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I.

Overview

The purpose of this report is to provide validation results for Persimia’s ice throw modeling
software. This software relies on a six-degree-of-freedom flight simulation model to simulate the
free flight trajectory of ice fragments following release from a wind turbine blade. The model uses
a flat plate aerodynamic model to capture aerodynamic forces and moments on the fragment
during free flight. Due to the numerous variables that are involved in determining the fragment
trajectory, including wind direction and speed, release initial conditions, and fragment size and
weight, the software is configured to run in a Monte Carlo framework where these variables can
be randomized according to known or assumed distributions. Impact distribution patterns can
then be constructed from the impact points of thousands of simulated trajectories.
Aerodynamics play an important role in the trajectory shape and resulting throw distance for ice
fragments. Because ice fragments tend to be irregularly shaped, the flat plate aerodynamic model
used in this simulation is only a coarse approximation to the true aerodynamic forces experienced
by ice fragments in free flight. Thus, it is important to adjust some of the aerodynamic parameters
in the model such that model outputs match available experimental data from ice fragment
collection studies. This model validation process ensures that the model accurately predicts ice
throw distances. Note that because the aerodynamics of the ice fragments themselves are largely
independent of rotor size, hub height, and wind speed, the validated aerodynamic model can be
used to simulate ice throw accurately across a range of different turbine models and wind
conditions.
This report details the results of Persimia’s ice throw model validation study. The experimental
ice throw data provided by J. Lunden in Reference [1] is used as the validation set against which
model outputs will be compared. Following a brief review of the Persimia ice throw modeling
methodology, the validation dataset is summarized. Then, Persimia’s ice throw model results are
presented and compared to the validation dataset, showing highly favorable correlation. Key
statistical measures are calculated and compared between the simulated and experimental data
to verify the accuracy of model predictions.

Persimia Ice Throw Model Description
The kernel of the Persimia ice throw model is a six degree-of-freedom atmospheric flight dynamic
simulation that computes the trajectory of an ice fragment from the point of release on the wind
turbine to impact with the ground. The sophisticated simulation model includes the effects of
gravity, atmospheric wind velocity, aerodynamics, altitude, air temperature, fragment mass,
fragment size, and fragment inertia. Given the key turbine parameters of rotor radius, tip speed,
and hub height, thousands of ice throw simulations can be performed in a Monte Carlo framework
in which the release conditions, wind conditions, and uncertain parameters are randomized. The
ground impact locations for these simulations are recorded and used to quantify impact risk to
surrounding structures. Results from Persimia’s ice shed modeling have been used in wind
turbine siting studies and permitting processes in both the US and internationally. Detailed
descriptions of the simulation methodology can be found in References [2] and [3].
The trajectory simulation of an ice fragment released from a wind turbine predicts position,
orientation, velocity, and angular velocity of the fragment from the instant in time when the ice
fragment breaks free from the blade until impact. During this time period the fragment is in
atmospheric free flight. As shown in Figure 1.1 (left, depicting release of an ice fragment), at the
instant of release the fragment has a specific position, orientation, velocity, and angular velocity,
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which are used as initial conditions for the trajectory simulation. The numerical simulation
consists of a rigid body six degree-of-freedom model typically utilized in flight dynamic modeling
of air vehicles and projectiles. The degrees of freedom include three position components of the
mass center as well as four quaternion orientation parameters of the body. Quaternions are
employed in place of Euler angles to avoid singularity problems in the kinematic differential
equations since the fragment can take on an arbitrary orientation during flight. The ground is
used as an inertial frame and the body frame origin is located at the fragment mass center.
The resulting thirteen differential equations of motion describing the flight dynamics of the system,
including the translation kinematics, rotation kinematics, translation dynamics, and rotation
dynamics, are given by Equations (1) through (4). In these equations, (x, y, z) denotes the mass
center position, (q0, q1, q2, q3) are the quaternion orientation parameters, (u, v, w) are the body
frame components of velocity, and (p, q, r) are the body frame components of angular velocity.
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Note that X, Y, Z are the body frame components of the total applied forces while L, M, N represent
the body frame applied moments about the mass center. The mass of the fragment is denoted
as m. The matrix [TIB] is the body to inertial frame rotation transformation matrix and [I] is the
mass moment of inertia matrix of the body evaluated at the mass center with respect to body
frame coordinates.
The forces and moments in (3) and (4) contain a contribution from aerodynamics. There are two
generally-accepted methodologies for computing the aerodynamic loads on an ice fragment
released from a wind turbine. The first methodology is to use a bluff-body drag approximation [4]
in which the drag coefficient is a constant independent of the angle of attack, and there is no lift
force. This method is more appropriate if the fragment has a spherical shape. Alternatively, a flatplate aerodynamic model may be used in which both drag and lift are functions of angle of attack.

4

Doc. No. P112019-2-001

This method captures the effects of both aerodynamic lift and drag, and is more appropriate for
fragments with a flatter rectangular shape. In the analysis performed here, a flat-plate
aerodynamic model is used. Note that in computation of the aerodynamic forces and moments,
the wind velocities are used to calculate the fragment aerodynamic velocity and angle of attack.
Given initial conditions for the ice fragment at the instant of release from the wind turbine, the
flight dynamic model described above is numerically integrated forward in time until the fragment
impacts the ground. This process generates a single fragment trajectory from the release point
on the wind turbine to ground impact [3,4]. The simulation software has been optimized to run
rapidly, allowing thousands of different trajectories to be simulated in an automated fashion.
The trajectory of an ice fragment released from a wind turbine rotor blade is a complex function
of many parameters, including but not limited to atmospheric wind velocity and direction, rotor
radius, tower height, rotor rotational speed, fragment mass and inertia, and release position along
the blade. Since a fragment can be released at a variety of initial conditions and wind conditions,
and since fragments have widely varying aerodynamic and inertial parameters, statistical methods
must be used to determine the probability that a released ice fragment will impact a given area
around a wind turbine. To this end, Monte Carlo simulation is employed to generate ground
impact patterns of numerous possible released ice fragments (see Figure 1.1, center and right)
[3]. At different points in a blade revolution, the blade attains different states, yielding different
release conditions. These different release conditions lead to different individual trajectories and
associated ground impact points. In Monte Carlo simulation, all key parameters that can vary at
release are considered random variables with known statistical properties. For each random
variable, a set of samples is created such that the samples exhibit the proper statistical
distribution. For each sample, a free flight trajectory is computed and the associated ground
impact point is recorded using local terrain data. For this validation study, flat terrain is used,
although simulation studies tailored to a specific wind project typically use local site-specific
terrain information.
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Figure 1.1. Ice Throw Release Diagram (left), Ice Fragment Trajectories (center), Example
Monte Carlo Impact Point Distribution (right).
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II.

Validation Dataset

The purpose of this report is to document validation of the Persimia ice throw simulation model
against available experimental data. The experimental dataset used for validation is provided by
J. Lunden, “IceThrower: Mapping and Tool for Risk Analysis,” Winterwind, Skellefteå 7 February
2017 [1]. In this work, turbines were operated during icing events, and the distances of fragments
shed through ice throw were catalogued. The recorded information includes ice fragment mass,
throw distance, and wind direction and speed during throw events. In total, data for 532 shed ice
fragments was collected. The data was obtained across three different wind farms in Sweden
during 2013-2016. The project was funded by the Swedish Energy Authority. Note that the
turbine used in the study had a 95 m hub height and 90 m rotor diameter, and was not equipped
with a de-icing system.
Figure 2.1, taken from [1], shows data for the fragment throw distances for the 532 ice fragments
collected. As highlighted in the figure, the farthest throw distance was 150 m, with 75% of
fragments found between 20 m and 90 m of the tower base. Interestingly, the throw distance
distribution resembles a Weibull distribution with a peak around 50 m. The maximum throw
distance of 150 m is equal to 1.67 times the rotor diameter, or 1.07 times the tip height.

Figure 2.1. Experimentally-Obtained Ice Throw Distances [1].

In addition to throw distance, the mass of each fragment was recorded. Figure 2.2, taken from
[1], shows the mass distribution of the fragments as well as a scatterplot showing the ice fragment
mass and corresponding throw distance. The fragment masses were observed to lie in the range
of 0-5 kg, with the vast majority of fragments having a mass of less than 1.5 kg. The observed
mass distribution also appears similar to a Weibull distribution, with an average mass of 0.6 kg.
Interestingly, as observed by the author in [1], there is fairly low correlation between the throw
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distance and the fragment mass for fragments weighing less than 2 kg. For fragments larger than
2 kg, the throw distances tended to be fairly low, limited to about 50 m from the turbine base.
A final element of the data in [1] is provided in Figure 2.3. This figure shows the trend between
the recorded wind speed and throw distance for each fragment. The recorded wind speeds for
the throw events ranged between 4.5 m/s to 13.1 m/s. Interestingly, as pointed out by the authors
in [1], there seems to be very little correlation between throw distance and wind speed. As will be
discussed in Section III, Monte Carlo results produced by the Persimia model show that the lateral
velocity imparted by the blade at release have at least an equal contribution to the dispersion
distance of ice fragments as wind effects. Additional results described in Section III show that if
the drag coefficients for ice fragments are large, the effect of the blade tip speed on throw distance
will be low as the lateral velocities will dissipate quickly due to drag, but winds will carry the
fragments far downrange. Alternatively, if drag values are low, the throw velocity will carry the
fragments farther from the turbine laterally, and the downrange dispersion due to winds will be
smaller due to the lower drag. Further exploration of these trends is not pursued in this report
(which is focused strictly on model validation), but will be the subject of future archival publications
on ice throw modeling.
In addition to the data in [1], a recent IEA report entitled “International Recommendations for Ice
Fall and Ice Throw Risk Assessments” [4] provides data for typical shapes of shed ice fragments.
This data is characterized by the so-called area-to-mass ratio, which is the average frontal area
of each collected ice piece divided by the mass of the ice piece. Figure 2.4, taken from [4],
provides a histogram of the area-to-mass ratios of a merged set of several different ice throw data
sets, totaling over 1,200 fragments. This data shows that the area-to-mass ratios of shed ice
fragments approximate a random variable from a Weibull distribution with a mean of about 0.088
m2/kg.
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Figure 2.4. Ice Fragment Area-to-Mass Ratios from Merged Ice Throw and Ice Fall
Dataset [4].

Figure 4: A/m histogram (columns) and average values for merged data set and individual data sets (cross).

This histogram illustrates how the ice piece properties can look like when considering all fragments above
50 g released from all positions on the blade. Note that its shape and mean value can vary from site to
site and that another distribution may be considered to be more accurate for a given site or turbine
configuration. The ice pieces’ frontal area 𝐴 used in the histogram is assumed to be a rectangle based on
the two largest dimensions of the observed ice pieces.
8 This is an overestimation compared to the actual
projected area of the ice piece. Depending on the defined reference area and the corresponding drag
coefficient used in the trajectory model, it may be necessary to adjust the distribution. Müller & Bourgeois
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III. Validation Results
The Persimia ice throw model was exercised in a Monte Carlo fashion in order to validate the
model outputs against the experimental data shown in Section II. The example turbine used in
this study was based on the Vestas V90 3.0MW turbine with a 90 m rotor diameter and 95 m hub
height. The rotor diameter and hub height for this turbine was selected so as to match the turbines
used in the experimental study in [1]. Key parameters for this turbine obtained from publiclyavailable sources are shown in Table 3.1.

Table 3.1. Vestas V90 Turbine Specifications.
Parameter
Hub Height
Rotor Diameter
Number of Blades
Rotor Speed
Cut-In Speed
Cut-Out Speed

Vestas V90 2.0MW
95 m
90 m
3
9.0-14.9 RPM
2.5 m/s
25 m/s

Monte Carlo Input Distributions
At each instance of ice throw, there are several unknown parameters that affect the flight path of
the fragment. Some of these unknown factors have a fairly minor effect on the resulting trajectory
(for instance, atmospheric density), while others have a major effect (for instance, the radial
location of release along the blade). To capture the important random elements of the throw
process, the following variables were randomized for each ice release in the Monte Carlo
simulation: radial release location along the blade, rotation angle of the blade at ice release, wind
speed, fragment mass, and fragment area-to-mass ratio. The distributions for each of these
random variables were selected as follows:
•
•
•

•

•

Radial Release Location: The radial release location was considered as a uniform
random variable between 0 and 45 m
Rotation Angle of Blade: The rotation angle of the blade at ice release was considered
as a uniform random variable between 0 and 360 deg
Wind Speed: The wind speed distribution was created to approximately match the wind
speed histogram in Figure 2.3. Thus, a Weibull distribution with mean of 7 m/s and
standard deviation of 3.1 m/s was used. A histogram of 3,000 data points generated from
this distribution is shown in Figure 3.1 (left).
Fragment Mass: The fragment mass distribution was assumed to be a truncated
Gaussian, using the data in Figure 2.2. A Gaussian distribution with mean of 0.6 kg and
standard deviation of 0.55 kg was used, truncated at zero. A histogram of 3,000 data
points generated from this distribution is shown in Figure 3.1 (center).
Fragment Area-to-Mass Ratio: The fragment area-to-mass ratio was assumed to be a
Weibull-distributed random variable with mean of 0.088 m2/kg and standard deviation of
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0.045 m2/kg, based on the data in Figure 2.4. A histogram of 3,000 data points generated
from this distribution is shown in Figure 3.1 (right).
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Figure 3.1. Monte Carlo Input Distributions for Wind Speed (left), Fragment Mass
(center), and Area-to-Mass Ratio (right).

The five random variables above determine the values of numerous other internal variables in
each simulation run. These derived values, which differ between each run depending on the
random variable draws of the above five values, are described below:
•

•
•
•
•
•

Rotor Speed: Rotor speed is computed based on the wind speed using a linear
interpolation process. It is assumed that the minimum rotor speed of 9.0 RPM occurs at
the cut-in wind speed for the V90 2.0MW turbine (which is 2.5 m/s) and the maximum
speed occurs in the wind speed range of 13 m/s (rated wind speed) to 25 m/s (cut-out
wind speed). In between these intervals, linear interpolation is used to obtain a smooth
function relating wind speed to rotor speed.
Fragment Area: The fragment frontal area is computed as the area-to-mass ratio
multiplied by the mass for each realization.
Fragment Chord: The fragment chord is computed as the square root of the fragment
area, under the assumption that the fragment is approximately square in shape.
Fragment Moments of Inertia: The fragment moment of inertia is computed from the
mass and chord values for each simulation, assuming a square flat plate geometry for
each fragment with a depth-to-length ratio of 0.1.
Mass Center Location: The fragment mass center is assumed to be at the geometric
center of the fragment.
Aerodynamic Center Location: The fragment aerodynamic center is assumed to be a
Gaussian-distributed random variable with a mean value at the center of each fragment,
and a standard deviation of 5% of the chord for each sample. Note that this disturbance
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of the aerodynamic center off of the geometric mean is added so that the aerodynamic
center and the mass center are not collocated for the simulation runs.
The six-degree-of-freedom model employed in Persimia’s ice throw simulation uses a flat plate
aerodynamic model to predict the aerodynamic forces and moments on each fragment. These
forces and moments are computed from the fragment local angle of attack with respect to the
oncoming wind, and include contributions from aerodynamic drag and lift. The aerodynamic
expansion used for the flat plate aerodynamic model employed here may be found in Reference
[5]. One issue with using this type of model is that the aerodynamics of actual ice fragments may
differ significantly from this idealized flat plate approximation. Thus, some correction factors are
used to scale the aerodynamic forces and moments in order to match the model outputs to
observed data. In this validation study, the drag and lift values in the aerodynamic model are
multiplied by coefficients, which are called scaling parameters. These scaling parameters,
denoted as Sdrag and Slift, are included to calibrate the aerodynamic model to the actual
aerodynamic forces and moments observed in experimental ice throw data. In the validation
Monte Carlo study shown in this section, these scaling factors are tuned such that the model
outputs match the observed data. The resulting validated model can then be used in a predictive
fashion to simulate ice throw accurately for other turbine models with different rotor sizes and hub
heights and for other wind speed distributions.

Ice Throw Model Validation Results
A Monte Carlo simulation consisting of 3,000 trajectories was simulated using the parameter and
initial condition randomization scheme described above. The ground impact point for each
trajectory was recorded assuming flat terrain. The aerodynamic scaling parameters were
adjusted to arrive at a throw distance distribution that approximately matched that from the
experimental data in Figure 2.1. After significant experimentation, it was found that parameter
settings of Sdrag = 1.0 and Slift = 0.0 produced the closest match between the simulated and
experimental throw distances. These parameter settings indicate that the lift force of the
fragments can be neglected, while the drag force is modeled well by a flat-plate drag
approximation.
Figures 3.2 and 3.3 show the Monte Carlo impact points using these aerodynamic scaling
parameters. Figure 3.2 shows the cross-range and down-range impact locations, where the wind
blows left-to-right and the turbine disk is aligned with the y-axis. Note that the fragments exhibit
dispersion laterally from the disk (+/- y direction) due to the radial velocity imparted by the blades
at fragment release. Downwind dispersion (+x direction) is also exhibited as the wind blows the
fragments down-range of the turbine. Interestingly, both the cross-range and down-range
dispersion distances are limited to about 200 m, which indicates that the wind and lateral throw
velocity have fairly comparable effects on throw distance. It was noted in additional Monte Carlo
studies not shown here that, as the drag scaling parameter (Sdrag) increases, the downwind
dispersion increases while the cross-range dispersion decreases. This is because the fragment
relative velocities with respect to the wind decay quickly due to high drag, so that the air velocity
imparted by the blade rotation quickly decays and the fragment is carried farther by the wind. As
Sdrag is reduced below 1, the downwind dispersion decreases and the cross-range dispersion
increases because the drag effects are diminished.
Figure 3.3 shows a histogram of the ice fragment throw distances from the base of the turbine.
Some key statistics can be derived from this data and compared to the experimental data in Figure
2.1 (from Ref. [1]). First, the overall shape of the throw distance distribution in Figure 3.3 is similar
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to that observed in Figure 2.1. The distribution is fairly Weibull-shaped with the peak observed at
a fairly small distance from the turbine base, around 50 m. Second, the vast majority of impacts
in the simulated data (97.9%) land inside of 150 m, which is the maximum throw distance
observed in experiment as shown in Figure 2.1. Only a handful of impacts land beyond this
distance in simulation, with the maximum simulated impact distance observed to be 332 m. Third,
approximately 72% of simulated fragments land between 20 m and 90 m of the tower. This
compares very favorably with the 75% of fragments between these two distances observed in the
experimental data in [1]. Finally, the mean throw distance exhibited in simulation is 63 m
compared with approximately 56 m in the experimental data in Figure 2.1. Table 3.2 summarizes
these key quantitative measures of validation between the simulated and experimental throw
data.
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Figure 3.2. Simulated Ice Fragment Impact Dispersion Pattern (3,000 trajectories).
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Figure 3.3. Simulated Ice Fragment Throw Distance Histogram (3,000 trajectories).

Table 3.2. Statistical Comparison Between Simulated Data and Experimental Data from
[1].

Simulated Ice Throw
Results
Experimental Ice
Throw Results [XXX]

Number of
Samples

Mean Throw
Distance

Percentage of
Impacts Between
20 m and 90 m

Percentage of
Impacts Less
than 150 m

Maximum
Throw
Distance

3,000

63 m

72%

97.9%

332 m

532

56 m*

75%

100%

140 m

* Approximate – derived from Figure 2.1.

Overall, the match in both qualitative shape and statistical measures between the simulated throw
distance distribution in Figure 3.3 and the experimental data in Figure 2.1 provides evidence of
validation of the Persimia ice throw model. The model’s use of experimentally-derived inertial
parameter distributions for fragment mass and area-to-mass ratio as well as an aerodynamic
model that accounts for drag dependence on angle of attack allows the model to capture the
trajectories of shed ice fragments with fairly high fidelity. Since these fragment inertial parameters
and aerodynamic characteristics are unlikely to change when ice is shed from turbines of varying
scales, this validated Persimia model can be used in a predictive fashion to model ice throw
distances from a wide range of turbines and in a variety of wind conditions.
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