interest to test the accuracy of such

models, especially when applied to large wind farms offshore. This work presents

results from comparing the Frandsen model with measured data from the Greater

Gabbard offshore wind farm. Comparisons are also made with a simplified version

of the Frandsen model. In general, both models were shown to perform well when

predicting values of TI. However, the ambient wind farm turbulence model utilised

by the Frandsen model was shown to be less reliable than the use of an individual tur-

bine wake‐generated turbulence model, regardless of distance, as demonstrated using

a simplified model. The difference between observed mean and 90th percentile (also

known as representative TI) values was in general larger than that predicted. It is pro-

posed that this is primarily due to model reliance on variance in the turbulence of the

freestream flow rather than actually modelling the variance of the turbulence gener-

ated by individual turbines, although this would require further work to confirm this.
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1 | INTRODUCTION

Modern wind turbines are commonly built as part of a large array. This means that individual machines will normally be in wake affected regions

caused by other turbines, particularly for offshore locations where there are no obstacles or relief to dissipate these wakes. Such regions of

increased turbulence intensity (TI), specifically high longitudinal variance (wind speed variation in the streamwise direction), increase the loads

and fatigue on turbine blades1 and significantly affect power curve measurements.2 To help wind farm developers predict regions of elevated

TI when designing wind farm layouts, the IEC Standard 61400‐1 edition 3 amendment 13 describes the Frandsen model,1 from which an effective

turbulence intensity, Ieff, can be calculated. According to the standard, turbines are assessed as suitable for a site if the designTI is greater than the

site effective TI, for wind speeds between 60% of rated and cut‐out wind speeds. The effective TI is defined as

Ieff U0ð Þ ¼ ∫
180

−180I
mfwd θjU0ð Þdθ

h i1
m

; I ¼ σ θ;U0ð Þ
U0

; (1)
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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where m is the Wöhler exponent, θ is the wind direction, U0 is the freestream wind speed at hub height, and f wd is the fraction of the time the

wind is coming from a particular direction θ, conditioned on the freestream wind speed U0. It is important to stress that the turbulence intensity

here is normalised to the freestream wind speed rather than the local wind speed at the position of interest, which is the more standard definition of

TI. This definition means that the TI from the Frandsen model cannot be directly compared with a TI measured from local conditions within the

wind farm. The Frandsen model was intended primarily as a way of assessing loads, and thus, σ (at a reference wind speed) is the main quantity

of interest, together with the frequency distribution of the reference wind speed. The model is intended to be used with input data gathered

before any wind farm is built and is therefore based on freestream mast measurements (ie, freestream wind speed). Therefore, in all comparisons

made below, it is the freestream wind speed U0 that is used in the denominator of I as stated in Equation (1).

For design purposes, the IEC Standard 61400‐1 edition 3 amendment 1 stipulates that the effective TI should be calculated from the 90th

centile value of the wind speed standard deviation, the so‐called representative standard deviation σrepr. The Frandsen model defines the

representative value of σ(θ|U0) as the standard deviation of the wind speed within a 10‐minute period (sampled typically every 1‐2 s) for a wind

direction θ, which is thus dependent on location within the wind farm. Assuming a regular farm layout, this can be estimated depending on one of

three cases:

σrepr;0 ¼ σ0h i þ 1:28stdev σ0ð Þ; (2)

σrepr;0;wf ¼ σ0;wf
� �þ 1:28stdev σ0ð Þ; (3)

σ0;wake ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U2
0

1:5þ 0:8 diffiffiffiffi
CT

p
� �2

þ σ2
repr;0

vuuuut ; (4)

where σ0 is the standard deviation of the freestream wind speed, ⟨..⟩ represents the time‐averaged value, CT is the turbine thrust coefficient cor-

responding to the freestream wind speed U0 (the Frandsen model assumes no change in wind speed within the wind farm), and di is the distance to

the nearest upstream turbine, normalised by the turbine diameter.

Equation (2) is relevant when the location is assumed to be experiencing “freestream turbulence” (FT). In this case, σrepr, 0 is the representative

wind speed standard deviation of the freestream flow and is considered valid up to the depth of five turbines into the farm for the corresponding

wind direction, assuming the turbine separation is greater than 10 rotor diameters (D)—enough for turbine wakes to sufficiently dissipate.

Equation (2) represents the 90th centile of the standard deviation of the freestream wind speed assuming σ0 is normally distributed. The value

calculated thus represents the turbulence level that is expected to be exceeded only 10% of the time.

Certain turbine wake models have shown the importance of boundary layer modification models when predicting wind speed reductions in

large arrays,4 and thus, the Frandsen model incorporates changes in boundary layer conditions for locations more than five turbines deep within

the farm. This represents the second case, where the location of interest is assumed to be seeing “ambient wind farm turbulence” (WFT). For

such locations, the 90th centile of the wind speed standard deviation is obtained from Equation (3), combining a mean wind farm standard

deviation ⟨σ0, wf⟩ with the standard deviation of the freestream wind speed standard deviation. The wind farm wind speed standard deviation

σ0, wf is given by

σ0;wf ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
add;wf þ σ2

0

q
þ σ0

� �
; (5)

where

σadd;wf ¼ 0:36U0

1þ 0:2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sf sr=CT

p (6)

and s f and sr are the distances between neighbouring turbines in the same streamwise row and lateral row, respectively; each of which has been

normalised by the rotor diameter.

In some instances, the turbulence generated by a single local turbine may be more significant than the overall effect of the farm at a particular

location of interest. Thus, the Frandsen model specifies a third case, namely, a “wake turbulence” (WT) described in Equation (4), which applies for

a location and direction when a turbine is less than 10D away in that direction.

The Frandsen model values of σ(θ|U0) as defined by Equations (2), (3), and (4) indicate the 90th centile of the normally distributed turbulence;

this investigation will also consider the mean value of the distribution by substituting the following three equations where appropriate:

σmean;0 ¼ σ0h i; (7)

σmean;0;wf ¼ σ0;wf
� �

; (8)
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σ0;wake ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

U2
0

1:5þ 0:8 diffiffiffiffi
CT

p
� �2

þ σ2
mean;0

vuuuut : (9)

Since turbine wakes are known to both horizontally meander and expand,5 a function is required for determining which directions are in the

wake of each turbine. The IEC standard3 indicates following Figure 1 that for regular arrays, the wake contribution from eight neighbouring tur-

bines should be considered in making a calculation of the resulting effectiveTI at a turbine within the array. For irregular arrays, however, the main

turbulence contributing turbines is open to interpretation although it has been suggested6 that with sufficient care, the rule can still apply.

Although Jacquemin et al6 compared two different well‐established methods for calculating the view angle (θw) with values varying by 10% to

70% depending on the wake decay factor used, it was suggested that the method may not be important as any difference in TI tended to be

governed by the ambient turbulence correction within a large farm. This paper uses the definition of θw used by Frandsen1 shown in Equation (10)

where θw is always at least 15° for turbine separations less than 10D:

θw ¼ tan−1
1
di
þ 10°

� �
: (10)

As Equation (10) leads to larger values of θw at close distances, some directions will be within the view angle of multiple turbines—even

though they are not directly aligned. In such cases, the TI generated by the closer turbine takes priority whilst the further turbine is ignored.

The wind farm–added TI is based on the assumption that TI generated by the wind farm can be superimposed on top of the freestreamTI. The

validity of this assumption is beyond the scope of this paper. Using the assumption that an infinite array effectively increases the surface rough-

ness, the wind profile above hub height is modelled by a log profile with increased roughness and friction velocity. This modified roughness regime

requires the turbines to be within the atmospheric surface layer (which they might not be under stable atmospheric conditions) and is only truly

valid above the top of the rotor tips rather than at hub height. Since the Frandsen model was developed using data from turbines much smaller

than modern machines, these assumptions may no longer be as reliable.

The purpose of this work, therefore, is to assess how well the Frandsen model performs at the locations of several individual turbines and two

meteorological masts within a large operational offshore wind farm where the distance to neighbouring turbines, as a function of direction, varies

within a wide range. Specifically, we compare mean and representative TI values predicted by the Frandsen model both against measured values

and against values predicted by a “Simplified” model. This Simplified model utilises Equations (4) and (9) to calculate σ when a turbine is within the

view angle at the location of interest regardless of distance, whereas Equations (2) and (7) are used for directions without any turbines upstream,

ie, the Simplified model makes no assumption of an “ambient WFT” beyond an arbitrary distance (10D in the case of the Frandsen model). It

should be stressed that no new model has been developed as part of this work, rather we assess a simplified implementation of the existing

Frandsen model. In addition, it should be pointed out that the Frandsen model is a conservative model whose principal purpose is for making

fatigue calculations. This work makes no assessment as to the suitability of the model for this purpose but merely assesses its overall accuracy

in predicting levels of turbulence intensity.

The next section reviews past work to compare wake models with measured WFT intensity. This is followed by a description of the Greater

Gabbard site used for this study. The section that follows this provides a detailed analysis of the measured data and the comparisons with both the

Frandsen and Simplified Model. The paper then concludes with some summary observations based on the analysis.
FIGURE 1 Schematic showing the turbines (small circles with arrows) contributing to the direct wake contribution in the effective TI for the
turbine in the centre of the large circle (source: IEC standard 64100‐1, Ed 3, amendment 1). Turbines outside the large circle or with crosses
through them are assumed not to contribute to the direct wake
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2 | PREVIOUS VALIDATION OF WAKE MODELS FOR PREDICTING TURBULENCE INTENSITY

Although there has been much research to develop wake models in order to predict reductions in wind speed and thus power output in wind farm

arrays, there has been little work to develop models with the aim of predicting turbulence intensity. Indeed, the aim of the Frandsen model was

primarily to determine levels of loading on machines rather than to develop a stand‐alone model for turbulence intensity. There have been few

studies to consider how well semiempirical models such as that developed by Frandsen perform in the field. Such models have generally been

calibrated using measurements behind a full‐scale turbine or from large eddy simulation model results and have only been developed and tested

for the prediction of turbulence intensity behind single turbines.7,8

Frandsen and Madsen introduced the concept of WFT during a study of the Nørrekær Enge II wind farm.9 They showed that from measure-

ments above rotor height, there was a good correspondence between the measurements and a WFT model that was to form part of the meth-

odology described in the introduction above. The authors did note caution in interpreting the results given the position of the meteorological

mast used for the measurements. A comparison was made between turbulence intensity predicted by a so‐called “Windfarm Assessment Tool”

based on Frandsen's wake–added turbulence intensity expression in the IEC 61400 standard and data from the Middelgrunden offshore wind

farm consisting of a single row of machines aligned in a gentle curve.10 This showed relatively good agreement with the trend, although absolute

values were underestimated. This was attributed to the fact that the ambient level of turbulence intensity assumed by the Windfarm Assessment

Tool model neglected the effects of stability and the fact that the site was so close to land. Measurements were made down a line of

five 2.5MW wind turbines at the Wieringermeer test site run by ECN in the Netherlands. A comparison was made between models and

measurements of velocity deficit and wind speed standard deviation.11 It was assumed that the variance of the freestream wind speed, σ2
0, could

simply be added to the variance of the wind speed generated by a turbine, σ2
rotor , to give the total variance of the wind speed, σ2

total, measured

downstream of a turbine:

σ2
total ¼ σ2

0 þ σ2
rotor : (11)

The model for added wind speed standard deviation consisted of a power law decaying function downstream of the rotor and two Gaussian

type peaks originating from the edges of rotor in the span‐wise direction that merge eight diameters downstream of the rotor. The initial level of

added standard deviation was based on the thrust on the rotor from the Gunner C. Larsen GCL model.12 The results showed a significant

underprediction of the measured standard deviation that was attributed to several factors: no account taken of added turbulence from the nacelle,

no account taken of the effect of freestream ambient turbulence intensity on the decay of added turbulence, and the fact that the model

parameters did not correctly model the decay of wake added turbulence.

Wind tunnel experiments with model turbines considered the variation in turbulence intensity with a regular aligned array of 10 × 3

turbines.13 It was found that turbulence intensity increased for the first three or four rows of turbines and plateaued from around the fifth

row, which would seem to confirm the Frandsen model approach of using an ambient WFT when more than five turbines into a wind farm. Similar

experiments in the same wind tunnel but with a staggered array14 showed that the maximum levels of turbulence intensity did not increase

significantly beyond the first row that was partly attributed to the fact that the wake from an upstream turbine had twice as long to recover

compared with the aligned case. Further comparisons were made between aligned and staggered arrays.15 The turbulence intensity at hub height

behind the eleventh row of turbines, taken as representative of wind farm–added turbulence intensity, showed good agreement between

experimental values and those calculated using Equation (6) for both aligned and staggered configurations (values were very similar for both

configurations) given uncertainties in determining the experimental thrust coefficients.

A study using rotor effective wind speed16 showed that for the Lillgrund offshore windfarm when analysing wind directions with a 3.3D

effective spacing, levels of turbulence intensity increased significantly for the first two rows of turbines but there was no real increase beyond

this; however, for Horns Rev I for directions with an effective 7D spacing, levels of turbulence intensity increased up to around five rows into

the wind farm. This would partly seem to agree with the guidelines of the Frandsen model that suggests that turbine spacing is relevant when

considering how far into the wind farm one needs to be before wakes have sufficiently diffused to result in an overall wind farm background

turbulence intensity level.

There has been work to compare the Frandsen model with computational fluid dynamics (CFD) simulations of a wind farm. A comparison was

made between large eddy simulations of 16 turbines in the streamwise direction, using boundary conditions to effectively make the wind farm

infinitely wide in the lateral direction.17 Comparisons were made between the Frandsen model and simulations for a range of freestream wind

speeds and turbulence intensities. It was shown that the Frandsen model performed well in general but was conservative as expected. Far WT

intensity was well predicted, although the blockage effect of the rotors meant that turbulence intensity immediately in front of each rotor was

overestimated.

The Dynamic Wake Meander model was developed to superimpose meandering due to atmospheric turbulent eddies on top of quasi‐static

wakes and incorporate wake‐generated turbulence. This model has been validated against observed data and CFD simulated data including

Egmond aan Zee.18 Good agreement was noted for both observed power production and turbine loading although there was no direct comparison

between predicted and measured turbulence intensity.
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The foregoing review shows that what little work there has been to date on developing and validating large WFT intensity models has used

limited data from a few mostly modest‐sized wind farms, wind tunnel experiments, or CFD model simulations. In this work, we analyse turbulence

intensity within a large offshore wind farm and endeavour to gain an insight into the accuracy of the Frandsen model when used in the context of

a large array.
3 | SITE DESCRIPTION

This work uses measurements from the Greater Gabbard wind farm situated in the North Sea (see Figure 2), consisting of Siemens 3.6MW tur-

bines (hhub = 77.5 m, D = 107 m) with a layout as shown in Figure 3. The turbines have power and thrust coefficient curves as shown in

Figure 4. The farm consists of two subarrays: a northerly section that has 102 turbines and a southerly section with 38. Typical turbine separations

within the near‐regular array are ~9.7D (200°), ~10D (247°), and ~8.3D (315°) whilst the shortest distance between the two subarrays is 73D.

There are two masts providing meteorological data: IGMMZ is embedded within the northerly section whilst mast IGMMX is located on the

southerly edge of the northern subarray, just 2.46D away from turbine IGF10. As the layout of the turbines in the Greater Gabbard wind farm

is not fully regular, average values of s f and sr have been calculated for use in Equation (6). The value of s f was calculated as the overall average

between neighbouring turbines in the same row, whilst sr was calculated by dividing the separation between IGB05 and IGL01 by the number of

rows in between them, ie, 10. This resulted in values of 8.96D and 7.66D for s f and sr, respectively.
4 | ANALYSIS

4.1 | Freestream conditions

Although there are two met masts at the Greater Gabbard site, they are both located downstream of wind turbines for most of the directions, with

only partial access to atmospheric freestream conditions. Therefore, a “Freestream” dataset has been generated using the nacelle anemometry

from six turbines located at prominent locations on the edge of the farm, when they are yawed away from upstream turbines. The wind direction

was taken as the average of the six turbines to minimise the effect of any directional offset. As will be shown later in this paper, there is a good

correspondence between the directions of the peaks in observed TI and the bearings of the closest turbines that gives some confidence that the

direction inferred from the average of the nacelle wind vanes is accurate. The six turbines used to infer the freestream conditions are shown as

open circles in Figure 3, along with the resulting hub height wind rose (at 10 ms−1) and hub height wind speed frequencies. The physical structure

of the turbine nacelle will likely alter the wind flow in addition to the effects of the rotating turbine blades. To attempt to correct for this, a linear

calibration was calculated by correlating hub height measurements from the southerly met mast IGMMX with measurements from the nacelle of

the nearest turbine IGF10, 2.46D away. Figure 5 shows how the wind speed measurements differ between mast‐ and nacelle‐based instrumen-

tation. If it is assumed that a met mast measures the “true” conditions, then the nacelle‐mounted anemometer shows a very good correlation with
FIGURE 2 Site of the Greater Gabbard offshore wind farm off the east coast of the UK. Courtesy of Google Earth [Colour figure can be viewed
at wileyonlinelibrary.com]

http://wileyonlinelibrary.com


FIGURE 3 Left: The Greater Gabbard wind farm layout with the met masts IGMMZ (northerly) and IGMMX (southerly) shown as black squares,

open circles are the six turbines used to calculate the freestream wind conditions whilst labelled crosses (IGD01, IGF10, GAD05, and GAD06)
show the turbine locations where turbulence intensity was investigated in this work. All other turbines are shown as solid circles. A number of
other turbines are labelled, which are referred to later in this paper. Rows 1 and 2 are the two rows of turbines along, which the variation of
turbulence intensity was investigated. Right Top: The wind rose at hub height for the wind farm generated from the freestream dataset at 10 ms−1

at 10° resolution. Right Bottom: The wind speed frequency distribution at hub height determined from the freestream dataset at 1‐ms−1 resolution
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Power (blue) and thrust coefficient (red) curves for the Siemens 3.6MW turbines at Greater Gabbard [Colour figure can be viewed at
wileyonlinelibrary.com]
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the “true” wind speed (Figure 5A) although the slope is less than one and there is a positive offset. By contrast, the correlation of the mast and

turbine standard deviation within each 10‐minute interval (Figure 5B) is lower than for the mean wind speed with a slope greater than one and

a small negative offset. This might be expected due to turbulence added by the nacelle and blades. However, it can be seen in Figure 5C that there

is a cut‐off in measured standard deviation particularly at low wind speeds and some evidence of aliasing of the values. This is due to the finite

frequency response of the cup anemometer at low rotational (sampling) speeds. In the absence of this effect, the slope of the line in Figure 5B

would be closer to 1. It can also be seen in Figure 5D that there is significant variation in the ratio between the standard deviation recorded

on the nacelle and that on the mast when considered as a function of wind speed. The distribution of the ratio reflects the operational point

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 5 The measurement offset between the cup anemometers located on mast IGMMX and turbine IGF10. A, Ten‐minute mean wind
speed; B, 10‐minute wind speed standard deviation, C, ratio of wind speed standard deviation measurements by mean wind speed, D,
relationship between wind speed mean and standard deviation measurements at met mast IGMMX. Note that (C) shows a cut‐off and evidence of
aliasing of the measured values for wind speeds between 5 and 10 m/s and low values of standard deviation [Colour figure can be viewed at
wileyonlinelibrary.com]
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on the turbine thrust curve and thus the turbulence created by the blade rotation and pitching. Once the turbine starts to regulate around 9 to

10 m/s, this ratio is close to one, although the largest scatter occurs when the turbine switches above and below rated output.

By defining the freestream as the average of turbines spread over a large area, it is assumed that the variation across the wind farm area is

small and does not change rapidly with time. It is acknowledged that there can be significant variation in certain circumstances, eg, where there is a

blockage effect imposed by the wind farm or where the wind farm is relatively close to land and the distance from the coast varies across the wind

farm. However, the intention of this work was to test the accuracy of the Frandsen model, which assumes a constant freestream wind speed

within the wind farm, thus averaging over turbines was considered a reasonable approach. It should be noted that the calibration used here to

convert nacelle measurements to mast equivalents is likely to vary between wind farms as it will be dependent on the turbines used. Indeed,

the required calibration may even vary between turbines within the same farm, although the farm layout at Greater Gabbard makes this hard

to corroborate, leading us to assume a constant calibration across the whole farm.
4.2 | Turbulence intensity at specific wind farm locations

In this paper, the applicability of the Frandsen model for predicting turbulence intensity at the locations of the two meteorological masts and

several operational wind turbines in the Greater Gabbard offshore wind farm is considered. The meteorological masts, IGMMX and IGMMZ,

are marked as open squares in Figure 3. The turbines investigated (shown as crosses in Figure 3) are IGD01, IGF10, GAD05, and GAD06 and have

been selected for different reasons. Turbine IGD01 is located at the northern end of 13 turbines closely aligned to the prevailing south‐westerly

wind, and so analysing results from this turbine will test the validity of Equations (3) and (4). By comparison, turbine IGF10 is located on the south-

ern edge of the northern subarray and is well positioned to investigate wake effects from both the frequent north‐easterly direction and any wake

shadow from the southerly subarray. The proximity of turbine IGF10 to mast IGMMX is also useful for validating the accuracy of Equation (4)

under near‐wake conditions. Turbines GAD05 and GAD06 are located centrally in the southerly array and allow a comparison of the standard

Frandsen and Simplified models in a smaller array as well as allowing an analysis of how TI varies down a line of turbines. In order to visualise

the proximity of the two masts and the four chosen turbines to the other turbines in the wind farm, distances as a function of bearing are shown

in Figure 6. Distances are normalised to rotor diameter (D) and plotted on a reverse logarithmic scale to emphasise the closest turbines, which will

http://wileyonlinelibrary.com


FIGURE 6 Turbine distances as a function of directional bearing for A, IGMMX; B, IGMMZ; C, IGF10; D, IGD01; E, GAD05; and F, GAD06

1336 ARGYLE ET AL.
have proportionately the greatest effect on turbulence intensity. It can be seen that most of the turbines are more than 10D away for the six

locations; however, there are a few cases where turbines are closer than or around 10D. This gives an opportunity to assess the performance

of the Frandsen model at a range of distances.

In the following analysis, the mean and representative values of TI averaged by 10° sector are calculated using the Frandsen and Simplified

Models (from Equations (2) to (10)) for a freestream wind speed of 10 ± 0.5 ms−1 based on the appropriate freestream turbines described above.

The value of 10 ms−1 was chosen as this represents the case where wake effects are likely to be significant. The results are compared with the

measured values. The individual values of TI were calculated using mean freestream wind speeds and turbine local standard deviation values cor-

responding to each 10‐minute event. In the following figures, both the 10° sector‐averaged measured values (marked as large black dots) and the

individual 10‐minute events (marked as smaller grey dots) are shown. This was done to indicate the spread of measured values about their mean.

Figure 7 shows results from mast IGMMX located on the edge of the northern array. The two largest peaks correspond well with two closest

turbines shown in Figure 6A. In this case, the Frandsen model returns meanTI values similar to those measured but tends to overestimate the main



FIGURE 7 Mean (left) and representative
(right) values of TI for the southern met mast
IGMMX for a 10‐ms−1 freestream wind speed.
Note: Small grey dots (measured) represent
individual 10‐minute events, large black dots
(sector average) represent 10° sector averages
[Colour figure can be viewed at
wileyonlinelibrary.com]
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peaks and underestimate the meanTI for the sectors in‐between the peaks. It also produces an artificial peak between the sectors 140° to 170° as

a direct result of the southern array being large enough to generate the wind farm internal boundary layer required for WFT and being considered

part of the same farm despite being located far enough away for significant wake recovery. In a lot of sectors, the Frandsen model underestimates

the meanTI as there are less than the required five turbines upstream to trigger the use of WFT and for the less than five that are upstream; most

are beyond the 10D cut‐off point for WT. In both these cases, the Simplified model performs better in predicting the mean TI as it acknowledges

that whilst the turbines upstream generate additional turbulence, it also allows for this additional turbulence to dissipate with distance although

possibly too quickly.

When looking at the representativeTI, both the Frandsen and Simplified model still overestimate the main peak for the sectors 60° to 70° but

provide a good prediction of the peak for the sector 310°. Whilst the Simplified model does not produce the excessively large peak associated

with the southern array for the sectors 140° to 170°, it does not provide a real improvement in modelling the representativeTI between the main

peaks, often underestimating the measured values.

The significant overestimation around the sectors 60° to 70° is likely a consequence of the fact that the Frandsen model was not designed or

calibrated for the near wake region. The model assumptions do not allow the model to capture any fine structure in the wake development, which

are likely to affect the measurements at a distance of 2.46 rotor diameters. For the near wake peak around the sectors 60° to 70°, it is noticeable

that there is a large difference between the measured mean and representative TI, indicating that the standard deviation of the wind speed stan-

dard deviation is large. This is not captured by the model, either because the meanTI predicted in the near wake is excessive, or because the var-

iability of the turbulence in the wake region is not accounted for (or a combination of both). Note that in the case of both models, the freestreamTI

derived from the turbines tends to underestimate that measured at mast IGMMX for certain directions. This is noticeable between 230° and 260°.

The reasons for this are unclear; however, it may be that the calibration derived using IGF10 and IGMMX is not accurate for all of the six turbines

used to estimate the freestream conditions.

Figure 8 shows the results from mast IGMMZ deep within the wind farm. There are peaks corresponding well to the six closest turbines seen

in Figure 6B, although the peak at 155° is lower than might be expected given the turbine separation for reasons explained below. Unsurprisingly,
FIGURE 8 Mean (left) and representative
(right) values of TI for the northern met mast
IGMMZ for a 10‐ms−1 freestream wind speed.
Note: Small grey dots (measured) represent
individual 10‐minute events, large black dots
(sector average) represent 10° sector averages
[Colour figure can be viewed at
wileyonlinelibrary.com]
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the distribution of TI by direction is much more complex here, although the Simplified model predicts the meanTI well and more consistently than

the Frandsen model. It should be noted that there was significantly reduced availability for turbine IGE06 located 11.3D upstream in the sectors

150° to 160°, which led to the measured TI being lower than predicted. The Frandsen model struggles to capture the mean TI at mast IGMMZ,

underestimating where there are too few turbines to trigger the use of WFT and often overestimating in the cases where there are sufficient

upstream turbines to justify its use. Directions when the Frandsen model is most accurate correspond to the only two cases where turbines

are within 10D distance—IGE05 and IGD04 at sectors 100° and 290°, respectively—and directions parallel to the main gap (sector ~200°) in

the northerly array, which is roughly 17D wide. Both models struggle to capture the standard deviation of the turbulence and thus underestimate

the representativeTI, most likely due to Equation (4) only accounting for the variance in the FT rather than any variability in turbulence generated

by direct wake effects as mentioned above.

The results for the TI at turbine IGF10 are shown in Figure 9. In this case, the four most prominent observed peaks correspond well to the

closest four turbines as shown in Figure 5C. This turbine is very close to IGMMX and thus would be expected to experience similar levels of

turbulence to the met mast from the wakes resulting from the two turbines at bearings of around 290° and 350°. However, the nearest turbine

along the line of machines at a bearing of around 70° is much further away (just over 10D) than the equivalent turbine seen by IGMMX (IGF10

itself). Indeed, theTI peak in Figure 7 due to IGF10 is significantly greater than the equivalent peak at 70° seen in Figure 9. This is worth noting as

the increased distance is beyond the arbitrary cut‐off distance used by the Frandsen model for the validity of WT, resulting in a significant under-

estimation of TI by the Frandsen model whilst the Simplified model with no such cut‐off performs better. Both models again fail to quantify the

increase in TI due to the southern array, with the Frandsen model significantly overpredicting it and the Simplified model slightly under‐predicting

the representative TI but succeeding with the mean TI values. There is little difference in TI values for the more northerly directions although it is

notable that the representative TI around 290° is modelled well in both cases.

In Figure 9, for IGD01, we would expect to see three main peaks inTI at 67°, 201°, and 240° when referring to the closest turbines shown in

Figure 6D. The latter two are prominent, although the former is less obvious, but still visible. Since turbine IGD01 is located on the northern edge

of the farm, it is logical to expect Figure 10 to show increased TI in the opposite directions to Figure 9. Despite there being no upstream obstruc-

tions for a broad sector around the northerly direction (260° to 60°), both the models slightly underestimate mean and representative TI for this

sector. As both models determineTI using FT for this freestream sector, it is unsurprising that their results are identical; however, that they return

values lower than measured on the turbine nacelle suggests that the discrepancy may come from differences between the values of σ(θ|U0) as

measured on the nacelle of turbine IGD01 and the freestream dataset. In this case, the IGD01 values of σ(θ|U0) are higher than their freestream

counterparts, yet since the freestream values were also acquired from nacelle anemometry, it is unlikely the blades on IGD01 cause significantly

more turbulence than the other turbines in the wind farm. Thus, the discrepancy most likely stems from variations within the freestream flow

across the width of the wind farm between the turbines used to calculate the freestream flow conditions. Indeed, this may also be further evi-

dence that the calibration applied to the standard deviation shows variation between turbines. Figure 5 shows that there is a significant degree

of scatter between mast and nacelle measured TI. This highlights the importance of obtaining a reliable freestream dataset, and model results

may improve if more turbines had been included from the centre of freestream‐facing farm edges.

Positioned at the downwind end of 13 turbines aligned with the prevailing wind, with most turbines separated by just less than 10D, WT used

by both models captures well the representative TI spike at 200°. WT also captures the spike at 240° caused by three turbines as shown by the
FIGURE 9 Mean (left) and representative
(right) values of TI for the turbine IGF10 for a
10‐ms−1 freestream wind speed. Note: Small
grey dots (measured) represent individual 10‐
minute events, large black dots (sector
average) represent 10° sector averages
[Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 10 Mean (left) and representative (right) values of TI for the turbine IGD01 for a 10‐ms−1 freestream wind speed. Note: Small grey dots
(measured) represent individual 10‐minute events, large black dots (sector average) represent 10° sector averages [Colour figure can be viewed at
wileyonlinelibrary.com]
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Simplified model whilst due to the nearest turbine being located 12D upstream, the Frandsen model assumes freestream conditions and thus

misses the spike. Also, very clear is the sector between 150° to 210°, which contains enough turbines for the Frandsen model to use WFT,

resulting in a significant overprediction of both mean and representative TI. Again, the results from the Simplified model using WT perform better

between 70° and 140° than the Frandsen model, which uses FT in this sector.

Figures 11 and 12 compare the TI values for turbines GAD05 and GAD06, respectively, located in the middle of the southern array. These

were chosen to be next to each other to determine whether the conditions at the turbines were similar. It can be seen that this was indeed

the case. From Figure 6E,F, it might be expected to see peaks from seven or eight closest turbines around or just closer than 10D. The peaks

do seem to correspond to these turbines, although there is some scatter in the mean observed values. As with the previous locations, the modelled

values of TI in direct wakes overestimate mean values but generally provide an underestimate of the standard deviation, resulting in an underes-

timation of the representative TI. This is particularly noticeable in sectors 220° to 270°. For the northerly sector influenced by the larger turbine

array, the Frandsen model overestimates the mean TI using WFT whilst the Simplified model is more accurate using WT. This is possibly because

despite there being plenty of turbines upstream, there is a larger than normal gap between turbines upstream of GAD05 as well as the ~70D gap

between the northern and southern array whereTI can dissipate. The two most prominent spikes inTI for both figures occur around 25° and 205°,
FIGURE 11 Mean (left) and representative (right) values of TI for the turbine GAD05 for a 10‐ms−1 freestream wind speed. Note: Small grey dots
(measured) represent individual 10‐minute events, large black dots (sector average) represent 10° sector averages [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 12 Mean (left) and representative
(right) values of TI for the turbine GAD06 for a
10‐ms−1 freestream wind speed. Note: Small
grey dots (measured) represent individual 10‐
minute events, large black dots (sector
average) represent 10° sector averages
[Colour figure can be viewed at
wileyonlinelibrary.com]
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the directional alignment of the two turbines within the row. There is a slightly smaller third peak due a close turbine at a bearing of around 110°.

There is little discernible difference between theTI measurements at the turbines for the 205° sector but turbine GAD06 measures slightly moreTI

for directions around 25°. It should be noted that along the row, there are nominally four turbines in front of GAD05 aligned around the 25°

bearing and five turbines in front of GAD06 aligned around the 205° bearing; however, the locations of turbines GAD01 and GAD03 situated

to the north‐east of the subarray do not conform to the farm uniformity. Turbine GAD03 is 9° out of line whilst turbine GAD01 is separated

an additional 4D further than the other turbine separations within the row. Whilst the modelled TI is dependent on both the neighbouring turbines

conforming to the regular array layout (turbine separation here is less than 10D), and any variations in the freestream flow, the measured TI is also

affected by turbine wakes between the edge of the farm and turbine directly upstream. Both of these factors contribute to the measured

representative TI for the 25° sector for turbine GAD05 being lower than modelled in contrast to turbine GAD06 where the measured represen-

tative TI is higher than modelled for the 205° sector.
4.3 | Turbulence intensity variation with turbine distance

In the figures presented above, TI was shown by direction. Whilst this helps with generating a picture of what conditions are like at specific

locations by direction in relation to the farm layout for Greater Gabbard, it is hard to assess how well each model performs with distance from

the turbulence source and whether an arbitrary condition on turbine separation is suitable for determining the TI calculation method. To try

and provide further insight into the performance of the models in general, Figure 13 shows the mean TI values using σ data measured at both
FIGURE 13 Mean TI measured at and modelled for both masts as a function of the distance between mast and the nearest wake‐producing
turbine upstream, as determined by the view angle, for any given direction and 10‐m/s mean freestream wind speed. Note: Small grey dots
(measured) represent individual 10‐minute events, large black dots (view angle average) represent averages over the view angle for the wake‐
producing turbine [Colour figure can be viewed at wileyonlinelibrary.com]
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masts IGMMX and IGMMZ alongside values predicted by the Frandsen and Simplified models against the distance to the nearest wake‐producing

turbine for any given freestream wind direction. The mast is deemed to be experiencing wake‐generated turbulence from a particular turbine if

that turbine for a given direction is within the view angle defined in Equation (10). For reference, the predicted values of TI using Equation (3)

labelled “Farm” are also shown. The graph shows an initial rapid decline in measured TI with small increases in turbine separation, which then

asymptotes to a near freestream value over longer distances. There is likely to be some naturally occurring variation in the freestream flow that

prevents a perfect curve, but the density of turbines upstream of the nearest turbine and low event frequency for some directions also contribute

to the variation. In general terms, for distances less than 13D, both models perform in a similar way—unsurprisingly as they both utilise Equation (4)

for distances less than 10D. For distances greater than 13D, the more appropriate model choice appears to depend on whether TI is dissipated

slower than predicted by Equation (4). It should be pointed out that the Frandsen model is a conservative model and tends in many cases to

estimate levels of TI, which may be somewhat higher than those observed. From a design point of view, this may be preferable although overcon-

servative values may lead to higher than necessary design costs. At the shortest distances (within the near wake) Equation (4) significantly over-

estimates the mean TI and predicts values similar to the more extreme values measured. There are three individual distances shown in Figure 13

where the measured TI is significantly greater than values predicted by either model (26.35D, 34.80D, and 35.88D). Each of these anomalies are

considered to be consequences of Equation (10) defining view angles that are too narrow. For example, the most significant TI anomaly at 34.80D

occurs at mast IGMMX for freestream wind directions of 50° and 51° with the nearest upstream turbine assuming Equation (10) is IGH11.

However, freestream wind directions of 49° and 52° from IGMMX correspond to turbines IGG10 and IGF10 located 26.35D and 2.46D, respec-

tively. If Equation (10) had extended the view angles of these nearer turbines each by just 1°, then this 34.8D distance would not exist in Figure 13

and the individual events would contribute to shorter distances where higher TI values are expected. Because of the large variability in differences

in distance between IGMMX and the upstream turbines for this narrow sector, it is possible that turbine IGF10 would have a greater influence on

TI than IGG10. Indeed, the anomaly at 26.35D in Figure 13 may also be influenced by turbulence generated by turbine IGF10, although it is noted

that IGG10 corresponds to a view angle sectors of 43° to 49° as turbine IGF09's view angle sector supersedes it (distance 16.37D) for a

freestream direction of 42°. As such, if Equation (10) were modified to increase view angles of closer turbines, some of the higher TI events would

move left in Figure 11 to shorter turbine separations where the simplified model predicts these larger values. For comparison, the anomaly at

35.88D is the result of freestream flow from 65° with σ measured at mast IGMMZ influenced by turbine IGG02. Freestream flow from 64°

and 66° at IGMMZ corresponds to turbines IGE04 and IGH02 with distances 14.41D and 45.80D, respectively. Again, if Equation (10) were

modified to increase view angles of nearer turbines by just 1°, the events in this anomaly would all be relocated in Figure 13 to 14.41D and be

more appropriately modelled.
4.4 | Turbulence intensity variation along a row of turbines

The Frandsen model assumes that turbulence intensity in a particular direction only depends on the proximity of the closest turbine, even if there

are further turbines in the “line of sight.” Furthermore, it is assumed that this turbulence intensity is only a function of the freestream wind regard-

less of how deep the location is in the wind farm. To test this hypothesis, two rows of turbines were examined to see how the TI varied along a

row and how well this was predicted by the Frandsen and Simplified models. These two rows are marked as “Row 1” and “Row 2’ in Figure 3.

Figure 14 shows how TI varies along the line of turbines from IGD13 to IGD01 (Row 1) for a 10‐ms−1 freestream wind. In this case, all but the

first two turbines are closer than 10D, and so both models utilise Equations (4) and (9) at these locations whilst they differ at the second turbine

(with upstream separation greater than 10D) where the Frandsen model relies on FT whilst the Simplified acknowledges the wake effect of

upstream turbine IGD13. It can be seen that the Frandsen model fails to capture the increase in meanTI at the second turbine (turbine separation
FIGURE 14 Mean (left) and representative
(right) TI along the row of turbines IGD13 to
IGD01 for freestream wind direction 200 ± 2°
at 10 ms−1. Distance is measured from the
upstream turbine IGD13. Note: Large black
dots (sector average) represent 10° sector
averages taken from measurements [Colour
figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 15 Mean (left) and representative
(right) TI along the row of turbines IGF10 to
IGM01 for freestream wind direction 246 ± 2°
at 10 ms−1. Distance is measured from the
upstream turbine IGF10. Note: Large black
dots (sector average) represent 10° sector
averages taken from measurements [Colour
figure can be viewed at wileyonlinelibrary.
com]
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is 16D and FT is assumed). There is a better match for the subsequent turbines, which are spaced closer than 10D although the model consistently

overpredicts the mean TI down the remaining row of turbines. The Simplified model gives a good prediction for the second turbine and then

matches the values returned by the Frandsen model as both use the same equation for the subsequent turbines. Both models perform better with

the representative TI, although still over predicting it. However, this may be due to the partial cancellation of two errors due to overprediction of

the mean turbulence and underprediction of the variance of the turbulence.

In the case of Row 2 as shown in Figure 15, all of the turbines are greater than 10D apart. The Frandsen model significantly under predicts

representative TI at all locations, even when using WFT from 50.5D onwards, where ambient WFT intensity is assumed to prevail. The Simplified

model by comparison generally follows the representative measured values, but there is larger variance between the turbines. However, the same

comment applies as above with respect to the partial cancellation of errors. For this direction, the Simplified model overpredicts mean TI for all

wake‐effected turbines and neither model predicts the freestream TI measured at IGF10.There may be an effect due to the location of mast

IGMMX 2.46D upstream in this direction; however, this is likely to be small.
5 | CONCLUSIONS

For the case of the Greater Gabbard offshore wind farm, the Frandsen model provides a reasonable prediction of turbulence intensity for locations

in a wind farm that are deemed to be directly wake affected, although levels are somewhat overpredicted in the near wake for which the model

was not really designed. It was found that switching the method of defining σ between “wake”‐generated turbulence and “farm”‐generated tur-

bulence for distances beyond 10D was somewhat arbitrary and can lead to peaks in TI not observed in the data. Similarly, assuming that fewer

than five turbines located more than 10D upstream will have no impact on the wind flow also leads to errors, this time the underprediction of

TI. A Simplified version of the Frandsen model has been proposed, which assumes only FT or wake‐generated turbulence that is not assumed

to transition to WFT at some arbitrary cut‐off distance. This has been shown to better predict in general turbulence intensity than the standard

Frandsen model, although it is less conservative as a result.

The Frandsen model does not consider the influence of turbines beyond the closest and turbulence is assumed to depend on upstream con-

ditions regardless of distance into the wind farm. An analysis of turbulence intensity along a row of turbines bears this out to an extent although

again the assumption of “farm”‐generated turbulence at the arbitrary 10D cut‐off was shown to be questionable.

The observed difference in mean and representativeTI is larger than that calculated by both the Frandsen and Simplified models. The assump-

tion that variability in the FT drives the variability in the overall levels of turbulence would seem not to be entirely accurate, and it may be that

there is additional variability added by the rotor‐generated turbulence that needs to be accounted for. It may also be that the variance in the tur-

bulence is not exactly Gaussian distributed meaning that the value of 1.28 in Equations (2) and (3) may not be appropriate. This requires further

investigation.

Furthermore, from data at both masts, a comparison between measured and modelled TI vs turbine distance showed a good agreement

between data and model, with only a few outliers. An investigation about the cause for the outliers suggests that these could all be removed if

the view angle proposed by Frandsen is increased slightly. It is not clear whether this is true in general, or whether this is site specific. It should

also be pointed out that as the Frandsen model seems to overestimateTI for turbines closer than 10D, increasing the view angle might on average

produce even more conservative estimates of the effective TI. The intention of this research was to assess the Frandsen model as proposed

although further work should be performed to assess the sensitivity of the model to various parameters including the view angle.
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It should be pointed out that there are a number of caveats to the conclusions above. The findings are based on only a limited number of

turbines in one large offshore wind farm. A much broader range of turbines should be analysed for a number of such wind farms to provide defin-

itive conclusions. In addition, it is well known that there are limitations in using nacelle‐mounted anemometry for the determination of accurate

wind speed, wind direction, and turbulence intensity measurements. Nonetheless, the results of this work should provide a valuable insight into

the applicability of the Frandsen model in a large offshore wind farm array.
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