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EXECUTIVE SUMMARY 

Objectives 

To create a simple model of blade throw from a wind turbine and apply the results to a site at 
REDACTED.   

Main Findings 

Two variants of a model were created, based upon the same equations of motion and differing 
only in the methods used to generate wind and blade speeds.   

Under Variant 1, 99th percentile throw distances were found to be between 155 and 198m for a 
full blade, and 312 and 1462m for a 10% blade fragment, depending upon the level of drag 
assumed.  Variant 2 predicted similar throws of 159 to 203m for a full blade, and 329 to 1395m 
for a fragment. 

REDACTED REDACTED REDACTED REDACTED REDACTED REDACTED 
REDACTED REDACTED REDACTED REDACTED REDACTED REDACTED REDACTE. 

Recommendations 

The model contains several assumptions that may decrease its accuracy.  In particular, effects of 
lift, gliding and bouncing are not considered.  It is recommended that future research should be 
directed at exploring ways to incorporate these aerodynamic effects into the model.  The size of 
the coefficient of drag was shown to have a large effect on the throw distance for blade 
fragments, and additional research to determine this value more precisely would be beneficial. 
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1 INTRODUCTION 

REDACTED REDACTED is seeking permission to construct nine wind generators, an 
anemometry mast, a sub-station, and associated infrastructure on land REDACTED 
REDACTED REDACTED REDACTED.  A report has been produced by REDACTED, the 
developer, which attempts to quantify the risk posed by blade shedding onto the adjacent 
REDACTED sites.  This report has been reviewed by NII and HSL, and was found to be lacking 
in a number of areas.  In particular, the methodology contained in that report was not transparent 
enough to be replicable, did not account for the effect of drag, and contained a variety of 
technical errors.  The work described in this report is intended to provide an independent view 
of the level of risks posed by the proposed wind farm. 

 

This report compares two methodologies for the estimation of impact probabilities of a full or 
partial blade loss from a wind turbine based upon mathematical modelling techniques, and risk 
contours for the REDACTED site. 
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2 MODEL DEFINITIONS 

Two Monte Carlo simulation model variants are defined in this section.  Both variants include 
drag, but not lift or gliding effects, and use the same equations of motion to determine the throw 
distance.  They differ in the way that the wind speed and blade speed at the time of detachment 
are defined.  

The first variant uses single a ‘worst-case’ wind speed throughout all iterations of the 
simulation, and an initial blade speed drawn from a beta distribution, again with pessimistic 
parameter assumptions. 

The second variant uses wind speeds drawn from a Weibull distribution, with parameters 
calculated from local wind speed data, and defines the initial blade speed as a function of the 
wind speed. 

A complete list of the assumptions made under the model is given in Section 2.1. 

Physical characteristics of the turbine are based upon those of the Vestas V90.  The technical 
specifications for this can be found in (Vestas 2006) and ( REDACTED).  Note that the surface 
area of a blade was unavailable from Vestas, and has been approximated. 

Throw distances were calculated for a complete blade, and also for a one-tenth blade tip 
fragment (by mass).  The centre of gravity of the blade tip had been approximated. 

2.1 ASSUMPTIONS 

2.1.1 Assumptions common to both variants 
1. The blade is approximated by a point mass, which implicitly assumes that shape-

related effects, such as spinning and gliding, are negligible. 
2. The blade detaches cleanly and instantaneously.  
3. At the time of blade detachment, the plane of blades is vertical and perpendicular to 

the direction of the wind.  The first part of this assumption means that no prior 
damage has occurred to the tower to make it tilt.  The second part is justifiable since 
modern wind turbines are designed to rotate to face the wind.  Any deviation from 
this direction would result in slower blade rotation, and a consequent reduction in 
blade detachment velocity. 

4. The wind velocity is assumed to be constant throughout an iteration of the model 
i.e. there is no gusting and the speed does not vary with altitude.  In practice, wind 
speed typically increases with altitude – the value at tower height is used here.  (An 
increase of around 50% is typical from ground level to tower height under 
conditions like those at REDACTED.  See Section 2.5 and (Justus, Hargraves et al. 
1978) for further information about the generation of wind speeds and their 
variation with altitude.) 

5. The ground at the REDACTED site is horizontal.  This is a reasonable 
approximation to reality. 

6. The wind velocity is independent of the wind direction.  See Appendix 5.2 for 
justification of this. 

7. The blade comes to rest at the point where it lands (no sliding or bouncing).  While 
this is unlikely to be the case, a point-mass ballistics model is inappropriate to 
model bouncing and sliding behaviour, since it is highly dependent upon the shape 
of the object. 
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8. The coefficient of drag is constant throughout the blade flight.  In practice, the 
speed and orientation of the blade will affect CD.  To compensate for this, a range of 
values has been tested.  (See Section 2.2.)  

9. The density of the blade is constant throughout its length, and so a 10%-mass 
fragment will have a cross-sectional area of 10% of the full blade.  In practice, the 
area of a 10%-mass fragment will vary depending upon its shape, and upon whether 
it consists of the only the outer shell or the internal beams as well.  

2.1.2 Assumptions specific to Variant 1 
1. The wind speed is always 30ms-1.  This value is roughly comparable to the 50-year-

wind value for the local area and may be considered a worst-case value.  (The 50-
year-wind is the speed of a peak three second gust that a fifty percent chance of 
occurring once every fifty years.) 

2. At the time of detachment, the blade is rotating between 
3
4

 and 2.5 times the 

maximal operational RPM.  (The maximal operational RPM is also known as 
overspeed.)  This implicitly assumes that a blade will never detach under low 
rotations.  2.5 times overspeed is a worst-case estimate of the maximum rotational 
speed of the turbine. 

2.1.3 Assumptions specific to Variant 2 
1. The wind speeds at the REDACTED site are comparable to those at a weather 

station in the local area. Wind farms are typically chosen for high wind speeds, so it 
is possible that this provides a slight underestimate of the true wind speed 
distribution. 

2. At the time of detachment, the blade is rotating faster than 
3
4

 times the maximal 

operational RPM.   

 

2.2 CONSTANTS 

Physical constants: 

Symbol Value Description 

g 9.8 Acceleration due to the Earth’s gravity, m s-2. 

ρ 1.225 Density of Earth’s atmosphere at 15°C at sea level, kg m-3. 

Turbine properties: 

Symbol Value Description 

A 10–80/ 1–8 Surface area of a (full/ fragmented) blade, m2.  See below. 

CD 0.05 – 1.6 Coefficient of drag, dimensionless.  See below. 

h 65 Height of turbine tower, m. 

m 6600/ 660 Mass of a (full/ fragmented) blade, kg. 
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r 11.2/ 35 Radius to the centre of gravity of a (full/ fragmented) blade, m. 

rtip 45 Radius to tip of a blade, m. 

ωmax 18.4 Maximum operational RPM (overspeed). 

ωnom 16.1 Nominal operational RPM. 

wmax 25 Maximum operational wind speed, ms-1, corresponding to ωmax. 

wnom 15 Nominal operational wind speed, ms-1, corresponding to ωnom. 

Beta distribution: 

Symbol Description 

vmin, vmode, vmax, μ, p Used to generate parameters for the beta distribution of blade 
speeds in Variant 1.  See Section 2.5.1. 

Notes:  

1. The cross-sectional area of a blade (more precisely: the area of projection from the 
blade onto the plane perpendicular to the relative velocity vector) is approximately 
100m2 facing the wind, and around 10m2 when edge on.  As mentioned in Section 2.1.1, 
the true cross-sectional area will vary during the flight as the blade rotates relative to the 
wind.  The range of values of A are provided as estimates of the average cross-sectional 
area throughout a flight. 

2. A turbine blade has a coefficient of drag of around 0.04 under normal operating 
conditions (DWIA 2002). After detachment, the blade’s orientation relative to the wind 
direction (through spinning and tumbling motions) increases this value, though it is 
unclear by exactly how much.  For simplification, rather than calculate a coefficient of 
drag that changes throughout the blade’s flight, a sensitivity analysis has been 
performed, considering the product of CD and A at 0.5, 2, 8, 32 and 128 (labelled “very 
low”, “low”, “medium”, “high” and “very high” respectively).  The reason that these 
values are fixed, rather than incorporated into the Monte Carlo simulation, is that the 
distribution of the coefficient of drag between throws is unclear.   

2.3 VARIABLES 

Symbol Description 

θ Angle of detachment, radians. 

v = (vx, vy, vz) Velocity of centre of gravity of blade, ms-1. 

s = (sx, sy, sz) Position of centre of gravity of blade, m. 

t Time since detachment, s. 

v0 Velocity of centre of gravity of blade at time 0, ms-1. 

s0 Position of centre of gravity of blade at time 0, m. 
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w10 Local 10-minute-average wind speed, ms-1. 

w = (0, wy, 0) Velocity of wind, ms-1. 

w* = w - v Relative velocity of wind with respect to the blade, ms-1. 

2.4 COORDINATE SYSTEM 

At the time of detachment, the blades are in the x-z plane, with the wind travelling from the 
negative y direction. 

 
Figure 1: Schematic of coordinate system and turbine dimensions. 

2.5 CALCULATION OF INITIAL POSITION AND VELOCITY 

Two methods are used to generate initial wind and blade velocities. 

2.5.1 Variant 1: Constant wind speed, beta distributed blade speed 

Let the wind speed, wy, be constant throughout all iterations of the Monte Carlo simulation, with 
a value of 30ms-1.  Note that this should be considered a ‘worst-case’ value, since it exceeds the 
observed (ground level) 50-year-wind value of 23ms-1 for the local area (Mann, Larsén et al. 
2004). 

Let the speed of the centre of gravity of the blade be taken from a beta distribution, with 
parameters defined using a PERT (Program Evaluation Review Technique) method.  The beta 
distribution replicates the choice of distribution in ( REDACTED).  It generates wind speeds 
over a finite range, with a single peak in the probability density function (i.e. it is unimodal) and 
a positive skewness, as expected from a real distribution of wind speeds.  The precise shape 
does not have any underlying physical significance. 
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Let vmode be the speed of the centre of gravity of the blade at the maximal operational RPM, 

ωmax.  Now let vmin be 
3
4

of this value, and vmax be 2.5 times this value.  The beta distribution 

will generate speeds between vmin and vmax, with a peak probability at vmode.   

max
min

20.75 16.2
60
rv π ω

= × = ; max
mod

2 21.6
60e
rv π ω

= = ; max
max

22.5 54.0
60
rv π ω

= × = . 

Define ( )min max mode
1 4 26.08
6
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( )( )

( )( )
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μ
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− −
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Now the initial blade speed is distributed by 
( )
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0
min

~ , 1.571, 4.429 .
p v

u p
v

μ
β β

μ
⎛ ⎞−

≡⎜ ⎟⎜ ⎟−⎝ ⎠
 

2.5.2 Variant 2: Truncated Weibull wind speed; related blade speed 

The Weibull distribution is commonly used to describe wind speed distributions, and is widely 
regarded to provide a reasonable fit outside of tropical regions.  Like the beta distribution 
described in Section 2.5.1, the distribution is unimodal and positively skewed; unlike the beta 
distribution, the range of speeds generated extends to infinity. 

Let the local 10-minute-average wind speed, w10, be taken from a Weibull distribution, with 
parameters calculated from Met Office data, using the “Least-squares fit to observed 
distribution” method described in (Justus, Hargraves et al. 1978), to give 

.  Further details regarding the dataset are given in 10w  ~ Weibull(16.97, 1.796) Appendix 
5.1. 

Assume that blade detachments only occur when the wind speed is greater than 75% of the 

recommended operational maximum 
3 25 18.75
4
× = ms-1.  Now the wind speed (for the 

purposes of the model) is taken from a truncated Weibull distribution and converted to a 3-
second-average value by multiplying by 1.365, as advised in (DNV-Risø 2001).  
Thus .  y 10 10w  ~ (1.365* w  given that w  > 18.75/1.365)

Let the speed of the centre of gravity of the blade be a capped linear function of wind speed, 
(0 yv f w= )

)
, passing through the origin, and the nominal operating conditions, 

.  (MacQueen, Ainslie et al. 1983) suggest that blades have a theoretical 

maximum speed when the blade tip reaches approximately Mach 0.9 (0.9 times the speed of 

sound; 310ms-1).  Thus the speeds are capped at 

( )( ,nom nomw v ω

0 310*
tip

v
r

=
r

, which is 77ms-1 for a full 

blade, and 241ms-1 for a fragment. 

The blade speeds at nominal revolutions are given by 2nom nomv rπ ω= .  For a full blade this is 
18.9ms-1 and for a fragment this is 59.0 ms-1, due to the increased radius.  Then  
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min(1.26 ,77) for a full blade.
( )

min(3.93 , 241) for a fragment.
y

y
y

w
f w

w
⎧

= ⎨
⎩

 

2.5.3 Initial Position and Velocity 

Let the angle of detachment be taken from a circular uniform distribution, θ ~ U(0, 2π).  Then 

the initial position of the centre of gravity of the blade, 
( )

( )

cos
0
sin

r

h r

θ

θ

⎛ ⎞
⎜ ⎟= ⎜
⎜ ⎟+⎝ ⎠

0s ⎟ , and the initial 

blade velocity is given by 

( ) ( )

( ) ( )

sin

0 .

cos

y

y

f w

f w

θ

θ

⎛ ⎞−
⎜ ⎟

= ⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

0v  

2.6 EQUATIONS OF MOTION 

The total force acting upon the blade is the sum of the effects of (Rayleigh) drag and gravity, 

given by 
2* *

0
1 ˆ 0
2

1
total DF C A w w mgρ

⎛ ⎞
⎜ ⎟= − ⎜ ⎟
⎜ ⎟
⎝ ⎠

, where  is the unit vector in the direction of the 

relative velocity, and 

*ŵ

*w  is the relative speed. 

The position of the blade throughout time is the second integral of totalF
m

, with the initial 

position and velocity (s0 and v0) as constants of integration.  This forms a system of three 
second order ODEs in the x, y and z directions.  See Appendix 5.3 for the equations. 

Note that since A is proportional to m (by assumption 9 in Section 2.1.1), the equations of 
motion for a fragment and a full blade are the same. 

2.7 MONTE CARLO SIMULATION 

In each iteration, the system of equations was solved numerically using (Mathworks 2006) for 
the x and y position coordinates at ground level (z=0).  10000 blade failures were simulated for 
each model variant, at each of the five levels of drag mentioned in Section 2.2. 

2.8 ANNUAL PROBABILITY OF FAILURE 

(Larwood 2005) notes that although limited reliable data is available, blade failure statistics are 
typically of the order 10-3 to 10-2 per turbine per year.  In both variants the probability of failure 
is given as 10-3 per turbine per year. Assuming independence of failure between turbines, the 
probability of failure per annum over the whole farm of nine turbines is 

.  Notice that since the probability of multiple blade failures (under 
the independence assumption) is small, this is close to the mean number of turbines failing per 
year, 9 . 

( )1 1 0.001 0.896%− − =9

0.001 0.009× =
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3 RESULTS 

3.1 TOTAL THROW DISTANCE 

The mean, 95th, 99th and 99.9th percentile and standard deviation throw distances for each model 
variant are presented for full blade detachment in Table 1, and for blade fragments in Table 2.  
(Maximum throw distances are not very meaningful for this model since they are heavily 
dependent upon the number of iterations, and so have not been included.)  Means and 99th 
percentiles throws are presented as bar charts in Figures 2 and 3 respectively. 

For each level of drag, (defined here as the product of the coefficient of drag and “cross-
sectional area”, CD*A,) the results for the mean, 95th, 99th and 99.9th percentile throw distances 
were very similar under Variant 1 and Variant 2.  For example, under medium drag (CD*A = 8), 
the mean throw distance was 68m under Variant 1, and 74m under Variant 2.  Likewise, the 99th 
percentile throw distance was 183m under Variant 1, and 185m under Variant 2.  This suggests 
that assumptions for wind speed and blade speed are comparable between variants over the top 
end of the distributions.  

For full blade detachments, the level of drag had very little effect upon the mean, though there 
was a slight increase under very high drag (CD*A = 128) in Variant 1 (mean = 86m, compared 
to 67m to 70m under other drag levels). 

For fragment detachments, the mean throw distances decreased with increasing drag (mean = 
326m at CD*A = 0.5, mean = 152m at CD*A = 128 under Variant 1; mean = 365m at CD*A = 
0.5, mean = 139m at CD*A = 128 under Variant 2).  99th percentile throw distances showed the 
same effect, dropping from 1462m to 312m as drag increased from 0.5 to 128 under Variant 1, 
and from 1395m to 329m under Variant 2. 
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Drag
Level CD*A Mean 95th 99th 99.9th Std dev Mean 95th 99th 99.9th Std dev

V. Low 0.5 70 156 198 255 46 77 158 203 269 49
Low 2 70 153 196 251 45 77 156 200 260 48

Medium 8 68 145 183 231 42 74 148 185 240 45
High 32 67 129 155 187 35 70 129 159 202 38

V. High 128 86 139 158 175 35 73 128 165 218 34

Variant 1: Full blade Variant 2: Full blade

 
Table 1: Means and 95th, 99th percentile throws under each variant, by level of 
drag, for full blade detachments. 

Drag
Level CD*A Mean 95th 99th 99.9th Std dev Mean 95th 99th 99.9th Std dev

V. Low 0.5 326 984 1462 1919 331 365 994 1395 1892 348
Low 2 305 897 1276 1652 296 341 900 1229 1613 313

Medium 8 257 681 886 1080 220 283 682 861 1093 233
High 32 193 416 490 554 133 199 410 488 582 138

V. High 128 152 284 312 331 91 139 259 329 403 82

Variant 1: Fragment Variant 2: Fragment

 
Table 2: Means and 95th, 99th percentile throws under each variant, by level of 
drag, for blade fragment detachments. 

 
Figure 2: Mean throw distances for each variant by level of drag. 
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Figure 3: 99th percentile throw distances for each variant by level of drag. 

Histograms of the throw distances are presented for each variant, for full and partial blades 
(Figures 3–6).  Under small levels of drag, the distribution of throw distances was strongly right 
skewed, with the size of the skew decreasing as drag increased.  For full blade throw, both 
variants predicted a single throw distance frequency maximum close to the mean throw 
distance.  For partial blade throw, both variants typically predict a frequency peak close to zero, 
and another close to the throw maximum. 
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Figure 4: Histograms of throw distances for 10000 simulated throws for a full 
blade, under various levels of drag, using Variant 1 (left) and Variant 2 (right). 
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Figure 5: Histograms of throw distances for 10000 simulated throws for a blade 
fragment, under various levels of drag, using Variant 1 (left) and Variant 2 (right). 
Figure 6 shows the probability of a blade travelling at least some distance, given that it has 
been thrown.  For example, the probability of a 10% blade fragment travelling at least 760m 
(the shortest distance from a planned turbine location to a building) is around 0.1 under very 
low drag assumptions, 0.04 under medium drag assumptions and less than 10-4 under very high 
drag assumptions. 
The annual probability of a blade travelling at least this distance can be calculated by 
multiplying by the annual probability of failure, estimated as 0.001 in Section 2.8. 
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Figure 6: Probabilities of a blade (fragment) travelling at least some distance, 
given that it has been thrown, by level of drag. 
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3.2 CROSS THROW VERSUS LONG THROW 

Table 3 shows the mean angle of deviation of the landing position from the x-axis for each 
variant under different levels of drag.  (See Figure 7 for a description of this angle.)  With no 
drag the deviation is necessarily zero, and the deviation increases with the level of drag.  Long 
throw (x-direction) – cross throw (y-direction) equivalence occurs between high and very high 
drag (CD*A = 32 and CD*A = 128) for full blades and fragments. 

 
Figure 7: Plan of the angle of deviation of the landing position from the x-axis, φ. 

Drag
Level CD*A Variant 1 Variant 2 Variant 1 Variant 2

V. Low 0.5 1 1 1 1
Low 2 4 3 3 3

Medium 8 11 8 9 7
High 32 30 21 21 17

V. High 128 61 50 44 36

Mean angle of deviation from x-axis, degrees
10% FragmentFull blade

 
Table 3: Mean angle of deviation of the landing position from the x-axis, in 
degrees, by level of drag, and by variant. 

3.3 RISK CONTOURS 

Risk contours are presented for a single turbine in Figures 8 and 9, and for the nine proposed 
turbines at their expected locations in Figures 10 and 11.  In each graph, the area is divided up 
into 25m by 25m regions, coloured according to the probability of a blade landing in that 
region, given that a blade has been thrown.  Again, the annual probability of a blade landing in a 
particular region can be calculated by multiplying by the annual probability of failure.  Note that 
the ragged appearance of boundaries between colours is an artefact of the numerical technique 
used to create the graphs. 

The locations of the nine turbines are given in Table 4, as described in (REDACTED).  The 
yellow region on each graph represents the approximate location of the REDACTED 
REDACTED REDACTED site boundary, and the red region represents the approximate 
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location of the buildings on this site.  The method for calculating the direction of the wind for 
each throw is discussed in Appendix 5.4. 

As with the total throw distances, there was little difference between the risk contours for 
Variant 1 and Variant 2.  For full blades, in all cases, the probability of a blade landing in

-6 -9
 a 

region on the power station site was less than 10  (10  per annum).  For fragments, this was 
ue under very high drag assumptions (CD*A = 128), but under medium and very low drag 

(C *A = 32, 8) the probability approached 10-4 (10-7 per annum) for some regions on the site. 

 

Turbine Number Easting Northing 

tr
D

REDACTED REDACTED REDACTED 

REDACTED REDACTED REDACTED 

REDACTED REDACTED REDACTED 

REDACTED REDACTED REDACTED 

REDACTED REDACTED REDACTED 

REDACTED REDACTED REDACTED 

REDACTED REDACTED REDACTED 

REDACTED REDACTED REDACTED 

REDACTED REDACTED REDACTED 

Table 4: Proposed locations for each turbine. 
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Figure 8: Risk contours for a single turbine and a full blade at very low, medium 
and very high drag, using Variant 1  (left) and Variant 2  (right). 
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Figure 9: Risk contours for a single turbine and a fragment at very low, medium 
and very high drag, using Variant 1 (left) and Variant 2 (right). 
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Figure 10: Risk contours for all nine turbines and a full blade at very low, 
medium and very high drag, using Variant 1 (left) and Variant (right). 
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Figure 11: Risk contours for all nine turbines and a fragment at very low, medium 
and very high drag, using Variant 1 (left) and Variant (right). 
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4 DISCUSSION 

4.1 SUMMARY 

The model in this report was defined as a response to deficiencies in representations of wind 
and blade speeds used in a previous report by ( REDACTED).  Both of the variants were based 
upon the same equations of motion and differed only in the methods used to generate wind and 
blade speeds.  Under Variant 1, 99th percentile throw distances were found to be between 155 
and 198m for a full blade and 312 and 1462m for a 10% blade fragment, depending upon the 
coefficient of drag.  Variant 2 predicted similar throws of 159 to 203m for a full blade and 289 
to 1365m for a fragment. 

Under Variant 2, the mean wind speed was 22.8ms-1 and the 95th percentile speed was 30.2ms-1, 
compared to 30ms-1 for all iterations in Variant 1.  Likewise, the mean and 95th percentile 
detachment blade speeds were 26.1ms-1 and 37.9ms-1 respectively for full blades under Variant 
1 and 28.8ms-1 and 38.2ms-1 under Variant 2. For fragments, the mean and 95th percentile 
detachment speeds were 81.5ms-1 and 118.9ms-1 under Variant 1 and 89.7ms-1 and 117.5ms-1 
under Variant 2.   

It is the remarkable similarity between the wind speed and blade speed estimates that explain 
the similarity in throw predictions.  The motivations behind the two variants of the model were 
different.  The beta distribution in Variant 1 considers a worst-case initial blade velocity based 
upon the overspeed value of the turbine, whereas the Weibull distribution in Variant 2 derived 
the initial blade velocity from the local wind speed and nominal operating conditions of the 
turbine.  The fact that these values so closely match is coincidence – in an area of higher or 
lower winds, the model variants would diverge.  

4.2 MODEL CRITIQUE 

The model defined here includes a substantial number of assumptions, some more reasonable 
than others.  The areas of the model that are weakest are the point-mass approximation, which 
means that lift, spinning, gliding and bouncing effects cannot be accounted for, and the 
unknown relationship between the wind speed and the blade speed at detachment. 

(MacQueen, Ainslie et al. 1983) showed that a gliding blade could travel two to three times 
further than a tumbling blade, so such aerodynamic considerations are potentially important.  
MacQueen did however conclude that a stable gliding position was unlikely.  It is possible that 
the uneven distribution of mass throughout the length of the blade could result in different 
aerodynamic motions for a full blade or a fragment.  For example, a full blade has its centre of 
gravity close to the base, so a dart-like throw is conceivable.  In contrast, a tip fragment has its 
centre of gravity nearer its middle; so spinning motions are more plausible.  This model cannot 
consider such rotations, and so further research is required to establish any possible 
aerodynamic motions. 

There is a lack of data regarding the relationship between wind speed and blade speed under 
normal conditions or detachment conditions.   
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4.3 EXISTING DATA ON BLADE THROW 

There is no comprehensive database containing details of real life occurrences of blade throw 
that include accurate measurement of throw distance, fragment size and turbine model.  (CWIF 
2006) provides a list of wind turbine related accidents, including 37 instances of blade throw 
where the distance was recorded.  The Caithness Windfarm Information Forum data is often 
based upon estimates from eyewitness testimony or unvalidated reports, rather than accurate 
measurement of distances. Throws are often not distinguished between full blade throw and 
fragments, and fragment sizes are typically not given.  Consequently, the dataset cannot be 
considered reliable or in any way definitive.  However, it can provide validation to an order-of-
magnitude accuracy for the model.   

Nineteen of the throws were reported as 100m or less, including six cases where the blade 
dropped to the ground close to the turbine shaft.  In all but one of the remaining cases, the throw 
distance was reported as 600m or less.  A single incident at Burgos in Spain was reported as 
resulting in blade fragment throw of  “almost 1000m”. 

These incidents broadly compare with the model’s results, suggesting that the model provides 
correct throw distances to an order-of-magnitude.  The model underrepresents very short throws 
and ‘drops’ – see Section 4.5 for further discussion of this. 

4.4 COEFFICIENT OF DRAG 

For the REDACTED site, knowledge of the level of drag is crucial to determining whether the 
blade can be thrown as far as the power station.  Under very low to medium drag levels the 99th 
percentile throw distances for fragments exceeded the distance of 760m from the nearest turbine 
to the power station buildings. 

It should be noted that the apparent difference in the effect of drag between full blades and 
fragments is entirely due to the higher initial velocity of the fragments.  Since the area and mass 
have opposing effects and are scaled down proportionally, the equations of motion are identical 
between the two cases. 

For full blades the initial blade velocities are close to the wind velocities, meaning that the 
relative velocity (difference between the wind and blade velocities) is very small.  Since the size 
of the drag force is proportional to the square of the relative velocity, the drag had very little 
effect regardless of the coefficient of drag. 

By comparison, the initial blade speed for fragments is much higher, giving a relative velocity 
that isn’t trivially small.  This means that under higher levels of drag, the drag force quickly 
reduces the blade speed, and so the fragment behaves similarly to the full blade.  Under lower 
levels of drag, the drag force is too small to have much effect and so the fragment retains its 
high speed and travels further. 

In general, smaller fragments will be thrown further, and there is a fairly smooth progression of 
throw distances from a full blade to a 10%-fragment.  A 10% fragment was considered close to 
the worst-case: smaller fragments will travel slightly further, but have a reduced capacity for 
causing damage. 

4.5 RISK CONTOURS 

Under the highest level of drag (CD*A = 128) the probabilities of a full blade landing 
immediately adjacent to the turbine are low, as demonstrated by white regions at the turbine 
locations on the risk contours (particularly visible under Variant 1, Figure 9).  There have been 
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several instances of very short throws recorded, see Section 4.3, which leads to two possible 
conclusions.  Firstly, CD*A = 128 is inappropriately high; or secondly, the model breaks down 
at short throw distances.  In practise, both of these conclusions are likely to be true.  The range 
of levels of drag chosen were considered to span beyond the likely “real-life” range, so CD*A = 
128 is almost certainly an overestimate.  The first two assumptions of the model, given in 
Section 2.1 (point mass approximation and clean detachment), break down at very short throw 
distances.  For a throw of less than 100m, the length of the blade becomes nontrivial; similarly, 
a non-clean detachment is likely to increase the chance of the blade dropping, rather than being 
thrown. 
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5 APPENDICES 

5.1 WIND SPEED DATA 

The wind speed data is taken from a site at REDACTED REDACTED (REDACTED) and is 
averaged over the period 1990-1999.  Cumulative frequencies are given in Table 4.  The height 
of the anemometer for this data is assumed to be 13m, and wind speeds are calculated at the 
height of the tower, h = 65m. 

Wind speed, knots Cumulative frequency
1 0.0220
3 0.0779
6 0.2165
10 0.4760
16 0.7902  

Table 5: Cumulative wind speed data for REDACTED REDACTED (1990-1999). 

5.2 INDEPENDENCE OF WIND DIRECTION AND WIND SPEED 

Directional wind speed data from the same source in Appendix 5.1 was used to calculate 
Weibull distributions, using the method outlined in Section 2.5.2, for the wind speeds over 30° 
sectors.  The mean wind speeds for each sector are given in Table 5 below. 

Sector 341-10 11-40 41-70 71-100 101-130 131-160
Mean Speed 11.93 10.22 9.95 11.36 15.40 14.19

Sector 161-190 191-220 221-250 251-280 281-310 311-340
Mean Speed 13.72 16.92 19.32 15.99 15.60 13.95  
Table 6: Calculated mean wind speed by wind direction sector for REDACTED 
REDACTED (1990-1999). 

The difference in mean wind speeds by sector is at most 19.32/9.95 = 2.05.   

The site at REDACTED is approximately flat, and there is no reason to suspect a strong bias in 
wind speed from a particular direction – the wind speeds are likely to show a similar but not 
identical variation as the REDACTED site.  Given the lack of availability of reliable directional 
wind speed data for the REDACTED site, and that there are much larger uncertainties within the 
model than this, using a uniform wind speed across all directions is appropriate. 

5.3 ODES OF BLADE MOTION 

The equations of motion resulting from the force acting upon the blade can be decomposed into 
a system of six first order ODEs, with initial conditions v0 and s0. 
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5.4 GENERATING WIND DIRECTIONS FOR RISK CONTOURS 

Table 6 displays a wind rosette for the REDACTED site taken from ( REDACTED).  Each risk 
contour plot contains the 10 repetitions of the 10000 simulated throws, each rotated 
independently by an angle taken from the piecewise uniform distribution formed from the wind 
rosette. 

For example, the probability density function for the wind direction being between 135° and 
165° is constant and equal to 0.0417. 

Angle (°) 345-15 15-45 45-75 75-105 105-135 135-165
Probability 0.0609 0.0723 0.1025 0.2368 0.1706 0.0417

Angle (°) 165-195 195-225 225-255 255-285 285-315 315-345
Probability 0.044 0.0538 0.0502 0.0287 0.0695 0.0691  
Table 7: Wind rosette for the REDACTED site. 
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