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Preface 

The project ICETHROWER has been executed within the framework research 
program ”Kallt klimat” (Cold Climate). This program is a part of 
Energimyndigheten’s (Swedish Energy Agency) research on renewable energy, 
particularly wind energy.  

The project is financed to 65 % by Energimyndigheten and by 35 % by the 
participating power companies Dala Vind, Skellefteå Kraft and Vattenfall. The 
total budget has been SEK 982 000.   
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1. Sammanfattning 

Vindkraftprojekteringen i Skandinavien sker delvis i områden med kallt klimat, 
vilket leder till ökat fokus på hälsa och säkerhet i samband med iskast och snöras 
från vindkraftverk. Det finns osäkerheter kring risken att träffas av isbitar vid 
besök vintertid i vindkraftparker, men även brist på djupare förståelse av hur man 
beräknar och tillämpar säkerhetsavstånd. Då även förhållandevis små kompakta 
fallande isbitar kan orsaka stora skador på materiel och vara ett direkt dödligt hot 
mot människor, är det en avgörande arbetsmiljöfråga att kunna hantera risker 
bättre. Idag finns ett vedertaget rekommenderat säkerhetsavstånd för turbiner i 
produktion som beräknas med formeln 

1,5	 	     (Eq 1) 

s = säkerhetsavstånd 

D = turbindiameter 

H = navhöjd 

Formeln togs fram i WECO-projektet (1) från kastdata från flera olika 
vindturbiner i Europa. 

Syftet med projekt ICETHROWER har varit att ta fram ett simuleringsverktyg för 
riskberäkning av iskast för att öka kunskapen om risker förenade med vistelse vid 
vindkraftverk under vintern.   
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För att nå detta syfte har projektet bestått av tre delar, en fältstudie för att samla in 
underlag från turbiner med iskast, utveckling av en befintlig fysikalisk modell 
samt framtagning av en statistikmodul för att simulera iskast och kunna beräkna 
risker. De framtagna beräkningsrutinerna och databasen ska vara allmänt tillgäng-
liga via en länk från Winterwinds hemsida, www.winterwind.se. 

Pöyry Sweden har varit projektledare och utvecklat statistikmodulen. Programo-
Grafik har vidareutvecklat den aerodynamiska modellen för iskast från en roteran-
de turbin. Tre vindkraftsoperatörer har deltagit i fältstudien där information om 
kastavstånd, fysikaliska data om funna isfragment och meteorologiska data sam-
lades i en databas.  

De tre vindparkerna som valdes för fältstudien ligger geografiskt spridda över 
Sverige, vilket gör att vinterförhållandena skiljer sig åt utöver den naturliga klima-
tologiska variationen från år till år.  

Operatör Dala Vind Vattenfall Skellefteå Kraft 

Placering Dalarna Västerbotten Lappland 
Terräng skog Skog fjäll 

Vindpark Högberget Stor-Rotliden Uljabuouda 
Turbintyp Vestas V90 Vestas V90 WinWind-3 

Navhöjd, H 95 95 80 
Diameter, D 90 90 90 

 

Fältstudien har genomförts med större svårigheter än vad som antogs genom-
förbart vid ansökningstillfället. Den stora utmaningen har varit att göra iskast-
observationer. Därför har projektet förlängts med två vintersäsonger för att öka 
antalet observationer. Efter tre säsonger har 530 observationer diarieförts. Mer-
parten av dess kommer från Dala Vinds park. Inga observationer finns från 
Skellefteå Krafts vindpark. 80 % av observationerna har förutom kastavstånd och 
vikt även meteorologiska data vid tiden för kastet.  

Det beräknade säkerhetsavståndet enligt Eq 1 ovan, s = 278 m uppnåddes inte för 
något observerat isfragment. Det längsta iskastet som dokumenterats är 143 m = 
0,77 x (D+H). Resultatet bör kunna användas för att revidera rekommenderat 
säkerhetsavstånd till turbiner.  

Fältstudien visade inget samband mellan vikten på isfragmentet och kastavstånd 
utan både tunga och lätta isbitar hittades inom de kastavstånd som observerats. 
Det fanns inte heller något samband mellan vindhastighet och isbitarnas nedslags-
platser. Vindhastighetsvariationen var 5-13 m/s.  

Databasen har använts vid utvecklingen av den statistiska simuleringsmodellen 
och för att verifiera den befintliga aerodynamiska modellen KASTIS utvecklad av 
ProgramoGrafik och Vattenfall.  

Den statistiska modellen använder Monte Carlo-simulering för att beräkna risk för 
isnedfall per ytenhet. Utifrån slumpmässiga fördelningar och Monte Carlo-simu-
leringar beräknas kastavståndet från en turbin. I modellen används specificerade 
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egenskaper för isen (vikt, form och area), vindhastighet vid navhöjd (Weibullför-
delad och vindriktningsberoende) och turbinspecifika egenskaper (rotorradie, nav-
höjd och rotationshastighet). Vissa antaganden måste göras i modellen, men efter-
som modellen är flexibel kan dessa ändras. 

Resultaten från modellsimuleringen baserad på 100 000 iskast, för en turbin med 
90 m rotor diameter och 95 m navhöjd visar att det genomsnittliga kastavståndet 
var omkring 80 m och cirka 6 % av kasten var längre än 150 m. Modellresultaten 
visar också att inga isbitar föll framför turbinen. 

Resultaten från modellsimuleringar gjorda för två olika vindkraftverk med total-
höjd på 140 respektive 200 m, men med samma vind- och viktfördelningar, visar 
att kastavståndet blir något längre för det högsta vindkraftverket. Den beräknade 
sannolikheten (isnedfall per ytenhet och tillfälle) vid 150 m är ca 10-5 och sanno-
likheten avtar snabbt med avståndet oberoende av turbinstorlek. 

Projektet stöds genom bidrag från Energimyndighetens program Vindkraft i kallt 
klimat samt genom delfinansiering av de tre deltagande operatörerna Dala Vind, 
Skellefteå Kraft och Vattenfall. 

Slutsatser 

• Uppgiften att göra observationer och kartlägga iskast har varit mycket 
svårare att genomföra än förväntat. Bl. a. har just risken för iskast hindrat 
observatörer att närma sig verk. 

• Utifrån gjorda observationer och simuleringar bör det rekommenderade 
säkerhetsavståndet till vindturbiner som ofta används (Eq 1), kunna 
sänkas. Dessutom kan samma formel användas för stillastående och 
roterande turbiner. Nytt förslag till formel:  

s = D + H 

Även om iskast längre än ovanstående har simulerats i projektet är sanno-
likheten för ett nedslag med skada utanför D + H betydligt lägre än gängse 
risker i samhället. 

• Det finns en antydan till att tyngre och större isstycken slår ner närmare 
turbinen. Mycket av detta kan vara stora sjok av is från torn och nacelle-
tak. Dessa iskast utgör en stor risk eftersom is på nacelletaket kan finnas 
kvar lång tid efter att is lossnat från bladen och dessutom bestå av mycket 
stora och tunga stycken. 

• Det är alltid säkert att vistas i lovart av turbinen under drift.  

• I parkerat läge kan turbinrotorn ha en annan riktning och då finns risker 
oavsett vindriktning. 

• Generellt har positionen på rotordisken, där isbiten lämnar bladet, liten 
betydelse för kastlängden. Vindhastighet och gravitation inverkar mest. En 
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isbit från en position långt ute på bladet bromsas snabbare av 
luftmotståndet. 

• Inga observationer har gjorts vid turbinen med avisningssystem. Därför 
kan inga slutsatser dras om avisningssystemets inverkan på iskastfrekven-
ser och avstånd. 

• Isstycken med en vikt av 0,1 kg eller mer kan nå nedslagsenergin 40 J 
vilket anses kunna döda en oskyddad människa. Det motsvarar vikt och 
storlek hos en liten citrusfrukt. 

2. Summary 

Wind power project planning in Scandinavia partly takes place in areas with cold 
climate, leading to increased focus on health and safety issues in connection with 
ice throw from wind turbines. There is uncertainty about the risk of being hit by 
ice lumps when visiting wind farms during winter, but also lack of deeper 
understanding of how to calculate the risk and apply a safety distance. Since even 
relatively small compact falling ice cubes can cause major damage to the 
equipment and be a direct mortal threat to people, it is a critical safety issue to 
manage risks better. Today there is a recommended safety distance for turbines in 
operation calculated by the formula 

s = 1.5 x (D + H)  (Eq 1) 

s = safety distance 

D = diameter turbine 

H = hub height 

The equation was derived from the WECO project (1) based on ice throw 
observations from a number of turbines across Europe. 

The purpose of the project ICETHROWER has been to increase knowledge about 
risks associated with the stay at the wind turbines during winter. 

To achieve this the project consisted of three parts, a field study to collect 
evidence from the turbines with ice throw, development of an existing physical 
model and development of a statistical module for simulating ice throw and to 
calculate risk. The developed calculation routines and the database will be 
publicly accessible via a link from Winterwind’s website, www.winterwind.se. 

Pöyry Sweden has been the project leader and has developed the statistical 
module. ProgramoGrafik has further developed the aerodynamic model of ice 
throw from a rotating turbine. Three wind power operators have participated in 
the field study, where information on the throw distance, physical data of the ice 
fragments found and meteorological data were collected in a database. 

The three wind farms in the field study are geographically spread across Sweden, 
which means that winter conditions are different beyond the natural climatic 
variation from year to year. 
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Operator Dala Vind Vattenfall Skellefteå Kraft 

Place Dalarna Västerbotten Lappland 
Terrain skog skog fjäll 

Windfarm Högberget Stor-Rotliden Uljabuouda 
Turbine type Vestas V90 Vestas V90 WinWind-3 

Hub height, H 95 95 80 
Diameter, D 90 90 90 

 

The field study was conducted with greater difficulty than was feasible at the time 
of application. The major challenge has been to make ice throw observations. 
Therefore, the project has been extended for two winter seasons to increase the 
number of observations. After three seasons 530 observations have been 
registered. Most of them are from the Dala Vind wind farm and there are no 
observations from Skellefteå Kraft. 80% of the observations have, in addition to 
throwing distance and weight, also meteorological data at the time of the throw. 

The calculated safety distance, according to Eq 1 above, s = 278 m, was not 
achieved at any observed event. The longest distance for a documented ice 
fragment was 143 m = 0,77x (D+H). The result should be used to revise the 
recommended safety distance to wind turbines.  

The field study showed no correlation between the weight of ice lumps and 
throwing distance. Both light and heavy ice fragments were found within the 
observed areas. Nor was there any correlation between wind speed and ice impact 
sites. The wind speed variation was 5-13 m/s. 

The database has been used in the development of the statistical simulation model 
and to verify the existing aerodynamic model Kastis developed by 
ProgramoGrafik and Vattenfall. 

The statistical model uses Monte Carlo simulation to calculate the risk of ice 
strikes per unit area. The throwing distance from a turbine is calculated using 
random distributions and Monte Carlo simulations. The model use specified ice 
characteristics (mass, shape and area), wind speed at hub height (Weibull 
distributed and depending on wind direction) and turbine specifications (rotor 
radius, hub height and rotor revolution). Some assumptions have to be made in the 
model, however the assumptions can be modified since the model is flexible.  

The results of the model simulation based on 100 000 ice throws, and a turbine 
with 90 m rotor diameter and 95 m hub height shows that the average ice throw 
distance was about 80 m and approximately 6 % of the ice throws distances were 
longer than 150 m. The model results also show that no ice lump fell in front of 
the turbine. 

The results using two different turbine configurations, with tip height of 140 and 
200 m, respectively but using the same wind and ice mass distributions showed 
that the throwing distance was slightly longer for the higher wind turbine. The 
calculated probability of ice strikes per unit area at 150 m is approximately 10-5 

and the probability rapidly decreases with distance independent of turbine size.  
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The project is supported by grants from the Swedish Energy Agency research 
program “Wind power in cold climate” as well as through partial financing of the 
three participating operators Dalavind, Skellefteå Kraft and Vattenfall. 

Conclusions 

• To make field observations of ice throws has been much more difficult 
than anticipated at the project application. For example observers have 
been prevented from entering sites because of ice risk.  

• From carried out observations and simulations the conclusion is that the 
recommended safety distance can be reduced. One equation can be used 
for both rotating and parked turbines. New proposed formula:  

s = D + H 

Even if longer throw distances have been simulated, the probability for an 
impact resulting in injury outside D + H is considerably lower than other 
injury risks in society.  

• There is a small trend that heavier and larger is lumps falls closer to the 
turbine. These pieces can have their origin from tower and nacelle roof ice. 
These ice throws remains a very high risk as e.g. ice on the nacelle roof 
can stay long after a blade ice event and consist of very large pieces. 

• It is always safe to stay upwind of the turbine during operation.  

• In parked mode the turbine rotor can have a different direction and then it 
is not safe any ware under the turbine.  

• Generally, with very few exceptions, the influence of the point of 
detachment for an ice piece is minor. This means that a high initial ice 
velocity, from far out on the turbine blade, is damped quickly by the air 
resistance. The major remainder of the throw dynamics is determined by 
gravity and wind. 

• Observations have not been accomplished at the turbine with blade 
heating. It is therefore not possible to draw any conclusions regarding any 
anomalies in ice throw pattern form a heated turbine compared to a non-
heated.  

3. Introduction  

Icing is an important factor when operating wind turbines in cold climate as it can 
cause significant production loss as well as being a safety risk for persons and 
equipment present in the vicinity of wind turbines. Icing on wind turbines is most 
frequent in cold climate but can occur at other locations under certain 
meteorological conditions, for example freezing rain. The strongest ice 
accumulation occurs at temperatures near or below zero, in combination with low 
clouds covering the turbine rotor. Compact ice lumps weighing as less as 0,1 kg, 
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falling from a wind turbine (similar to a golf ball), can be fatal for persons getting 
hit. 

Snow and ice can potentially build up on any structure, fixed as well as moving, 
in environments with low temperatures and high humidity. Wind turbines can 
gather snow and ice on all parts of the structure. Ice on tower and nacelle 
generally falls down closer to the turbine tower but ice from the blades can at 
certain circumstances be ejected from a rotating blade and hit the ground further 
away from the rotor disc.    

The major problems associated with ice accumulation on wind turbines are 
production loss, ice drops and throws, increased maintenance cost and reduced 
technical life of the turbines (1) (2) (3). Typically the icing effect on annual 
production loss can be about 5-50 % (1) (4).  

The ICETHROWER project is divided in three parts:  

• A field study where ice fragments from selected turbines are found and 
documented, reported in chapter 4. 

• Development of a simulation tool for calculating risks when entering a 
wind farm, found in chapter 5. 

• Verification of existing ice throw simulation tool KASTIS, see chapter 6. 

In this report ice throw data from a Swedish field study is presented together with 
ice throw model simulations and risk assessment. The field of ice throw studies 
and model simulations is in intense focus in the wind farm community (1) (5) (6) 
(7) (8) (9) (10) (11) (12) since wind farm development in cold climate areas have 
been and still is very active.  

3.1 Ice formation 

Ice formation on wind turbines is created in different ways depending on the 
meteorological conditions and if the wind turbine is in operation or not. Necessary 
conditions are super cooled water droplets, hence temperatures near or below 
freezing and humid air.  

There are essentially two processes of atmospheric icing that are important for 
wind farm design, in-cloud icing and precipitation icing (freezing rain, drizzle or 
snow). Lacroix and Manwell, 2000 (2) for example, showed that mainly three ice 
types are relevant for wind turbines, rime ice, glaze ice and wet snow. 
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Figure 1. Example of rime ice (left) and glaze ice (right). Curtesy of Skellefteå Kraft and 

Dala Vind. 

Rime ice is super cooled liquid water droplets formed in fog or clouds that freeze 
immediately when they hit a surface. The most severe rime icing occurs at 
exposed ridges where moist air is lifted (2). Rime ice is white or opaque and is 
formed unevenly on the leading edge of rotating turbine blades. An example of 
rime ice is found in Figure 1 . 

Glaze ice forms a smooth transparent, homogenous and hard ice layer by freezing 
drizzle or rain. It usually occurs at zero degree or just below the freezing point. 
An example of glaze ice is found in Figure 1. 

Wet snow forms when snow with high water content falls and adheres to surfaces 
at temperatures just above the freezing point. If the temperature then drops, the 
wet snow can freeze to ice on the surface.  

In areas with sufficient solar radiation during the winter months, ice can melt in a 
rather short time after the active ice formation. On the other hand, at northern sites 
with low temperatures and little solar radiation during the winter the ice can 
remain on structures for a long time after the active ice formation. 

Ice fall off stationary structures primarily when the temperature increases and the 
ice starts to thaw. An ice fragment can then be transported further by the wind 
before ground impact. Icing of rotating structures like wind turbines is more 
complex, more ice will form towards the tip of the blade as the ice accreditation 
process depends on the relative velocity of the air. In addition, the rotation of the 
wind turbine can also add initial velocity to the ice fragment detached from the 
rotor blade. 

An example of traces from ice throws is shown in Figure 2. Note that the ice 
fragments do not originate from the wind turbines in the background. Any ice 
gathered on the turbine can potentially come off, when the ice thaws, by wind, 
vibrations or gravity. This can lead to ice drop or ice throw causing a potential 
risk of damage or injury to site personnel and the general public as well as to 
vehicles, buildings and the wind turbine itself. Today, wind farm owners usually 
are requested to place warning signs in the area to alert people of the danger. By 
this the requirements of the Machinery Directive, Directive 2006/42/EC are 
fulfilled. To increase safety for service personnel entering the turbines, roofs can 
be built over the tower entrances. 
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De-icing and anti-icing systems exist to prevent icing on wind turbines. De-icing 
systems will remove ice from sections of the blade surface, and hence reduce the 
production loss, but not prevent ice from building up on the wind turbine and 
hence not from falling off. Anti-icing systems works to prevent ice from accrete 
on wind turbines however it is still an area of research (3) (8), Winterwind, 2014. 

 

Figure 2. An example of traces of ice throws from wind turbines. Note that the ice fragments 

do not originate from the wind turbines in the background. Curtesy of Vattenfall. 

3.2 Previous work 

One of the first field studies of ice throw was performed in the Swiss Alps during 
the winters 2005 to 2009 (13) (14). In the study, one turbine located close to the 
ski slope in the Gütsch Mountain, 2300 m above sea level, was used. The turbine 
has a rotor diameter of 40 m, integrated blade heating and a hub height of 50 m. 
Due to the closeness to the ski slope, ice throws were considered a safety risk. In 
total more than 220 ice fragments were collected giving a detailed view on the 
distribution of ice throw around the turbine.  

The Gütsch study showed that most of the ice fragments hit the ground directly 
underneath the rotor area and that the ice throw direction had a clear dependency 
on the prevailing wind which gave indications on the preferred rotor positions for 
ice throws. The results also showed that ice throws occurred regularly and was a 
significant risk; however the maximum throwing distance given by the empirical 
formula (see Eq. 1) was not reached at Gütsch Mountain.  
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In the WECO study from 1996-1998 (1) observations of ice buildup and ice 
fragment shed from rotor blades were gathered from wind farms in Europe. Their 
results showed that ice fragments typically landed within 100 m from the turbine 
and the ice fragments found had masses up to 1 kg, although the majority was 
smaller. The rotor diameters in the study were up to 60 m (15).  

Based on ice throw studies from theoretical models and experimental data the 
WECO-project produced some guidelines for safety distance around wind 
turbines. It was recommended that for sites with high probability of icing to keep 
a safety distance (see Eq. 1) between the wind turbines and the nearest sensitive 
objects and to stop the turbines during icing periods when the wind is coming 
from unfavorable directions (1). In areas where there is a risk of ice throws this 
should be addressed in the design phase of the wind farm. The project proposed 
two equations to identify a risk zone for ice throw (1) (12): 

1.5	 	 			 . 1, for an operational turbine and 

	 	 		 . 2, for a non-operational turbine (stand still), 

where s is the throwing distance, v is the wind speed at hub height, D and H is the 
wind turbine rotor diameter and hub height, respectively. These equations have 
later been used frequently in environmental and health and safety assessment 
work for wind farm development.  

The estimations using Eq. 1 give the maximal range (worst case) of ice throw; the 
actual throwing distance might be shorter as the ice fragments released from the 
blades are affected by for example wind direction, gravity and air resistance. For 
non-operational wind turbines most of the snow and ice fall from the nacelle roof 
or tower and land close to the turbine. This case is similar to ice falling from the 
roof of large buildings or telecom masts. 

3.3 The ICETHROWER Project 

The purpose of the ICETHROWER project has been to develop tools to increase 
the ability to handle safety risks at ice buildup on wind turbines. The 
ICETHROWER project consists of development of a statistical simulation model 
calculation of risks for persons and equipment being hit by ice debris during 
sojourn close to wind turbines at winter, and further development and verification 
of an existing aerodynamic model for ice throw. Collection and categorizing of 
ice lumps around three wind turbines has resulted in a database of empirical data 
for use during the development of the models. Wind farm operators in cold 
climate have limited knowledge, but still great concern, about the risks of having 
personnel or the public in the vicinity of wind turbines during winter. 

Pöyry Sweden, earlier Pöyry SwedPower, has been the project leader while Dala 
Vind, Skellefteå Kraft and Vattenfall all have participated with wind turbines and 
resources for collection and registration of ice samples. ProgramoGrafik was 
included in the project with the chance to further develop and verify the 
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aerodynamic ice throw model KASTIS with access to a database of ice throw 
observations. 

The ICETHROWER project was initialized as part of Energimyndigheten’s 
framework research program “Vindkraft i kallt klimat” (Wind Power in Cold 
Climate), in 2013. Because of the difficulties to find a sufficient number of ice 
observations the project has been extended twice with one year each. The 
finalization of the project is therefore end of 2016 and a final report is released in 
spring 2017. 

The total budget for the project has been SEK 982 000 with 65 % funding from 
Energimyndigheten and 35 % from Dala Vind, Skellefteå Kraft and Vattenfall. 

 

Figure 3. Overview of the ICETHROWER project organization.  

 

4. Observations of ice throws 

4.1 The field study 

Participants of the field study have been Dala Vind AB, Skellefteå Kraft AB and 
Vattenfall AB, all wind farm operators with wind turbines operating in cold 
climate. An overview of the wind turbines used in the study is found in Table 1.  

Table 1. Overview of the turbines included in the ICETHROWER field study.  

 Dala Vind Vattenfall Skellefteå Kraft 

Number of turbines 1  1* 1 
Location Mid Sweden North Sweden North Sweden 
Terrain forest forest mountains 
Site Högberget Stor-Rotliden Uljabuoda 
Turbine Vestas V90 Vestas V90 WinWind-3 
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Blade heating no no Yes 
Hub height, H 95 95 80 
Diameter, D 90 90 90 
*One turbine was initially selected; however data is collected from nine different turbines. 

In the following sections the participant’s motivations and experiences of the 
project are reported. 

4.1.1 Dala Vind 

Dala Vind AB has interest in the project as an active project developer and 
operator of 29 turbines in Dalarna. To determine the distance and spread of ice 
fragments detached from wind turbines using actual field data, not only theoretical 
models, gives significant knowledge that is of great importance in the daily work. 
Dala Vind therefore decided to participate in this study.  

After the collection of ice fragments during three winters, relevant information 
about the actual length and intensity of ice throws has been received. The 
knowledge can be applied to the turbines Dala Vind has operational responsibility 
for. 

The collection of ice fragments has been performed after ice events have been 
indicated by Dala Vind’s monitoring central. Events have been trigged when a 
temporary drop in production is observed, and at the same time precipitation or a 
transition of the atmospheric temperature from minus to plus degrees occurs. At 
such events field personnel was sent out to check for traces of ice throws in the 
area of the turbine. 

Dala Vind has engaged a person living in the vicinity of the wind farm to assist 
and he swiftly went out to the wind farm after each ice event. The collection of 
data has been performed according to the guidelines agreed upon in the project. 
For example length and weight as well as the coordinates of the ice fragment, 
taking photographs and classify the ice fragment as rime, clear ice or a blend of 
snow and ice. More detailed description of the guidelines is found at page 17.  

This approach has worked very well. Dala Vind managed to capture nearly 100 
percent of the occasions when it was possible to measure throwing distance and 
weight of the ice fragments. There are additional occasions with only minor 
amounts of snow and ice falling from the turbines and the size of the fragments 
are so small, sugar cube size or smaller, that they pose no danger.  

4.1.2 Skellefteå Kraft 

Skellefteå Kraft was positive to participate in a project that intends to improve 
safety for both service personnel and the public at our wind farms. Another reason 
for participation is that the old estimates and assumptions about ice throw 
distances with respect to rotor speed, size and density of ice fragments have been 
inflexible and believed to be very conservative in many cases.  

Skellefteå Kraft expects that after the project is completed there should be a 
program available to improve our understanding of how different types of 
ice/snow are released from the turbine rotor and the expected throwing distance. 
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The experience from the project is that the collection of data and photographs of 
snow/ice fragments could have been better but there are however several 
underlying reasons including: 

• Hard workload of the on-site service personnel with maintenance; 

• Often there has been snowfall in association to ice accreditation on the 
turbines. The snow clearance was performed using a tractor driven 
snowblower and hence the traces of ice fragments detached from the 
turbines were difficult to identify; 

• The majority of ice fragments found have been "crusted snow” that it has 
been greatly shattered on the ground;  

• Small amounts of ice and a lot of snow in connection to ice accreditation 
on the wind turbines that reduce the probability of finding traces of ice 
fragments on the ground;  

• In addition to this, it has been difficult to motivate the staff to perform the 
work required due to the discomfort that can be experienced when 
working in environment with low temperatures (several degrees below 
zero) and also the risk of ice throws during the assignment. 

The reasons listed above could be due to the fact that our turbines are equipped 
with anti-icing systems. Nonetheless, large and heavy ice fragments have been 
observed falling on the safety shed installed over the entrances of the turbines 
causing large demolition of the roof.  

The assignment to search and document ice fragments detached from wind 
turbines was ordered from a subcontractor. The methodology used is according to 
the guidelines agreed upon in the project. See page 17.  

Skellefteå Kraft is fully convinced of the benefits with a reliable calculation 
model of ice drops and ice throw from wind turbines. But due to the last two years 
with relative mild winters there has been few ice throws to include in the study. 
We hope, however, that the data from the project collected will be used to develop 
tool to create ice throw maps and to increase our understanding of ice throw in the 
future. 

4.1.3 Vattenfall 

Vattenfall develops wind energy projects in Sweden, Denmark, the Netherlands, 
Germany and the United Kingdom. Vattenfall currently has two operational wind 
farms in cold climate areas and several projects under development in the north of 
Sweden. Vattenfall therefore has a significant interest in research areas regarding 
wind power in cold climate, including health/safety/environment (HSE), energy 
production and availability. Safety is one of Vattenfall´s core values, and the aim 
is for all employees to have a safe and healthy environment. Research regarding 
risks of ice throws is therefore a significant part of Vattenfall´s research program 
within wind power for cold climate, the Turbine Icing Program (TIP). 
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Vattenfall has taken part in the project ICETHROWER as a turbine operator, with 
the aim to collect data regarding ice throws at a wind farm in the north of Sweden. 
Vattenfall´s task was to collect data (mainly size and position) regarding fallen ice 
pieces around the turbines. 

The collection of data was simply done by walking around the turbines to look for 
ice pieces. If pieces were found, the size and position were noted and pictures 
were taken.  

During the first winter season of the project, Vattenfall´s ordinary service 
personnel at the site were asked to collect the data. There were however not many 
times when this work could be performed, since the site have a lot of icing issues 
and the turbines therefore are hard to access. When there was a lot of ice to be 
collected, it was often not possible to access the site due to safety for the 
personnel. The turbine chosen for this project was located in the middle of the 
wind farm, which meant that the personnel needed to pass several turbines on the 
way, and hence an increased risk of ice throws from other turbines. The work load 
for the personnel was also significant during this time, and not enough hours 
could be spent on collecting data during the first season. Despite the problems, 71 
ice pieces were collected during the first season.  

For the second winter season, it was decided to start a master thesis project 
devoted to this topic. This would then possibly solve the problem with not 
spending enough hours on the task. The student was indeed able to go to the site 
and collect ice pieces on a number of occasions, but the safety issue remained. 
There were only a few days when it was possible to go on site and collect data. 
The student was also located in Umeå, so the travel time to the site constituted a 
problem. The second season resulted in 42 collected ice pieces.  

For the third season, it was therefore decided to let the ordinary service personnel 
perform this work again. The problem with safety and access to the site however 
remained. During the days with clear ice throws, it was not possible to access the 
site due to safety issues. When it was possible to access the site again, it was often 
harder to see the ice pieces due to the snow. In combination with a heavy work 
load due to service of the wind farm, this resulted in that no data was collected 
during the third season.  

In summary, Vattenfall did not manage to collect as much data as was expected at 
the start of the project. This was mainly due to safety issues; the safety of the 
personnel always comes first, and at the occasions with ice throws, the wind farm 
was often not safe to access. This problem also grows in a large wind farm, where 
several turbines might throw ice at different occasions. 

4.1.4 ProgramoGrafik  

Björn Montgomerie has experience from studies of loss of rotating wind turbine 
blades and parts of blades from the early 1980s, when the object of analysis was 
an Italian turbine, which lost a blade when overspeeding. The results from this 
work included software that was later used in the design of the 3MW research 
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wind turbine at Maglarp, Skåne, Sweden. Specifically the foundation of the 
turbine was designed using results from calculations with the software. 

Later the issue of wind turbine related ice became a growing concern worldwide. 
In this context ProgramoGrafik contributed a paper to the 2013 Winter Wind 
conference in Sundsvall Sweden. Its title is "A Tool for the assessment of 
stochastic danger levels from ice ejected from wind turbine blades".  

The situation of the notorious lack of empirical data on ice excretion seemed to 
have a chance of being improved in the proposed ICETHROWER project. This 
prospect and previous experience stimulated the author to accept a membership in 
the ICETHROWER project.  

The first phase of the project included the creation of the definition of the task to 
analyze ice thrown at the wind turbine sites. Three wind turbine owners, who have 
been members of the ICETHROWER project, agreed to provide data according to 
a tabulated form where these data were to be filled in. This was expected to be 
carried out around the turbines by people who had a reason to visit the sites now 
and then. Due to difficulties to prepare for such activity and a winter with hardly 
any icing condition the resulting on-site ice data are insufficient for an adequate 
statistical analysis as hoped for. However, the available data have usefully been 
used in a more limited sense. It is thus possible to draw a few interesting 
conclusions, which can be a stepping stone for further work in this area. 

4.2 Field study method 

After an ice event, personnel were sent in the field to collect information about the 
ice fragments around the selected turbines. The information was collected in a 
database, an example of the data sheet used in the field study is shown in Figure 4. 

 

Figure 4. Example of the data sheet used in the field study. 

The search for ice fragments should be performed in a structured way, starting at 
the tower and moving outwards in circles. The distance between the circles 
depends on the presence of ice fragments, preferable 10-20 m. The largest 
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distance should be a radius three times the rotor diameter. If no ice fragments is 
found the search can stop before the maximum distance is reached.  

The ice fragments were weighted, measured and photographed and the location 
was noted. If possible, it was determined from which part of the turbine or blade 
the ice comes from and the ice fragment was categorized as glaze, rime or a blend 
of snow and ice.  

Information of meteorological parameters for the ice throw event (not the 
observation occasion) such as air temperature, wind speed and direction were also 
collected together with information if the turbine was in operation or stand still. 
The data was collected in a database. Figure 5 show some examples of ice 
fragments from the field study.  

 

Figure 5. Examples of ice pieces collected in the field campaign. Photo: Vattenfall (a-b), 
Skellefteå Kraft (c) and Dala Vind (d-f). 

4.3 Results and discussion 

Ice data was collected during three winter seasons between 2013 and 2016. The 
location of the wind farms included in the field study is depicted in Figure 6. The 
meteorological conditions differ both due to the location of the wind farm and 
also due to inter-annual variations from mild winters with few occasions of snow 
and ice to harsh winters with low temperatures and more icing events. 
Observations took place at the Dala Vind and Vattenfall sites but not at the 
Skellefteå Kraft site. Therefore the initial plan to compare ice behavior at heated 
and non-heated blades was not fulfilled. In total 532 ice pieces were documented 
and included in the data base set up in this study. The turbines where ice data has 
been collected all have rotor diameter 90 m and hub height 95 m.  



  18 (53)  
  

  
  

 

 

 

Figure 6. Overview of the wind farms included in the field study. The black symbols indicate 

the wind farms: Skellefteå Kraft (upper), Vattenfall (central) and Dala Vind (lower). 

 

Figure 7. Upper: All ice throws from the field study (532 pieces) relative the distance from 

the turbine. Lower: Relative frequency of ice throw relative the distance from the turbine 

(10 m interval). The black curve is a cubic function fitted to the data. 
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The throwing distance is shown in Figure 7 based on all available ice data. The 
upper panel shows ice pieces and the distance to the turbine and in the lower panel 
the relative frequency of the distance is displayed. Based on this study, about 75 
% of the ice pieces are found between 20 and 90 m from the turbine. The furthest 
distance is about 150 m and about 1 % was found more than 1,5 rotor diameters 
from the turbine, 135 m. 

The search of ice fragments were carried out methodically and all ice lumps larger 
than the size of a sugar cube was included in the study. It is therefore assumed 
that no ice fragments are missed far away from the turbines. 

The recommended safety distance of 278 m (Eq. 1) was not reached for any of the 
ice lumps thrown from the turbines in the ICETHROWER study. Similar results 
are found in previous studies, for example in the WECO report from 1996-1998 
(1), the Gütsch study in the Swiss Alps (13) (14) and a Canadian study (16) (17). 
In the Swiss Alps project the longest distance was 92 m with an estimated safety 
distance of 135 m and 100 m for the Canadian study, with a safety distance of 258 
m. 

 

 
Figure 8. Upper: The ice pieces weight relative the distance from the turbine based on all 
data from the field study (532 pieces). Lower: The relative frequency of ice pieces relative the 

weight in 0,2 kg interval. 

The weight of the ice pieces in this study varies between 0,08 and 4,9 kg (upper 
panel in Figure 8) and is on average 0,7 kg. About 60 % of the ice pieces weighed 
up to 1 kg and about 3 % weighed more than 2 kg (lower panel in Figure 8). 
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As can be seen in Figure 8, there is no correlation between the weight of an ice 
lump and the distance where it is found. Light ice pieces (less than 0,2 kg) are 
found between 20 and 140 m. Heavy ice pieces, between 2 and 3 kg are also 
found both close to the turbine as well as further away, up to 130 m. The heaviest 
ice pieces are found up to 50 m from the turbine, which in this study corresponds 
to 0,5 rotor diameters.  

In the ICETHROWER study the wind speed range was 5-13 m/s for individual ice 
events. The ice lumps weighted from 0,1 to 3,5 kg and the throwing distance 
ranged from 5 to 140 m. Similar results were found for example by Morgan et al. 
1998 (11). In their study ice fragments of 0,1- 1 kg was found between 15 and 100 
m from the turbines. 

For eight of the events is meteorological data reported at the time of the ice throw, 
based on data from the turbine’s SCADA system, this is about 80 % of the data in 
the field study. A summary of the meteorological conditions for these events are 
found in Table 2. The turbine was in operation at all ice events except for 11 
December 2013 when the turbine was paused.  

 

Table 2. Summary of meteorological data from the turbine’s SCADA system, number of 

samples found and ice characteristics for eight of the ice events. The ice classification are 

glaze ice (A), rime ice (B) and blend of snow and ice (C). 

 Date 
Wind 
speed 

[m/s] 

Wind 
direction 

[deg] 

Temperature 
[oC] 

No. of 
samples 

Ice type 

Event A 
12.02.2014 

07:50 
4,5 119 0 54 C 

Event B 
09.03.2016 

09:30 
5,4 220 0 64 A, C 

Event C 
04.03.2014 

10:00 
6,8 132 +1,0 81 B, C 

Event D 
08.01.2015 

01:30 
7,0 200 0 78 B, C 

Event E 
10.12.2013 

07:40 
8,4 238 0 52 A 

Event F 
20.02.2016 

21:00 
8,9 170 0 37 A, C 

Event G 
11.12.2013 

11:50 
11,0 274 +4,0 9 A 

Event H 
28.01.2016 

08:20 
13,1 350 0 44 C 

 
 
The eight events are shown in Figure 9 and Figure 10 where the color indicates 
the prevailing wind speed at the time of the ice throws. The wind speed varies 
between 4,5 m/s and 13 m/s.  

Figure 9, upper panel shows the weight of the ice pieces relative the distance from 
the turbine, including the prevailing wind speed for each event (in color) and the 
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lower panel shows the relative frequency of ice fragments for each event. There is 
a large spread in the ice throw distances, independent of both weight of the ice 
lumps and prevailing wind speed, for example the event on March 2014, in green. 
In this field study the highest wind speed documented at the throwing event was 
about 13 m/s, based on data from the SCADA system. The ice lumps found 
weighed below 0,6 kg and were found within one rotor diameter (gray diamonds).  

The right panel in Figure 10 shows the wind speed relative the throwing distance 
for the eight events and the average wind speed is indicated by the large filled 
symbol. As can be seen in the figure there is a spread in the throwing distance and 
no clear correlation between wind speed, or average wind speed, and distance.  

Figure 10, left shows the ice throws from the eight events relative the wind 
turbine, blue point in the center of the figure, together with distance circles of one, 
two respective three rotor diameters, e.g. 90, 180 and 270 m. In this study, all of 
the ice pieces were found within two rotor diameters from the turbine, in this case 
180 m independent of the wind speed. The longest distance to any ice piece was 
143 m including all ice throws in this study, see Figure 7.  

 

 
Figure 9. Upper: Weight and prevailing wind speed for eight different ice events. Lower: 
Relative frequency of ice pieces for the eight ice events. Colors in both figures denote 

prevailing wind speed for each event. 
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Figure 10. Left: Ice throws relative the wind turbine (blue point). The blue circles show one, 
two respective three rotor diameters (e.g. 90, 180 and 270 m). The color indicates the wind 

speed for the different ice events. Right: Wind speed versus throwing distance for eight 

different events. The large diamonds denote the average throwing distance for each event. 

 

 
Figure 11. Ice throws relative the wind turbine (blue point). The blue circles show one, two 
respective three rotor diameters (e.g. 90, 180 and 270 m). The color indicates three different 

ice classifications rime (dark red), glaze (dark green) or blend of snow and ice (orange). 

For comparison, the Gütsch study (13) (14), collected data from one wind turbine 
during four winter seasons and reported a clear dependency between ice throw 
direction and the prevailing wind direction. The ICETHROWER field study 
shows similar results for some of the individual ice events with large spread in the 
ice fragments impact positions. The selected wind turbine in the study was located 
in a forested site with smooth hills, opposite to the alpine location of the Gütsch 
turbine.  
 
Figure 11 shows throwing distance for the three ice classifications rime (dark red), 
glaze (dark green) and blend of snow and ice (orange) for the eight events in 
Table 2. In this study most of the snow and ice blend lumps (orange) were found 
around the turbine within one rotor diameter, whereas glaze ice (dark green) was 
found at W to SW winds and rime ice (dark red) S winds. 
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Figure 12. Ice throws relative the wind turbine (blue point). The blue circles show one, two 

respective three rotor diameters, e.g. 90, 180 and 270 m. The magenta diamonds are ice 

pieces from the event 10 December 2013. Wind speed of 8,4 m/s and wind direction 238 °. 

Blue diamonds are ice pieces from the event on 11 December 2013. Wind speed 11,0 m/s and 

wind direction 274 °.  

A warm front probably passed the area between the two ice throw events 
registered on 10-11 December 2013. In the morning 10 December, ice lumps were 
registered at distances between 10 and 140 m from the turbine, magenta diamonds 
in Figure 12.Thereafter the wind changed from W-SW to W and the temperature 
increased to +4o C. A few ice pieces were registered on 11 December and found 
50-100 m from the turbine, blue diamonds in Figure 12. On both days glaze ice 
was found. On the second day the turbine was paused.   
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Figure 13. The probability of ice throws per m2 relative the distance from the turbine based 
on data from the field study. Upper left figure is based on all available data (532 pieces), 

upper right event H (44 pieces wind speed 13,0 m/s), lower left event B (64 pieces wind speed 

5,4 m/s) and lower right event D (78 pieces wind speed 7,0 m/s). 

Figure 13 shows the probability per m2 relative the distance from the turbine, 
based on all data from the field study and three individual events in January 2016, 
March 2016 and January 2015. The weight of the ice fragments relative distance 
is found in Figure 8 and Figure 9. 

The probability of ice strikes per unit area decreases with distance from the 
turbine, as can be seen in the upper left figure. This is due to both increase of 
impact area and the decrease of the number of ice piece candidates. For individual 
events the probability for ice strikes can be lower and more uniform over a 
distance of 30 to 120 m from the turbine such as on January 2016, upper right 
figure, or uniform but higher over a shorter distance shown in the lower right 
figure. Note that for the individual events the probability is based on lower 
number of ice fragments. The weight of the ice lumps for the two individual 
events was below 0,8 kg in the upper right panel and 0,4 kg in the lower right, see 
Figure 9. 
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Figure 14. The probability of ice throw per m2 and year based on all available data (532 

pieces) from the field study. 

Figure 14shows the calculated probability of ice strikes/ice event/m2 relative the 
turbine distance. As can be seen in the figure the highest probability was found 
between 10 and 35 m (about 7 x 10-5). The striking probability can be more 
uniform for individual ice events, however based on fewer observations. This is 
shorter distances than Battisti et al, 2006 (7) found in their model study for 
offshore wind turbines, with high strike probability within 200 m, for ice lumps of 
0,4 kg and severe icing conditions of the site. 

5. Statistical ice throw simulation 

5.1 Ice throw trajectory model 

Previous studies collecting ice throw data usually include throwing distance and 
ice lump mass. In the ICETHROWER field study, an attempt was made to collect 
detailed information about the ice lumps. Physical properties such as weight, 
length and width as well as ice type (rime/glaze/blend of snow and ice) was 
included in the database and information on where on the rotor blade the ice was 
detached. For each event the wind speed, wind direction and air temperature at the 
time of the ice throw (based on SCADA data) was also included in the database.  

Ice can build up on the leading edge of the rotor blade on operational turbines and 
due to vibrations, aerodynamic and gravitational forces fall off or be thrown from 
the blade. The throwing distance depends on turbine specifications such as hub 
height, rotor radius and rotational speed as well as on physical properties of the 
ice lump, weight, area, shape, and wind speed. The throwing distance for an ice 
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lump can be calculated using a trajectory model based on the equations of motion 
(16) (11) (12) (17) (18). As still little is known about the ice detachment such as 
the location on the blade and throwing angle some assumptions have to be made 
in the calculations. It is assumed that the ice fragment has the same initial velocity 
as the point on the blade that it is released from and that the fragment has a flat 
flake shape that is intact during flight.  

The trajectory calculation takes into account gravity and aerodynamic drag on the 
ice lump. In general it is assumed that aerodynamic lift can be disregarded as it is 
more likely that the fragment tumbles rather than obtains a stable lift generating 
position during its flight. The drag effect, CD depends on the shape of the ice lump 
where a spherical shape has lower CD and compared to a flat flake shape, which 
likely will face the wind in an aerodynamically unfavorable direction. A 
sensitivity test, using different values of CD, showed that ice fragments travel 
further at lower CD which is also shown by for example (12) (15) (5).  

As still little is known about the ice detachment such as the location on the blade 
and throwing angle some assumptions have to be made in the calculation. It is 
assumed that the ice is detached from the blade tip and that the ice lump is thrown 
when the rotor blade is descending and for release angles between 90° and 180° 
the ice is dropped instead. 

It is plausible however unlikely that ice is released when the rotor blade is 
ascending, this special effect was studied by Morgan and Bossanyi (15) (16), and 
they conclude that it is less significant, if it can happened at all.  

The equations of motion are used to calculate the trajectory as described by the 
equations 3-5 below. The trajectory calculation takes into account the shape and 
weight of the ice lump and the turbine is described by hub height, rotor radius and 
rotor revolution. 

 

1
2 | |	 . 3 

 

1
2 | |	 . 4 

 

1
2 | |	 . 5 

Where M is the mass of the ice fragment, CD is the drag coefficient, ρ is air 
density, U(z) is the wind speed with x-axis parallel to the wind and g is the 
gravity. The relative wind speed is given by, 

| | 	 	  Eq. 6 
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5.2 Results and discussion 

A summary of the ice throw distances calculated for some ice lumps is found in 
Table 3. In the calculations the ice lumps are assumed to be flake shaped, CD = 
1,0, with a throwing angle of 45° and that the fragment does not break up into 
smaller pieces during flight. It is assumed that the terrain is flat with no variations 
in the terrain elevation between the turbine and the landing point. Terrain effects 
are discussed by for example (19). 

The calculated throwing distance is made for three ice lumps with different shape, 
size and mass and two different turbine configurations with different rotor 
revolution. Turbine A has hub height of 95 m and rotor radius of 45 m, rotor 
speed at rated power is 14,9 rpm. Turbine B has hub height of 117 m and rotor 
radius of 63 m, rotor speed at rated power is 12,8 rpm. For comparison the 
calculations are made for wind speed of 14,0 m/s where both turbines are at rated 
power. 

Table 3. Summary of ice throws calculated with a trajectory model. 

 
Mass  

[kg] 

CDA/M  

[m2kg-1] 

Distance  

[m] 

Turbine A 0,5 0,04 145 
Turbine A 1,0 0,05 150 
Turbine A 1,5 0,07 163 
Turbine B 0,5 0,04 173 
Turbine B 1,0 0,05 182 
Turbine B 1,5 0,07 199 

 

The theoretical results presented in Table 3 implicate that the throwing distance 
slightly increases with increased tip height of turbine. Similar results were found 
in (18). The calculated recommended safety distance, using Eq. 1, gives a distance 
of 278 m for turbine A, and 365 m for turbine B. The calculated recommended 
safety distance is a linear relationship whereas in reality an ice lump throw is 
affected by forces such as gravity and air resistance and the ice throw is more 
likely described by a parabolic curve, hence the throwing distance may be shorter. 
Similar results are reported in (19) (20) (14).  

Hahm and Stoffel, 2016 (19), found that the maximum flight distances were in the 
range of the single sum of hub height and rotor diameter, this was typical for sites 
with moderate slopes in the terrain. 

5.3 Ice throw model using Monte Carlo simulation 

There are a number of ice throw reports using Monte Carlo simulations for 
example (15) (7) (21) (22). Different assumptions were made about wind speed, 
for example all wind speeds are equally likely within a fixed range or described 
by a Rayleigh distribution as well as pre-defined ice properties, mass, shape and 
area.  
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The statistical ice throw model developed in the ICETHROWER project uses 
random distributions for a range of parameters in a Monte Carlo simulation. The 
model takes into account turbine properties, ice characteristics, wind speed and 
direction at hub height. Albeit some assumptions are made, the simulation model 
is flexible and the assumptions can be modified. The assumptions used in the 
model are: 

• The wind speed at hub height is Weibull distributed   
• Ice fragments are flat flake shaped, “compact” and normally distributed 
• The rotor speed is turbine specific and depend on the wind speed 
• The ice detaches from the upper third of the rotor blade  
• The ice fragment do not break up during the descend 

The resulting ice throw distances can then be used in risk estimations discussed in 
chapter 7. Risk estimation. 

5.4 Results and discussion 

The figures below show results from the statistical ice throw model where the 
model is run for 100 000 simulated ice throws using random distributions. The 
upper panels in Figure 15 show generated ice throws using a random normal 
distribution of ice lump mass with a mean value of 0,6 kg. The mean value and 
standard deviation is based on the field data and the resulting distribution is found 
in Figure 16 (right panel). The ice lumps are assumed to be flat flake shaped 
(CD=1,0) and compact. Ice density = 917 kg/m3 at 0° C. The prevailing wind 
direction is WNW to NW and the random Weibull distribution of the wind speed 
at hub height has a mean wind speed of 7,6 m/s see Figure 16 (left panel). A 
turbine with 95 m hub height and a rotor radius of 45 m is used. 

The upper left panel in Figure 15 shows ice throws for all wind directions and the 
upper right panel shows ice throws for the prevailing wind direction. The black 
circles show 45, 90, 180 and 270 m respectively and the color is only to increase 
visibility.  

The lower panels show the relative frequency of the ice throw distance for the two 
cases. As can be seen in the figures, most of the ice lumps fall between 90 and 
180 m. The maximum throwing distance is somewhat longer for the prevailing 
wind direction due to the higher mean wind speed.  

The mean throwing distance was 80 m with a maximum throwing distance of 
about 240 m, based on all wind directions. The modelled distribution of relative 
frequency reflects the distribution from the field study, see lower panel in Figure 7 
and lower left panel in Figure 15. As can be seen in the upper right panel in Figure 
15, no ice lumps are found wind ward of the turbine. The maximum throwing 
distance, resulting from the simulations, is larger compared to the field study, 
however still within the calculated recommended safety distance of 280 m from 
Eq 1. 



  29 (53)  
  

  
  

 

 

 

 

Figure 15. Modelled ice throws relative a wind turbine (black point). The dashed black 

circles show 45, 90, 180 and 270 m. Upper left panel: Ice throws using all wind directions and 

the wind distribution has a mean wind speed of 7,6 m/s. Upper right panel: Ice throws using 

wind distribution with only the prevailing wind directions WNW and NNW, mean wind 

speed 9,6 m/s. The relative frequency of ice throws distances with 10 m interval, for all wind 
directions (lower left panel) and for the prevailing wind direction (lower right panel). The 

random normally distribution of the ice lump mass has a mean value of 0,6 kg. The wind 

turbine rotor radius = 45 m and hub height = 95 m. 

 

Figure 16. Example of random distributions used in the Monte Carlo simulation for ice 

throw distances. Left: Wind speed, random Weibull distribution based on wind speed, wind 

direction and frequency for 12 sectors. Right: Ice lump mass, normal distribution with mean 

mass of 0,6 kg from the field study. 
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Figure 17. Probability, ice strikes/ice event/m2, for three different turbine configurations. 

The random wind and mass distribution has mean values of 7,6 m/s respective 0,6 kg. 

Figure 17 to Figure 19 show the probability (strikes per m2) based on 100 000 ice 
throws and random distribution of ice lump mass and wind speed at hub height 
(all wind directions).  

Figure 17 shows throwing distance and probability for three different turbine 
configurations using the same wind speed and mass distribution. The probability 
decreases with throwing distance and the largest turbine has the longest throwing 
distance. 

Four random normal distributions based on different mean ice lump mass are used 
in Figure 18. The probability decreases with throwing distance while the throwing 
distance increases with the mass of ice lumps. However the recommended 
calculated safety distance, 280 m, for the turbine used in the simulation is not 
reached, independently of mass of the ice lumps. 

Figure 19 shows a combination of wind speed and ice lump mass, two random 
Weibull distributions with mean wind speed of 7,6 and 9,6 m/s is used together 
with random normal distribution of ice lump mass with mean value of 0,5, 1,0 and 
2,0 kg for a turbine with 95 m hub height and rotor radius of 45 m.  

The figure show that using the combination of random distributions with mean 
wind speed of 9,6 m/s and mean ice lump mass of 2,0 kg results in the longest 
throwing distance, and also that the opposite, the combination of random 
distributions with mean wind speed of 7,6 m/s and mean ice lump mass of 0,5 kg 
ground closer to the turbine. The figure also indicates that ice lumps with lower 
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mass distribution and higher wind speed (red line) have the same probability 
function as heavier ice lump distribution thrown during lower wind speed (blue 
dashed line). 

 
Figure 18. Probability, ice strikes/ice event/m2, for four random mass distributions with 

mean values of 0,5, 1,0 2,0 and 3,0 kg. The random wind distribution has a mean wind speed 

of 7,6 m/s. The turbine rotor radius = 45 m and hub height = 95 m. 

 
Figure 19. Probability, ice strikes/ice event/m2, for distribution with mean wind speed at hub 

height of 7,6 m/s (blue) and 9,6 m/s (red) and for three distributions of mass (average of 0,5, 
1,0 and 2,0 kg). The turbine used has a rotor radius =of 45 m and 95 m hub height = 95 m. 
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6. ProgamoGrafik: the iceThrow computer program 

6.1 Introduction 

Björn Montgomerie of ProgramoGrafik has participated in the ICETHROWER 
project with the purpose of calibrating and tuning the previously developed 
computer model KASTIS. The developed version of KASTIS derived during this 
project is named iceThrow. The program calculates trajectories for ice lumps 
released from wind turbine blades during operation.  

With statistics derived from real data and suitable data compilation with 
iceThrow, increased knowledge about public access limits, level of danger and 
damage assessment, was targeted. Due to a shortage of usable date this target was 
not achieved by processing iceThrow. Only the level of danger, in terms of 
ground hit energy, has been established.  

6.2 Description of iceThrow 

See Appendix C 

6.3 Results from analysis 

6.3.1 Asymptotic falling velocity 

With more data available it would have been possible to discern a pattern where 
the heavily (= high mass/referenceArea) loaded fragments would be thrown 
longer sideways = horizontally across the wind direction, whereas the lighter 
fragments would tend to drift longer with the wind, i.e. in the wind direction. 
These tendencies were verified when the output from the iceThrow program was 
analyzed. The input was only chosen to reflect observations made from the 
analyzed data. Other than that the input variables were freely chosen to emphasize 
some peculiarities as follows. 

The iceThrow output confirms, what should be anticipated, that the ice-to-ground 
collision velocity is only weakly related to the maximum height of the ice lump's 
trajectory. Systematic parametric runs with iceThrow were made to investigate the 
matter. In preparation for the runs the collected data was consulted yielding the 
following facts. 

Minimum weight of the ice fragments = 0,1 kg 

Maximum weight = 2,1 kg 

Mass to Reference area ratio, AL, varies within 20-50 kg/m2 

For this numerical experiment the iceThrow program was run with the input 
arranged to allow a vertical drop of the ice chunks from different altitudes. The 
wind speed was set = 0. From the output the data of the velocities and the falling 
heights were used to produce the plot. The plot shows that for the lowest mass-to-
area ratio, AL, the asymptotic velocity value is nearly reached already after falling 
only about 70 m. Then the curve is essentially horizontal indicating that the 
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aerodynamic drag equals the gravitational force resulting in a constant velocity, as 
detailed in the appendix. 

For the higher value of AL the asymptotic velocity is not reached within the scope 
of the plot. It is still rising at 150 m falling height. 

 

Figure 20. The velocity plotted against the falling height at different area loadings. 

 
The asymptotic velocity, at different values of Mass/Aref (AL), can be calculated 
analytically to become as shown in Table 4 below. 

Table 4. The calculated asymptotic velocity for different values of Mass/Aref (AL). 

AL 20 30 40 50 
V0 17,89 21,91 25,30 28,28 

 

Good agreement with the trends in the plot is verifiable.  

The curves in Figure 20 can be converted to the equivalent energy diagram that 
follows, see Figure 21. These curves too, have an asymptotic behavior. 
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Figure 21. Energy versus falling height at different area loadings. 

The transformation to this diagram is achieved by applying the relationship, 

 

Thus in this case mass is needed in the equation background for the energy 
diagram. The velocity diagram, on the contrary, is independent of mass, i.e. it is 
valid for any mass. 

An impact energy of 40 J is mentioned in the context of damage to be able to be 
lethal to a human. An interesting observation is that already a 0,1 kg ice chunk 
can exceed 40 J. The number is highly diffuse, because the shape of the thrown 
object also largely determines the damage done. However, the no wind condition 
of the calculations represents a lower value of the energy level. The control 
system of any wind turbine usually allows operation in wind speeds up toward 
levels seen in the velocity diagram. Adding the wind velocity as a vector 
perpendicular to the falling velocity vector, in the worst case, results in a factor 
1,4 on the velocity and doubles the energy. The small 0,1 kg ice chunk can thus be 
far very from innocuous.  

The analyzed data also show that the large majority of the ice samples belong in 
the category of the three upper curves in the energy diagram. This translates into 
lethality already at 50 m of altitude.  

6.2.2 Influence of the AL factor 

Another aspect on the influence the AL number, defined above, is shown below. 
The background is that the rotor lets go of a chunk of ice at angles-of-the-clock at 
12/0, 1, 2, 3 etc. At 10 to 11 o'clock the chunk is thrown sideways at the same 
time as it is thrown upward. This causes the maximum sideways drift of the ice. 
The reason is that its AL value is high enough to resist some of the in-rotor-plane 
drag component. Since the wind blows the chunk also in the wind direction the 

energy =
1

2
mass ⋅ velocity

2
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chunk will land on different "mirrored" spots on the ground rendering an ellipse-
like trace, each point on the ground reflecting its origin on the blade. But, the 
chunk with the highest AL also will fall with a higher acceleration and therefore 
reach the ground faster than the middle one. So, even if it has the highest 
sideways speed soon after release it does not have time to reach the highest 
sideways position. 

The medium AL trace is the widest caused by a "happy" combination of sideways 
deceleration and time to fall slowly enough to continue to widen its trace on the 
ground. 

The most lightly loaded chunk will be decelerated almost immediately to a near 
zero value of the sideways velocity component. Each chunk around the clock 
essentially just drifts downstream as if it had left a non-rotated blade. This can 
also be expressed as saying that it follows the wind almost immediately after 
release. 

All these throws occur from a blade radial coordinate of 45 m. It is seen that the 
lightly loaded chunk barely reaches outside of 45 m, in fact 55 m to the left and 62 
m to the right - after a long flight over 320 m. If it’s downwind speed was 6 m/s it 
must have flown about 55 seconds with a high initial acceleration in the wind 
direction. So, during close to a minute's flight it only moved sideways a few 
meters. It seems that there is an optimum value AL to produce the widest 
"ellipse". 

Perhaps these observations can serve as a guide where to look for ice when all 
other background components are known in a future venture in the spirit of 
ICETHROWER. 

 

Figure 22. Influence of mass/reference area ratio. 
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6.2.3 Accuracy and iceThrow 

It is nearly impossible to get measured results to make a comparison with the 
calculated result. What can be done and has been done is to make a comparison 
between a throw in vacuum and a theoretical calculation of the corresponding 
parabola. The observed agreement is proven to be good enough. Moreover is it 
always possible to make a check of the feasibility of the calculated results. It is 
also safe to say that the accuracy of the point of collision with the ground is less 
accurate the longer the throw. It is probably reasonable to expect that some type 
of proportionality is involved. Thus a longer throw results in a greater distribution 
of the ground hits. Such a distribution is not within the capability of the iceThrow 
computer program. iceThrow results are deterministic. 

6.2.4 Statistics 

The collected wind data were penetrated for different purposes, one of which was 
to find the distribution of ice. But, practical difficulties did not allow a sufficient 
number of samples to verify the iceThrow model. Other statistical data can, 
however, be extracted from the site ice data. The range of weights, the mass-to-
reference area ratio was both useful to the selection of the calculations present 
above. 

6.2.4 Range of ice ground collision points 

One capability of the iceThrow program can be used to get a view of the spread of 
possible ice coordinates on the ground. Then the automatic features are applied. 
Using one sample from the collected ice samples will help demonstrate the 
program's capability. The following characteristics were gathered and calculated 
from one sample from the ICETHROWER field study. 

 Mass = 1,34 kg 

 Length, L = 0,28 m 

 Breadth, B = 0,18 m 

 Thickness, T = 0,0295 m ... (calculated from mass, length, breadth 
and density) 

 Ice density ρ = 900 kg/m3 

 Reference area, Aref = (LB+LT+BT)/2 = 0,064 

 AL factor = Aref/Mass = 21 kg/m2 

 Wind direction = 200° 

 Wind speed = 7 m/s at hub height 

 Rotor speed (assumed) = 0,5516 rad/s 

 Tip speed = 24,8 m/s = 89,4 km/h 

 Tip speed ratio (tipSpeed/windSpeed) = 12,77 
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The information about the ice positions is not reliable enough to be used for 
iceThrow verification because the wind is not recorded with sufficient accuracy. 
Contributing reasons are that the point in time the ejection occurred is unknown 
and therefore the wind speed and direction is unknown, which means that it would 
be pointless to plot the ice position in the following diagram. 

 

 
Figure 23. Possible landing positions for different values of azimuth angle and radius of 

ejection (R). 

6.3 Results and discussion 

Among the collected data 130 pieces of ice have been found to be applicable for 
use in this sub-project iceThrow, but this is not sufficient to measure up to the 
expectations. Some knowledge of interest, relating to the turbine site ice, did 
become available, however, and this chapter describes aspects of ice throwing 
using a selection of the available data and calculation using the developed 
computer code (iceThrow). 

The work with the ice data and the computer program described below has 
resulted in the following conclusions. 

1. Generally there has been a shortage of ice data to perform verification 
studies of the iceThrow code.  

2. Most throws, with a mass in the range 0,1-0,4 kg hit the ground with a 
speed, which converted to energy, is clearly in the potentially deadly 
region, i.e. in excess of 40 J. 

3. Generally, with very few exceptions, the influence of the point of 
detachment is minor. This means that a high initial ice velocity, from far 
out on the turbine blade, is damped quickly by the air resistance = 
aerodynamic drag. The major remainder of the throw dynamics is 
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dominantly determined by gravity and the wind. Gravity pulls a fragment 
down, while the wind drives the fragment in the wind direction at the same 
time. The outcome of this is that when an ice fragment is thrown slightly 
upward, from a blade pointing upward, the result is the same ground 
collision speed as had the ice been thrown from a low position being 
thrown somewhat downward. This conclusion comes from simulations in 
"iceThrow". 

4. Free falling ice object will eventually approach an equilibrium speed Veq if 
allowed to continue falling. It turns out that Veq only depends on air 
density, drag coefficient and the mass/reference area ratio. If these 
characteristics are equal ice fragments of different mass follow exactly the 
same dynamics during the aerial travel according to the model. 

 

7. Risk estimation 

7.1 Method 

Icing is an important factor when operating wind turbines in cold climate as it 
pose a safety risk for persons and equipment present in the vicinity of wind 
turbines. The strongest ice accumulation occurs at temperatures near or below 
zero, in combination with low clouds covering the turbine rotor. The ice 
fragments can constitute severe hazard to persons and property within a risk zone 
of the turbine. The diameter of the risk zone depends on the mass and size of the 
ice lumps, the frequency of icing days, as well as on turbine properties and wind 
speed (12) (5) (11) (19).  

Ice lumps from buildup on the leading edge of the blade can acquire high impact 
speed, while ice from the nacelle roof and tower can fall down in large sheets that 
break up during decent. An impact energy of 40-50 J is considered to be a fatal 
risk to persons (12) (5) (11) (19). A dense ice lump of 100 g falling from 40-50 m 
can acquire that energy at ground impact. 

The area close to the tower has the highest risk as ice can fall from the inner parts 
of the blade, the nacelle, hub and tower. In the ICETHROWER field study 75 % 
of the ice was found within one rotor diameter from the turbine, see chapter 4.3 
Results and discussion. Ice accumulated on the nacelle roof can stay long after a 
deicing event on the turbine and also reach considerable thickness. Such ice can 
detach anytime during the winter season and can cause large damage to persons, 
vehicles and tower structures like stairs in the direct vicinity of the tower base.   

The number of icing days was discussed e.g. in (1) (11).  

• “Heavy icing” – 6-25 icing days/year  

• “Moderate icing” – 2-5 icing days/year 

• “Light icing” – 1 icing day/year 
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With increased wind farm development in areas with cold climate conditions ice 
throws from wind turbines is an area with increased health and safety focus.  

Estimation of the risk from ice throws in relation to wind energy production is of 
highly interest within the wind energy community and for the general public 
visiting wind farms during winter, and have been studied by for example (5) (6) 
(9) (10) (20) (23) (22) (24) (25). However there is still a large uncertainty 
concerning the risk of being hit by ice lumps while visiting wind farms during 
winter. 

7.2 Results and discussion 

Risk analysis was performed for some example scenarios using ice throw 
calculations based on Monte Carlo simulations, a description of the simulation 
model is found in chapter 5.3 Ice throw model using Monte Carlo simulation.  

The statistical model simulate 100 000 ice throws based on a random normal 
distribution of ice lumps with mean mass of 0,6 kg, based on data from the field 
study and a random Weibull distribution of wind speed with mean value of 7,6 
m/s at hub height, based on all wind directions. The probability, strikes/ice 
event/m2, shown in Figure 17 is used in the calculations below. 

Probability and recurrence time is calculated for moderate and heavy icing 
conditions for two turbine configurations.  

• Moderate icing: 2 icing days and winter season of 150 days 

• Heavy icing: 15 icing days and winter season of 180 days.  

Based on the field study it is assumed that 70 ice lumps are released each icing 
day (see Table 2). 
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Table 5 shows the calculated probability of ice impact/m2 while staying in that 
area for 1 hour, given a certain icing condition and distance from the turbine. The 
turbine is affected by ice. 

Table 6 shows the calculated probability of ice impact/m2 while staying in that 
area for 1 hour, given a certain icing condition and distance from the turbine. In 
this case there is no information about the icing condition of the turbine. 
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Table 5. Estimated probability and recurrence time for ice strike when spending 1 hour in an 
area of 1m2 at a certain distance from a turbine. The probability is given by the black curve 
(Turbine A) and the red curve (Turbine B) in Figure 17. R is rotor radius and H is hub 

height. The turbine is known to be affected by ice. 

 Moderate icing Heavy icing 

 
Turbine A 

R=65m, H=135m 
Turbine B    

R=45m, H=95m 
Turbine B   

R=45m, H=95m 
Distance from turbine [m] 10 150 10 150 10 150 
Number of ice lumps [ice 

release / year] 
140 140 140 140 1050 1050 

Probability           
[strikes/ice release/m2] 

1,2 10-4 1.5 10-5 1,7 10-4 8,8 10-6 1,7 10-4 8,7 10-6 

Recurrence time [year] 8 600 68 600 5 700 114 300 5 900 114 500 
 

Table 6. Estimated probability and recurrence time for ice strike when spending 1 hour in an 

area of 1m2 at a certain distance from a turbine. The probability is given by the black curve 
(Turbine A) and the red curve (Turbine B) in Figure 17. R is rotor radius and H is hub 

height. The turbine icing condition is unknown. 

 

Moderate icing Heavy icing 

Turbine A 
R=65m, H=135m 

Turbine B      
R=45m, H=95m 

Turbine B      
R=45m, H=95m 

Distance from turbine 
[m] 

10 150 10 150 10 150 

Number of ice lumps 
[ice release/year] 

140 140 140 140 1050 1050 

Probability       
[strikes/ice release/m2] 

1,6 10-6 1,9 10-7 2,3 10-6 1,2 10-7 1,4 10-5 7,3 10-7 

Recurrence time    
[years] 

644 600 5 144 600 430 400 8 573 200 70 800 1 373 600 

 

As can be seen in Figure 17 there is a difference in probability between the two 
turbine configurations, for example the larger turbine (black curve) has higher 
probability at 150 m compared to the smaller turbine (red curve). The probability 
however rapidly decreases with distance for both turbines. 

The probability and recurrence time for spending 1 hour at an area of 1 m2 at a 
certain distance from the turbine is shown in   
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Table 5 and Table 6. The knowledge about the turbine icing condition will 
influence the probability. The probability is higher when it is known that the 
turbine is affected by ice. If there is no information, any day of the winter season 
could be an icing day hence the probability is lower. 

For service personnel visiting the wind farm knowing that the turbines are 
affected by ice, the estimations in   
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Table 5 are applicable. The estimated risk for the service personnel is 
considerably high and not accepted without certain safety provisions.  

For the general public visiting the wind farm without knowing about the turbine 
icing condition, the risk is lower since in the estimation there is only 2 icing days 
during the winter season of150 days for the moderate icing case and it is unknown 
if the day of the visit is an icing day. The estimated probability is acceptably low 
for the public. It can be compared to the risk of being killed in a car accident 
where the probability is higher, 5 x 10-5 (26). It is however important to install 
warning systems at the wind farm entrances to alert people visiting the area of the 
potential hazard.  

The estimated risk for service personnel is further discussed in the following 
example. Two service personnel are visiting the wind farm after indications of 
icing on the turbines. They park their car 10 m from the turbine, collect their tools 
and walk to the turbine entrance and then work for 1 hour inside the turbine.  

Collecting tools in the car and walk to the entrance take 5 minutes in each 
direction. During their working day they visit five turbines. In the calculations it is 
assumed that a person represents an area of 0,5 m2 and a car covers 10 m2. The 
probability in Figure 17 (red curve) is used together with the assumption that 70 
ice lumps are released on an icing event at an icing day. 

The service personnel know that the turbines are affected by ice when they stop at 
a turbine and park the car. During the working day the total risk for the car getting 
hit by ice lump is then 0,009 or 1 in 115 years. The total risk for the two service 
personnel working one day is then 1,5 x 10-4or 1 in 6 900 years. 

 

8. Summary and further work 

Imprints 

The two main achievements with the ICETHROWER project have been: 
 

1. It is possible, however under certain difficulties, to map the icing situation 

at a turbine site and to collect data for use for statistical analysis and 

modelling. Both the data base and the modelling programs created in the 

project will be open for public use. 

2. The project results regarding safety distances and risks are in line with 

other similar recent research conclusions for cold climate. The project 

conclusion to reduce the recommended safety distance with 1/3 is in line 

with the results achieved. This reduction can have an impact on acceptance 

for shorter distances of wind turbine locations to e.g. roads, ski tracks and 

snow mobile trails. The results can be used as reference in the discussion 

with the public considering safety distances.  
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Further work 

• With the physical limitations appearing during the execution of the 
ICETHROWER project it was not possible to produce any comparison of 
icing behavior of heated and non-heated turbines. This could be a future 
area for research.  

• The database created can be processed further and used for other 
applications. New measurements can be added in order to achieve a larger 
statistical volume. 
 

• The relation between hub height and throw distance should be verified. 
 

• The two simulation codes developed from the database within the project 
can be further developed in order to increase the applicability of the 
simulation tools. 
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Appendix A Administrativ bilaga 

 SLUTRAPPORT 44 (53)  
Datum Dnr 

2017-05-15 2013-001494 

  Projektnr 

  37290-1 

 
Projektledare 

Bengt Göransson 
Projekttitel 

ICETHROWER-Kartläggning och verktyg för riskanalys 

Administrativ bilaga till Slutrapport 

Projektets måluppfyllelse 

a) Vilka var projektets mål (enligt Energimyndighetens beslutsdokument)? 

Projektets huvudmål har varit att ta fram användbara beräkningsmodeller som 
kan räkna fram risker med att vistas i en vindkraftspark under vintern, med eller 
utan uppvärmningssystem. Modellerna ska kunna användas på olika storlekar av 
verk och kunna kalibreras för olika förhållanden på den aktuella platsen. 

b) Hur förhåller sig projektets resultat till projektets mål? 
För vart och ett av projektets mål, redovisa de viktigaste resultaten och bedöm i vilken utsträckning och/eller på vilket sätt 
dessa bidrar till att projektets mål uppnåtts eller kan komma att uppnås. (Exempel: Om projektets mål var att fram en 
prototyp av ett visst slag som sparar x kWh jämfört med en viss annan teknik, berätta hur många kWh som faktiskt 
sparas med den teknik som tagits fram inom projektet jämfört med den referensteknik som angavs i målet). 

Projektets delmål och måluppfyllelse: 

Ett underlag som visar förekomst av iskast från verk som inte har något 

uppvärmningssystem i bladen. 

Uppfyllt. Finns i databasen. 

 

Ett underlag som visar förekomst av iskast från verk som har uppvärmnings-
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system i bladen. 

Inte uppfyllt. Inga data från uppvärmt verk har samlats in. 

 

En statistisk modell för simulering av iskast. 

Uppfyllt. 

 

En förfinad och kalibrerad version av den fysikaliska modellen KASTIS. 

Modellen är utvecklad men inte kalibrerad. 

 

Ett kombinerat modellverktyg som kan användas för riskanalys. 

Bägge programkoderna kommer att finnas på samma plattform. Någon 
sammanslagning av verktygen är inte meningsfull utan de kan användas var för 
sig. 

 

En checklista som stöder användningen. 

Handhavandebeskrivning finns. 

Kommentera eventuella betydande avvikelser i projektets måluppfyllelse 
och/eller genomförande i förhållande till Energimyndighetens beslut 
om stöd till projektet 

Om projektet inte nått målen eller om betydande förändringar gjorts i projektets genomförande jämfört med projektbeslutet, 
motivera detta. Beskriv också vad som har gjorts för att motverka dessa avvikelser. 

Projekttiden har förlängts två gånger, med oförändrad budget, för att öka 
mängden observationer. Avslutningsvis genomförde Skellefteå Kraft en 
insamling av isdata från ett annat av sina projekt men dessa data saknade t ex 
nedslagskoordinater och var därför inte användbara.  

Spridning och nyttiggörande av resultatet i samhället 

a) Hur har projektet arbetat för att sprida projektets resultat och/eller på andra sätt se till att det kommer till nytta? Vilka 
eventuella ytterligare aktiviteter kommer att göras framöver? 
Beskriv projektets genomförda och planerade kommande aktiviteter för att sprida  projektets resultat och/eller på andra 
sätt se till att det kommer till nytta i samhället. Berätta också om ni har förslag på resultat som ni eventuellt skulle vilja 
kommunicerades genom Energimyndighetens kanaler (genom nyhet, information riktad till Energi – och klimatrådgivare 
etc), och föreslå i så fall gärna hur detta skulle kunna göras. 
 

Projektet har vid projektstarten presenterats på Winterwind. Arbetet har till viss 
del redovisats på Vindkraftsforskning i fokus 20017 i Göteborg i april 2017. 

Nästa år på Winterwind kommer resultatet att presenteras i sin helhet. Slutsatser 
från projektet kommer att användas i Svensk Vindenergis råd för arbetsmiljö och 
säkerhet. 
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b) Har eller planeras projektet resultera i några patent eller andra bevis på rättigheter till resultat, eller några ansökningar 
om detta? Om bevis på rättigheter till resultat tagits ut eller ansökningar planeras, vem äger/har nyttjanderätt till dessa? 
Beskriv detta i så fall här. 

- 

Eventuella bilagor till rapporten som inte ska visas i Energimyndighetens 
externa projektdatabas 

a) Innehåller slutrapporteringen bilagor som inte ska visas i Energimyndighetens externa projektdatabas? 
Slutrapporten ska alltid kunna visas i Energimyndighetens externa projektdatabas. Däremot visas inte denna 
Administrativa bilaga i projektdatabasen. Innehåller slutrapporteringen andra bilagor som inte ska visas i 
Energimyndighetens externa projektdatabas? 

 Ja  Nej 
b) Om ”Ja” i frågan ovan, vilka bilagor gäller det? 

Skriv filnamnen på eventuella bilagor till slutrapporten som inte ska visas externt här.  
Bilagor som inte ska exponeras externt ska märkas upp genom att ”EJ SPRIDNING” skrivs in i dokumentets rubrik. 
Alternativt kan dokumentet vattenstämplas med ”EJ SPRIDNING”. Dessutom ska i filnamnet läggas in ordet 
”SEKRETESS” alternativt ”EJ SPRIDNING”. 
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Appendix B iceThrow  

 

B1. Equations for equilibrium speed 

An object dropped to fall, in the atmosphere close to the surface of the planet, is 
subjected to two forces acting upon it. Gravity, g, acts with a force which is 
constant and directed down. Aerodynamic drag, D, is a force directed opposite to 
the motion, i.e. up. It is not constant during the acceleration phase of the fall. As 
the object accelerates toward the ground the aerodynamic force increases until it 
becomes equal to the gravity force. The two forces then check each other in 
equilibrium. Then the object falls with a constant velocity. 
 
There are two simplified assumptions, resulting in two approximations, in this 
model of what happens. Gravity is a function of the distance from the earth's 
surface. This variation is extremely small and it can therefore be ignored. The 
aerodynamic force is based on the assumption that the air density is constant 
during the fall. The error in the latter assumption is orders of magnitude greater 
than that in the assumption of gravity being constant. But, even so, the 
assumptions can safely be considered to be quite adequate in this context. 
 
The equation for solution of the equilibrium falling velocity is: 
 
 D = G   (App1) 
where 

   (App2) 

 
    (App3) 

 where 
 
ρ = Air density - the standard value at sea level was chosen. It is 1,225 kg/m3 
V0 = Equilibrium velocity, m/s 
CD = Drag coefficient, assumed to be = 1,0 
ARef = Aerodynamic reference area, m2 
m = Mass, kg 
g = Gravity acceleration = 9,81 m/s 
 
Setting the two expressions equal and solving for V0 gives: 
 

  (App4) 

 
This expression allows the asymptotic equilibrium velocity values, for the 
example in the main text, to be calculated. Calling m/ARef area loading, AL, we 
have: 
                

D =
1

2
ρV0

2 ⋅CD ⋅ ARef

G = m ⋅ g

V0 =
2g

ρCD

⋅
m

ARef

= 4
m

ARef
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Table A1 
AL 20 30 40 50 
V0 17,89 21,91 25,30 28,28 

 

B2. Aerodynamic reference area 

The aerodynamic assumption is that an object with sharp corners has a drag area, 
which is the projection on a plane, whose normal is parallel to the relative wind. 
The relative wind is the wind that the object “feels” in its exposure to the air 
during travel. That wind is composed of the free stream wind vector, at the 
position of the object, minus the traveling velocity vector of the ice. The negative 
of the velocity vector is needed as realized from say a bike ride, when the biker 
moves forward, in a no-wind condition, but the wind is in the face of the biker. 
Thus the bike rider’s velocity must be negated to represent the aerodynamically 
effective wind, which creates the aerodynamic force called drag. Drag is then 
always directed as the relative wind. 
 
It is hypothesized that the ice chunk tumbles such that it has time to expose all 
sides of itself to the relative wind. On the average, therefore, it will expose its 
average projected area to the wind. The resistive force drag of the air is directed 
as the relative wind and any lift force is directed perpendicularly. But, for the 
same reason as for the exposure of the area, the lift will, on the average, be 
pointing in all directions while traveling toward the ground. Therefore it is 
concluded that the net of the lift, as an average during the throw, can be ignored as 
a model assumption. This leads to the important consequential assumption that lift 
can be ignored altogether. The force acting on the ice object is therefore driven by 
gravity and drag only. 
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The figure shows a view of the model ice block being seen from a very remote 
point P. The projection of the block, on a plane tangent to a sphere in P, is the 
aerodynamically active area according to the model. The stylized ice block is 
modeled to have its coordinate axes parallel to its sides. The upper surface ab is 
seen from P as Aab as follows. 
 
 Aab = a ⋅bcosα     (1) 

 
The angle α is the angular deviation from the normal. The other side projections 
are obtained analogously. 
 
 Aac = a ⋅ccosα      (2) 

 
and Abc = b ⋅ccosα      (3) 

 
The basic coordinates are α and β, therefore δ and ε must be substituted. But, first 
P, Q and S must be expressed as vectors. 
 

 P =

r cosγ sin β

r cosγ cos β

r cosα

















=

r sinα sin β

r sinα cos β

r cosα

















 (4) 

 
 Q= (0,r,0)      (5) 

 
 S = (r,0,0)      (6) 
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cosδ =
PoQ

PoQ
=

r2 sinα cosβ

r2
= sinα cos β  (7) 

 

 
 

cosε =
PoS

PoS
=

r2 sinα sin β

r2
= sinα cos β  (8) 

 
The average ice block area Aref is obtained from the idea that an infinitesimal 
spherical area at P functions as a weight factor when the block is viewed from P. 
The complete integral, according to this view, must then be divided by the whole 
area of the sphere. However, because of the polar symmetry of the problem, only 
1/8 of the sphere need be used for the integration, because the same part 
integration repeats eight times if the whole area is used for integration. The 
surface area of the sphere is 4πr2. One eighth of this is 0,5πr2. 
 
The infinitesimal meridional incremental step and the latitudinal ditto are 
r ⋅dα  and rsinα ⋅dβ respectively. Multiplied by each other yields the differential 

surface element for the integration. A division by the integration area 0,5πr2 
generates the weight factor on the projected area for every integration 
infinitesimal step. The average area is therefore 
 

 ARef =
1

1

2
πr2

(Aab + Aac + Abc )(r ⋅dα )(r sinα ⋅dβ)
β=0

90°

∫α=0

90°

∫  (9) 

 
which, after substitutions, integration and insertion of the limits yields the 
following simple expression. 
 

 ARe f =
1

2
(ab + ac + bc)     (10) 
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Appendix C Theory of computer program iceThrow 

C1 General purpose and application in the project 

The purpose of the "iceThrow" application is to calculate the trajectories for ice being 
released from the blades during wind turbine operation.  
 
The computer program iceThrow is in itself instructive as to its application. Many help 
texts are available from the help menu and the input dialog has several buttons, which 
provide context sensitive information texts.  
 
The vintage code development system used, for the development of the code, was 
released to the market in the early nineties. It still works well under Windows operating 
systems. However, since the development system came on the market several safety 
features, to please the modern Windows system, are lacking. Therefore a modern 
windows system will initially require Windows system manager privileges to override the 
Windows refusal to run the program. The program does not, however, communicate on 
the WWW and is therefore totally innocuous from a safety standpoint. 

C2 Input 

A session with the iceThrow application starts with selecting menu item Run/Prepare 
input. This brings up a main dialog which is used to enter in put values. The inputting is 
finished by pressing the button Run. The output is then sent to the screen (always) and, if 
so selected, also to an output file.

 Figure 1  
 



  54 (54)  
  

  
  

 

 

C3 Single trajectory calculation - Mode 1 

During preparation a single trajectory calculation can render a file with a minimum result 
stating only ground hit coordinates and ground collision velocity. Or it can also include 
the trajectory 3D coordinates in addition to the minimum result. Both of these 
possibilities are referred to as a "mode 1" calculation or a level-one calculation. An output 
based on the input parameters and variables, seen in figure 1, will result in the following 
output. 
 
* * * OUTPUT FROM IceThrow - Mode 1 - End result * * * 
                       Created: Oct 30, 2016 09:08:19                    
 INPUT PARAMETERS ARE: 
 G    = 9.8100E+00 ROAIR= 1.2250E+00 MASS = 2.0000E-01 CD0  = 1.0000E+00 
 AREF = 1.1500E-02 H    = 1.0000E+02 R    = 5.0000E+01 OMEGA= 1.4000E+00 
 wHub = 1.5000E+01 WG   = 0.0000E+00 DT   = 5.0000E-02 FIDEG=-6.0000E+01 
 GAMDEG= 0.0000E+00 betaDeg= 0.0000E+00 L  = 2.0000E-01 B    = 1.0000E-01 
 rhoObj= 900. Ho= 0.0000E+00 
 startVal= 0.0000E+00 deltaVal= 3.0000E+01 endVal= 3.6000E+02 
 autoVar1 =?      autoVar2 =?      
 Coordinates are expressed in the TURBINE fixed system. 
 
    When object hits the ground: 
    Time=  6.992sec Y= -89.58 Z=  81.10 DIST= 120.83 (m) 
    Hit angle to ground normal = 35.14 deg. 
    Velocity = 20.18 m/s 
    Momentum =     4.04 kg*m/s 
    Energy =    40.73 Joule (Energy > 40 may be lethal.) 

 
If the input Time-history-Yes-radio-button had been chosen also the complete time 
history would have preceded the final output. 

C4 Multiple trajectory calculations - Mode 2 

Repeated mode 1 calculations can be carried out. If so the calculation is referred to as a 
"mode 2" calculation. It consists of selecting one of the input variables to be varied 
automatically. This variable is then to be thought of as a parameter (to be coined "1st 
level parameter"). E.g. input FIDEG (the azimuth blade angle at release time) can be 
varied automatically. Prescribing say 12 azimuth angles for ice release 12 ice landing 
points on the ground will result. The results include the ground hit coordinates, which, in 
this case, will outline a loop on the ground and the ground hit velocities. Joining the 
landing points with straight line segments this loop appears as "a deformed ellipse". The 
output file consists of the input and a table, which can be plotted, see "Plotting" below. 
The result can be thought of as a "single parametric" result or the result of several single 
trajectory calculations. The output, of a single level-one parametric run, contains a table 
head, above the coordinate numbers, as follows: 
---------------------------------------------------------- 
Point    FIDEG   x    y    v  momentum  energy 
---------------------------------------------------------- 
where Point is just the order number of the line, v is the ground hit absolute velocity in 
m/s and momentum and energy are calculated from the mass (from the input) and the 
velocity.  

C5 Double multiple trajectory calculations 

The more complex calculation consists of choosing multiple runs of the Mode 2 type. 
When plotting the output this renders several "ellipses" defined by the ground hit 
coordinates. Typically the ejection radius (R) input variable can be varied between 
consecutive Mode 2 runs. R is then called the "level two" or "2nd level" parameter. Level 
2 is different from level 1 in that it is run manually. Thus R is changed manually between 
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the parametric runs. After each such parametric run the user answers a pop-up dialog yes 
or no referring to the possibility to accumulate the new R variation run to the previous 
ones in the same output file. Choosing Yes in a sequence of runs results in a 
comprehensive output file with the simple mode2 run results stacked sequentially in the 
output file. The output thus consists of several single parametric results each one 
consisting of both the input set and the tabled output.  

C6 In anticipation of plotting 

The iceThrow application has no direct plotting facility. There is, however, a table option 
under menu item Run/Post processing. Choosing that item leads to the possibility to 
reorganize the level-two multiple output such that extracts from the tables are limited to 
the x and y number columns only. The reorganized result consists of all the input sets 
stacked in chronological order followed by the output xy columns placed side by side. If 
e.g. five values of R were used there would be a five by two column total i.e. five xy 
paired columns corresponding to five curves when plotted. 
 
The input is retained in this process. The input part of this output file has lines preceded 
by an asterisk, while the number table has no such asterisks. If a plotting program cannot 
"understand" the asterisks signifying comment line, the user must remove the comment 
lines. The remainder should then serve as food for plotting with no problems. The 
columns heads are separated by horizontal tabs (ascii 9) while the number columns, in the 
table, may be separated by horizontal tabs or simply by one or more spaces. 
 


