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Abstract 

Atmospheric icing presents serious challenges to the development of wind power 

of the wind energy industry in cold regions. The potential detrimental impact on 

the safe operation of wind turbines and the energy harvest hasn’t been fully 

understood and requires further investigation. This thesis presents the research 

on icing profiles under different weather conditions and their impact on natural 

frequency, fatigue life, and lift and drag of the wind turbine blade. The research 

aims to develop a further understanding of the effect of atmospheric ice accretion 

on the structural integrity and aerodynamic performance of wind turbine blades 

through numerical and aerodynamic investigations to address the challenges 

facing the industry. 

A 5-MW NREL (National Renewable Energy Laboratory) wind turbine blade was 

selected for this study, due to availability of required geometric design parameters 

and experimental data for verification. The turbine rotor and its three blades were 

modelled and numerically simulated with commercial finite element software 

ANSYS. Three icing scenarios were chosen according to the ISO Standard and 

the corresponding icing profiles were developed to investigate their influence on 

vibrational behaviours of the wind turbine blade and rotor under different weather 

conditions.  Icing loads were applied on the leading edge of the blade and natural 

frequency results were compared between clean and iced blades. It was found 

that harsh icing weather drove the natural frequency down to the near resonance 

limit, which could lead to significant issue on structural integrity of the wind 

turbine.  

http://www.nrel.gov/
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The effect of atmospheric ice accretion with additional load due to varying wind 

speeds on the fatigue life of the wind turbine blade has been investigated. 

Significant reduction of fatigue life was found due to the increase of the von Mises 

stresses. 

Finally, computational fluid dynamics (CFD) analysis was carried out to 

investigate the effect of atmospheric ice accretion on the aerodynamic 

performance of typical 1-MW and 5-MW wind turbine blades.  Results of the drag 

and lift coefficients and power production under different icing scenarios were 

obtained for five angles of attack. Compared with the results of the clean aerofoil 

profile, remarkable reduction in the power generation was observed due to the 

accreted ice at various aerofoil sections in the spanwise direction of the blade, 

demonstrating the detrimental impact of atmospheric icing on energy harvest for 

the wind energy industry. 
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1.1 Background  

Wind turbines for the production of energy from the wind are being used more 

extensively nowadays in cold regions due to the abundance of wind resources 

and the ever-increasing demand of renewable energy of the world. Nevertheless, 

cold climate poses some unique challenges to the wind power industry as 

atmospheric icing on wind turbine blades may induce excessive structural 

dynamic vibration and energy loss in production. According to (Dalili et al., 2009), 

a 7-weeks of wind turbines stoppage was reported in the winter of 2002-2003 in 

Sweden. An investigation on the impact of climate change on the wind energy 

generation potential within the Northwest USA was carried out in 2008 showing 

that the energy reduction may reach as high as 40%. (Sailor et al., 2008). It has 

been shown that ice accretion on the blades can lead to up to 30% decrease in 

the lift and 50% increase of the drag. During the winter of 2009/2010, in Sweden, 

five 1.2-MW wind turbines have experienced losses in the power ranged from 

20%-56% with total stoppage from 59 to 90 days (Carlsson, 2011).   

While some efforts have been made to address above challenges to the wind 

energy industry, the likely harmful impact of atmospheric ice accretion on the safe 

operation of wind turbines and the energy harvest hasn’t been fully understood 

and requires further investigation. It is therefore clear that a detailed research on 

the effect of atmospheric ice accretion on the dynamic performance of wind 

turbine blade is vital to the wind energy industry to ensure the optimum operation 

without compromising the safety of the wind turbine.  
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1.2 Aim and Objectives 

To address the challenges facing the wind energy industry operating in cold 

regions, this project carries out an in-depth research on icing profiles under 

different weather conditions and their impact on natural frequency, fatigue life, 

and lift and drag of the wind turbine blade. The research aims to develop a further 

understanding of the effect of atmospheric ice accretion on the structural integrity 

and aerodynamic performance of wind turbine blades through numerical 

investigation.  

Three atmospheric icing scenarios based on the International Standard ISO 

(12494) are chosen to represent most of the icing events happening in the cold 

regions which vary from moderate to heavy icing including severe cases. The 

cases are based on longer events of icing which usually took place in cold 

countries.    

The objectives of this project are as follows: 

 Develop an approach on the basis of ISO (12494) Standard to estimate 

the on-blade accreted ice mass and thickness and apply the technique 

to estimate the accreted ice mass on a 5-MW wind turbine blade under 

three icing scenarios. 

 Construct models of typical wind turbine blades and an assembled 

NREL 5-MW wind turbine rotor and carry out detailed numerical 

investigation of the effect of atmospheric icing on the vibrational 

behaviour of the wind turbine blade and the turbine rotor. 
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 Study the effect of heavy icing scenario along with aerodynamic 

pressure on the fatigue life of a 5-MW wind turbine blade. 

 Investigate the loss of wind energy generation of a typical 5-MW and 

1-MW aerofoils due to icing through CFD simulation.     

To achieve above project aim and objectives, a comprehensive literature review 

will be carried out to understand theories and techniques associated with the 

dynamic effects of atmospheric icing on wind turbine blades. A Computer Aided 

Design (CAD) model of a typical 5-MW wind turbine blade based off-shore will be 

constructed using coordinates from the manufacturer. The NERL 5-MW rotor will 

be constructed by assembling three blades with the hub. Accreted ice will be 

modelled as an additional mass on top of the blade using the technique 

developed on the basis of ISO Standard 12494. Finite element software ANSYS 

will be used to determine the effect of atmospheric icing on the natural frequency 

of the turbine blade and its assembly. The impact of lowered natural frequencies 

due to icing on structural integrity will be investigated for two different wind 

speeds. CFD software STAR-CCM+ will be used to investigate the effect of 

atmospheric icing on the lift and drag and the subsequent power loss of the 

turbine blade. 

1.3 Outline of the Thesis 

This thesis presents the research work carried out between May 2011 and 

December 2014 for the PhD project titled “Effect of atmospheric ice accretion on 

the dynamic performance of wind turbine blades”. It consists of eight Chapters. 

Chapter 1 gives a brief introduction of the background associated with the project 

and defines the project aim and objectives. Chapter 2 is a comprehensive review 
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of the concept, theories, techniques, and key findings in the field related to the 

project. Chapter 3 explains the research methodology employed in the project. 

Chapter 4 presents the numerical set up of the FE model of the wind turbine blade 

and its assembly, and a method to estimate icing mass and profile under different 

weather conditions.  Icing mass and profiles for the 5-MW wind turbine blade and 

its rotor are determined in Chapter 5. The effects of atmospheric icing on the 

vibrational behaviour of the turbine blade and the rotor are investigated with the 

finite element approach. The impact of the atmospheric icing along with 

aerodynamic pressure on the structural integrity of the wind turbine is investigated 

in Chapter 6. Detailed study of the effect of atmospheric icing on the aerodynamic 

performance including the lift/drag and power generation of the wind turbine blade 

is presented in Chapter 7, and finally Chapter 8 summarises the key results 

achieved in the project and the areas where further work is required.  
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2.1 Wind Turbines and Wind Energy 

A wind turbine is a device that converts kinetic energy from the wind into electrical 

power. Wind energy has been used for thousands of years. One of the earliest 

application was using sails to drive boats by old Egyptians in the Nile River about 

5000 B.C. (Ahlström, 2005). Windmills have been used for at least 3000 years, 

mainly for grinding grain or pumping water (Burton et al., 2011). But wind turbines 

are relatively modern invention. The 1250 kW Smith–Putnam wind turbine 

constructed in the USA in 1941, as shown in Figure 2.1, was a remarkable leap 

in the wind power industry and had kept its leading position for 40 years (Turkia 

et al., 2010).   

Development in nuclear power and availability of oil in cheap price led to a decline 

of development in large wind turbines. But with the huge increase in oil price since 

1973, the interest in wind energy increased again. Recently, wind energy industry 

has played a key role in the supply of renewable energy with an increase in 

installed wind turbine capacity to over 40 GW in the year 2010 (Burton et al., 

2011). With the increasing demand of energy and awareness of environmental 

issues, people all over the world are looking for clean and renewable source of 

energy. Wind energy could be the key word for the future generations.  

 

http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Wind_power
http://en.wikipedia.org/wiki/Wind_power
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Figure 2.1: The 1250 kW Smith–Putnam wind turbine (Turkia et al., 2010) 

2.2 Structures of Wind Turbine Blades 

Wind turbine design is the process of defining the form and specifications of a 

wind turbine to extract energy from the wind. The understanding of the structure 

of the blade is important because the blade is the key component of the wind 

turbine which converts the wind energy into rotary mechanical movement. A 

preliminary study to optimize the use of material in a 2.5 m long fiberglass 

composite wind turbine blade was presented in (Bechly and Clausen, 1997). 

http://en.wikipedia.org/wiki/Wind_turbine
http://en.wikipedia.org/wiki/Wind
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From structural point of view, the rotor of a wind turbine consists of a number of 

subsystems corresponding to all the rotating parts of the wind turbine outside the 

nacelle. These subsystems include the rotor blades, the hub, and the blade pitch 

and yaw mechanisms.  

The rotor blade technology is associated more with light weight aeronautical 

engineering than with conventional mechanical engineering. Wind turbines are 

subjected to continuous loading and unloading. The rotation of the rotor, shafts 

and gears, the gusting and lulls of the wind, and the subsequent vibrations 

induced by all these factors, lead to load cycles varying in size, frequency, and 

sequence. The bending moment due to the gravity load already results in up to 

107 - 108 load cycles alternation within the lifetime of a wind turbine (Hau, 2010a). 

This represents about 20 working years depending, of course, on the overall 

operating conditions, namely the weather conditions.    

Computer aided engineering methods were developed to aid in the preliminary 

design of composite wind turbine blades. These methods allow for the realization 

of any required design specifications of the chord, twist, and aerofoil geometry 

along the blade and any number of shear webs (Bir and Migliore, 2004). The main 

structural features of a typical wind turbine blade are illustrated in Figure 2.2.  
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Figure 2.2: Structural layup at a typical blade section (Bir and Migliore, 2004) 

A wind turbine blade normally consists of two shells, bonded together with 

structural adhesive as shown in Figure 2.3-a. There are two main designs of wind 

turbine blade: blade of one-piece construction cross-section, and blade of two-

piece construction cross-section where the adhesive is applied. Figure 2.3-b 

shows the one-piece blade construction in which a spar is fixed to the first shell, 

and the second shell is then lifted over onto the installed spar, and so making the 

(shell - spar - shell) construction. Adhesive systems such as Polyurethane (PU) 

are usually sufficient to support the applied stresses. In a typical type of blade 

shown in Figure 2.3(c), two shear webs (stiffeners) are bonded to the shells 

(Albisser, 2009). 
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(a)  

 
(b) 

 

(c) 

Figure 2.3: Wind turbine blade sections, (a) simplified diagram, (b) Blade of one-piece 

construction: cross-section, and (c) Blade of two-piece construction (Albisser, 2009) 

Two different geometries are included in the blade internal structure which 

basically require two dissimilar adhesive chemistries. It is essential to use two 

resin and hardener, which from  thixotropic materials, is essential in the process 

of bonding the blade components (Albisser, 2009).  

The use of thixotropic agent is important to achieve a non-slump texture, 

otherwise, high shear conditions will be dominant for both resin and the hardener 
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during the process of mixing and application steps in which stress can lower the 

viscosity. (Albisser, 2009).  

As for composite technologies for large wind turbine blades, which basically 

comprise of skins and spar cap made of laminated glass-epoxy type E which is 

designated as CDB340 based on tri-axial material has a composition of 25% of 

both distribution of +45° and -45° and 50% for 0° fibers. During the stacking 

sequence, the spar cap is laminated with 70% uniaxial and 30% off-axis fibers on 

weight basis (Griffin, 2004).  

Two years later, Griffin (Griffin, 2004) published his second report about 

composite technologies for large wind turbine blades. The report provided a 

discussion of materials and various manufacturing concerns for large wind 

turbine blades for 3-MW and 5-MW classes. Detailed specifications were given 

for a 3-MW turbine blades including parametric analysis and the benefits of using 

hybrid carbon-glass materials. Figure 2.4 shows the relation between the blade 

mass and rotor radius of various commercial blade manufacturers 

       

 

Figure 2.4: Mass growth for the commercial MW-scale blade designs - primarily 

fiberglass - (Griffin, 2004) 
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Finite element modelling was extensively used to study both static and dynamic 

limitations of wind turbine blades (Bonnet, 2007). In all cases, wind turbine blades 

have their own strength requirements including fatigue strength for 20-25 years 

lifetime with number of cycles in the order of 107, enough clearance between the 

wind turbine blade tip and the turbine tower, the blade root and hub should also 

endure the static load due to the blade weight also the nacelle structure, tower 

and foundation need to sustain the whole machine dynamics (Bonnet, 2007).  

The stiffness and strength of the blade under each loading mode for any given 

materials is determined by the exact shape of the internal structure. For a wind 

turbine blade reliable design, the material of the blade should be as light as 

possible for a given stiffness so as to meet the blade design criteria, this is can 

be maintained by having constant blade-tip speed ratio for maximum power 

coefficient for all wind speed and also to minimise the blade weight induced 

fatigue loads. 

2.3 Wind Energy Resources in Cold Climate 

As the energy concerns recently become more crucial and the world is struggling 

to find cleaner sources of energy, the industry of wind energy is more likely to 

expand significantly every year. Most of such investment happens to be in cold 

climate regions like northern Europe and the arctic areas as shown in Figure 2.5. 

The cold climate affects the dynamical behaviour of wind turbines in various ways 

and poses serious challenges to the wind energy industry.  
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Figure 2.5: Icing map of Europe (Tammelin et al., 2000) 

Ice accretion is not uniformly exist along the blade length. Ice thickness increases 

rapidly at the tip while less ice thickness can be observed near the root section 

of the wind turbine blade. The wind turbine blades angular movement and tapered 

shape of blades structure are the main two factors identified behind this 

observation, namely (Fu and Farzaneh, 2010). Furthermore, the leading edges 

of the blades collect more ice around the stagnation points where the 

local velocity of the incoming air is zero (Bose, 1992), (Tammelin et al., 1998), 

http://en.wikipedia.org/wiki/Velocity
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and (Seifert and Tammelin, 1996) . An estimated possible ice load on a 38m 

radius blade of 2 MW wind turbine may reach 25-30 kg/m (Frohboese and 

Anders, 2007b). The weight of accreted ice under some severe weather 

conditions can be as high as 50% of the blade structural weight ((ISO, 2001a), 

(Walsh, 2010), which demonstrates the seriousness of a  potential risk on the 

structural integrity of the wind turbine. 

2.3.1 Energy Losses Due To Atmospheric Icing  

The structural behaviour of the wind turbines considerably affected by harsh 

weather especially in cold regions, other potential problems like load imbalance, 

changing of natural frequencies, turbine vibrations and increasing of fatigue loads 

are often happened due to excessive ice accretion and irregular shedding, 

moreover, ice accretion on the blades is usually associated with increasing of 

drag and decreasing of lift (Wang et al., 2007). Due to  severe weather conditions, 

the annual power loss may be ranges from 20% to 50 % (Seifert and Tammelin, 

1996). A performance losses of about 20 % was reported for a 450-kW wind 

turbine due to the effects of rime ice accretion (Parent and Ilinca, 2011).  

(Seifert and Richert, 1997a) led a study of measurements estimation of unsteady 

behaviour and dynamic stall effects for iced and clean 300-kW wind turbine rotors 

by using a wind tunnel. The study also included a calculation of the power loss 

and power curves for the rotor of a stall and pitch controlled. The load due to ice 

accretion increases with the time of icing event. It also increases with the increase 

of ice density which could reach 900 kg/m3 (Frohboese and Anders, 2007a). 

(Haaland, 2011) conducted a study for Aapua wind park, Sweden, and showed 
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that the total production during the winter 2009-2010 gives a loss of 16000 MW, 

or 25%, for the wind farm as a whole due to icing. The highest loss is found in 

January, which alone stands for a loss of 7000 MW, or 52% of the expected 

production during this month. (Lacroix and Manwell, 2000) pointed out another 

important loss which is the power wasted for heating the blades to overcome the 

icing problem. According to early study in Europe, (Jasinski et al., 1997) stated 

that thermal anti-icing system requires an amount of heater power equal to at 

least 25% of the wind turbine maximum rated power. (HoloOptics, 2012) had 

investigated in a study for a 2.5-MW wind turbine located in Skellefteå, Sweden, 

and for a period of 1500 hours during which severe icing was present in 246 

hours, the production loss has a value of more than  €22000 / year. 

2.3.2 Hazardous Issues of Ice Shedding  

Safety issues for both working and stand still wind turbines aroused as crucial 

question in the industry of wind power generation, this resulted in the 

development of risk assessment methodologies. It has confirmed that a distance 

of 250 m from the turbine is necessary to minimise the risk of being struck by ice 

thrown in a moderate icing scenario climate (Morgan et al., 1998), while ice will 

fall within 50 meters of the wind turbine when the blades are stationary(Gadawski 

and Lynch, 2011, Walsh, 2010) . The ice shedding may causes potential injuries 

(Colby, 2008). (Antikainen P. et al., 2003) reported that the accumulated ice may 

be a real danger for the corresponding rotation inertia, which may increase 

because of additional weight of ice. 
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The accreted ice also possesses a possible danger of being thrown away while 

melting and/or due to centrifugal forces as blades are rotating. Safety measures 

include spacing turbines apart, placing them in uninhabited locations, and 

avoiding too close to roads or agricultural infrastructure (Perovic et al., 2010), 

(Seifert et al., 2003). Ice shedding form wind turbine blades is illustrated in Figure 

2.6.  Wind turbines are normally built far away from housing complexes, industrial 

plants, etc., as the wind conditions are not encouraging in the neighbourhood of 

large obstacles. Furthermore, certain distances are required by national 

regulations must be considered regarding the acoustic noise emission and 

shadow flicker this is when wind farms are planned in the regions of housing 

areas, 700 meters is an accepted distance for separation (Barclay, 2012).  

 
 

 Figure 2.6: Accumulated ice shedding from black blades (Maissan, 2001) 
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2.3.3 Ice Distribution over Wind Turbine Blades           

 Even though icing of both static and moving structures is a common 

phenomenon in the high Alps and Polar Regions, predicting accurately the 

intensity, thickness and mass of icing events is difficult (Makkonen, 1988). 

Standardized methods to calculate and predict the local icing time based on 

typical meteorological measurements data are still lacking (Laakso, 2010). 

 

 

Figure 2.7: Blade after four days of moderate to heavy icing (Walsh, 2010). 

It is noticed from Figure 2.7 that large amount of ice exists on the tip and leading 

edge of wind turbine blade under heavy icing event. A numerical analysis of 

atmospheric ice accretion on 5-MW wind turbine blade at five different sections 

for the rime and the glaze icing conditions had been carried out based on a 

computational fluid dynamics technique (Virk et al., 2012).  
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Figure 2.8 shows the effects of atmospheric temperatures variation on the 

maximum accreted ice thickness and mass along a 5-MW wind turbine blade for 

about an hour.  

 

Figure 2.8: Effect of atmospheric temperature variation on accreted ice mass to the right 

and on thickness along blade to the left (Virk et al., 2012)  

Commonly ice is either soft or hard rime, soft rime is gradually turned into hard 

rime during continued icing. Ice accretion depends on the temperature, wind 

speed, the density of the deposition, the liquid water content of the air, the surface 

of the accreting ice structure, and dimensions of the object (Dobesch, 2005). Ice 

density at approximately 350 kg/m3 is considered as soft rime, and is fairly easy 

to brush off. Though, underneath the soft rime layer at the blade-ice interface 

there is a harder layer difficult to even scratch off, this harder rime layer is of a 

density reaches 550 kg/m3 (Walsh, 2010). 

In severe winters, ice loads can be as high as 400 kg/m on some latticed tower 

structures on the Finnish high fells such as Ylläs (Sundina and Makkonen, 1998). 

While accreted ice on wind turbine blades and nacelle are relatively less.  
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The weight of accreted ice in some severe weather situations can be as high as 

50% of blade weight (ISO, 2001a), which indicates the seriousness of a possible 

failure risk of the wind turbine structure due to the accreted ice. When the wind 

carries super-cooled water droplets towards the wind turbine tower, they will be 

expected to hit and then freeze on the tower, if the tower is thick; usually a higher 

percentage of the water droplets will follow the wind flow around it and won’t stick. 

In some heavy icing conditions, a tower with a mass of around 1000 kg may 

collect ice five times of its own mass (Laakso et al., 2010).  

(Kollár and Farzaneh, 2010) experimentally studied the importance of varying the 

axis of a cylindrical icing object and the angle of the incoming wind. By using a 

horizontal icing wind tunnel, the shape, mass, and profile of ice accretion 

obtained. (Fu et al., 2006) studied the size effect of the exposed objects on ice 

accretion, the study showed that a larger object is less likely to be subjected to 

higher intensity icing, the author also concluded that the icing rate of  can increase 

remarkably with the increase of air speeds.  

2.3.4 Ice Shape and Mass Estimation  

Atmospheric icing is the physical process where drifting or falling water droplets, 

rain or wet snow freezes upon a surface exposed to the open atmosphere, as 

was defined by ‘The  International Organization for Standardization’ (ISO, 2001b). 

It should be noted that the process of atmospheric icing is quite complicated and 

depends on many variables including wind speed, air temperature, median 

volume diameter (MVD), and liquid water content (LWC) of the water droplets. 

Meteorological parameters are not the only functions for ice accretion, the 
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properties of the actual object exposed to icing are also of great importance, and 

these properties include shape, size, orientation relative to the mean wind relative 

velocity direction and flexibility. Icing most often occurs on objects exposed to the 

prevailing wind at times with freezing temperatures and significant LWC. 

However, low temperatures alone do not automatically imply ice accretion. Water 

vapour or some form of condensation has to be present in the atmosphere to trig 

the icing (Laakso et al., 2010).  

Ice accretion can also be defined as the process of ice building up on the surface 

of an exposed structure. According to (Vargas, 2010), different types of icing on 

structures can occur, main types of icing are:  

 In-cloud icing which are super-cooled water droplets hitting surfaces exposed 

to incoming cold air.  

 Glaze ice, rime (soft and hard) ice and mixed ice. The formation of glaze is 

happened when the thermal energy released by the formation of ice from the 

droplets impacting the surface is slowly removed; as a result, some portion of 

the incoming droplets remains as liquid water. Consequently, some liquid 

water is always present, and therefore the surface temperature will be 0°C 

(Homola, 2005). The quick removal of the thermal energy by wind and 

radiation droplets that are impacting the surface is the key of the process of 

rime formation so there is no liquid water presents on the exposed surface. 

Rime ice appears in white and usually breaks much easier than glaze. 

Process of precipitation icing occurs when precipitation, either snow or rain, 

freezes just after striking the surface.  
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The rate of accretion of ice and snow on a cylindrical object is given by the formula 

(Makkonen, 1994)  

𝑑𝑀

𝑑𝑡
= ᾱ1 × ᾱ2 × ᾱ3 ×ϖ × ṽ × 𝐴                                                        (2.1) 

where 𝑀 is the ice mass per unit length at time 𝑡 . The terms ᾱ are correction 

factors that vary from 0 to 1, the ratio of the particles striking surface to the 

maximum possible particles striking the surface is the collision efficiency  ᾱ1. This 

factor is mostly less than 1 since small particles will try to follow the incoming air 

stream and so failed from striking the surface. ᾱ2 is known as the sticking 

efficiency which represents the ratio of the flux density of particles sticking to the 

surface to the flux density of the maximum possible particles striking the surface. 

ᾱ3 stands for the accretion efficiency, which represents the ratio of the rate of ice 

building up on the exposed surface to the flux density of maximum possible 

particles sticking to the surface. Usually this factor is less than 1, which means 

that some portion of the particles are melting and running off after sticking to the 

exposed surface.  ϖ is the mass concentration of ice particles. ṽ is the relative 

velocity of particles and 𝐴 is the cross sectional area of the object exposed to 

icing with respect to the direction of particle velocity.  

The maximum growth rate of ice will occur when the three correction factors equal 

unity. However, due to certain atmospheric processes, these correction factors 

often attain values less than unity, therefore reducing the growth rate from its 

maximum value (ISO, 2001a, Rindeskär, 2010). Due to the importance of these 
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factors in the process of ice accumulation, more details are given in following sub-

sections.  

2.3.4.1 Collision Efficiency  

The inertia and the aerodynamic drag of the water droplet will determine the 

trajectory path in order to determine the collision efficiency. If the inertia of the 

water droplet is greater than the aerodynamic drag then the droplet will impact on 

the object’s surface, and if the aerodynamic drag is greater the droplet will tend 

to follow the airstream around the object. The bigger the droplet is the greater 

chance for if to collide on the exposed object due to higher inertia force for it while 

smaller droplets have greater chance for it to follow the airstream away from the 

object due to higher aerodynamic drag as shown in Figure 2.9.  

 

 
Figure 2.9: Air streamlines droplet trajectories around a cylindrical object (Makkonen, 

2000) 

The collision efficiency ᾱ1 can be determined if the above variables (droplet size, 

air stream velocity and object dimensions) are known.  
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2.3.4.2 Sticking Efficiency 

The sticking efficiency is the ratio of the numbers of droplets that stick to the 

surface of an object to the total number of droplets that strike the surface without 

bouncing off it. This efficiency is dependent upon temperature, impact velocity of 

droplets and liquid water content LWC (Dobesch, 2005). An impinging super-

cooled water droplet freezes without bouncing off the surface. This is true both 

for dry and wet growth.  Figure 2.10 shows water droplet hitting an iced surface 

while wet growth droplet hitting an iced surface with a liquid layer is illustrated in 

Figure 2.11. 

                    

Figure 2.10: Growth of rime ice (dry growth)   
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Figure 2.11: Growth of glaze ice (wet growth), (ISO, 2001a)  

As mentioned in Section 2.3.4, for maximum ice growth, the sticking efficiency for 

water droplets is therefore considered to equal unity. On the contrary, snow 

particles bounces very efficiently. However, the rate of bouncing depends on the 

fraction of liquid water within the snowflake. If there is a liquid layer on the surface 

of the wind turbine blade, the sticking efficiency is close to 1, while in contrast, for 

a completely solid snowflake ᾱ2 ≈ 0. 

2.3.4.3 Accretion Efficiency  

If the ice accretion is dry, as in Figure 2.10, all the imposing water droplets freeze 

upon impact and so the accretion efficiency ᾱ3 = 1. And if the accretion is wet, as 

in Figure 2.11, the accretion efficiency depends on the rate at which latent heat 

is moved away from the surface of the object through the liquid water in the air. 
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The water droplets do not freeze when colliding with the surface drop off the 

object as a result of gravity or wind drag. 

Empirical models for precipitation icing are studied in details (Makkonen, 1994). 

Equation (2.2) may be also used (Goodwin et al., 1983) with another modification 

considered by (Dobesch and Nikolov, 2005) in equation (2.3) 

𝑑𝑀

𝑑𝑡
= 2 × r × Ĉ × 𝑢                  (2.2) 

𝐼 = 0.26 × þ0.88 × 𝑢                                                (2.3) 

where þ is the precipitation rate and r is the radius of the cylinder at which icing 

takes place.  I is the ice accretion intensity in g.cm-2 h-1 and 𝑢 is the wind speed 

m.s-1. In equation (2.2), Ĉ is the LWC of the air. The effects of temperature and 

wind of speed are clear in Figure 2.12 (ISO, 2001b), where the curves are shifted 

to the left with the increasing of liquid water content and with the decreasing of 

object size.   
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Figure 2.12: Types of accreted ice as a function of wind speed and air temperature 

(ISO, 2001b) 

An empirical model for in-cloud icing depending only on the wind speed (Ahti and 

Makkonen, 1982) is given by: 

𝐼 = 11 × 10−3 × 𝑢                                                                            (2.4) 

It has been showed that linear relationship between wind speed and the constant 

given in equation (2.4) (Baranowski and Liebersbach, 1978). Out of standard 

measurement data, (Frohboese and Anders, 2007a) addressed a procedure to 

calculate the expected ice accumulation on wind turbines. It is clear from Figure 

2.13 that mass of ice can be as heavy as the mass of the blade near the tip and 

it reduces to the third of mass of the blade near the root based on the ice accretion 
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load for a typical 2-MW wind turbine. This gives an idea on how big weight of ice 

that can be accumulated on wind turbine blades during icing events.    

 

Figure 2.13: Blade mass (grey triangles) and the predicted maximum ice mass (black 

diamonds) over the blade length (Frohboese and Anders, 2007a) 

The maximum thickness of ice built up at the leading edge can reach as high as 

20 % of the chord length at that section (Seifert and Richert, 1997b). Typical 

leading edge ice accretion is shown in Figure 2.14. A tapered shape of accreted 

ice is noticed, where the maximum ice thickness is located near the tip. The mass 

of accreted ice is however less at the tip and more towards the root as the area 

of the leading edge is bigger away from the tip. Ice mass distribution at about 

70% of the blade length starting from the tip and a tapered ice shape profile were 

recommended by (Antikainen P. et al., 2003) and (Lloyd, 2004). 
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Figure 2.14: Typical leading edge ice accretion (Seifert and Richert, 1997b) 

 

Glaze is relatively transparent, hard and sticks well to the exposed surfaces. This 

type of icing is usually encountered during severe ice storms (Makkonen, 2000). 

The accretion rate varies with wind speed, air temperature and rate of 

precipitation and is most often formed at temperatures between 0°C and –10°C 

(ISO, 2001a). 

Rime ice is a common type of ‘in-cloud icing’. The stability and intensity of this 

type of ice accretion is dependent on several local variations in cloudiness, wind 

speed, air temperature, size and rate of the super cooled water droplets, height 

of the cloud base. Geographical location and its elevation are crucial for the 

probability and frequency of rime ice accretion on a given site, while observation 

of air speed and temperature can be used to estimate the number of days on 

which rime accretion takes place. Rime ice may be soft or hard. It is more difficult 

to remove hard rime from wind turbines especially the blades (Andersen et al., 
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2011). ‘rime’ characteristics begin to approach those of glaze ‘hard rime’  when 

ambient temperatures approach zero, (Walsh, 2010). 

2.3.5 Heavy Icing on Wind Turbine Blades  

The heavy snowfall is a feature of many Polar Regions and repeated especially 

in the winter time. Large amount of ice is accreted on the exposed objects of the 

wind turbines. (Haaland, 2011) investigated the power loss due to heavy icing in 

the winter season 2009-2010 at Aapua, Sweden. He presented the ice load and 

the power loss of 1.4-MW wind turbines in a selected wind farm in Table 2.1.  

 

Table 2.1: Ice accretion load and power losses on 1.4 MW wind turbine (Haaland, 2011) 

Month 
Loss of Energy 

[%] 

Ice 
load/Turbine 

[kg/m] 

October 

 

9.9% 245.7 

November 37.8% 424 

December 
 

12.3% 216 

January 
 

52.5% 686.7 

February 
 

18.5% 174 

 

During NREL 5-MW wind turbine simulation research in a Scandinavian region, 

(Lehtomäki et al., 2012) found that ice mass on the wind turbine blade would be 

40 kg/m.  It is however worth noting that the simulation for the wind turbine was 

only for three and half hours for the assumed icing event. One can imagine the 

tremendous amount of ice that could accumulate by exposing wind turbine blade 

to severe icing condition when blizzard stays for days. According to an annual 
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report of International Energy Agency (IEA) (Ronsten et al., 2012) which stated 

that on the highest Norwegian coastal mountains the icing load on wind turbine 

blade can reach up to 50 kg/m. It is known that some other Scandinavian regions 

experience more severe weather conditions. (Walsh, 2010) investigated the 

results of modelling the load severe icing case of 200 kg/m on the blades of a 

stationary 100-kW wind turbine. In their empirical model (Frohboese and Anders, 

2007b), the ice load reached 135 kg/m (about 7 m away from the root of blade) 

based on assumed icing event lasted for one week. The maximum assumed 

mass of ice in the simulation is about 68% of the mass of the blade itself.   

2.4 Rotating Machinery  

Wind energy is one of the fastest developing renewable and clean energy 

sources (Mathew and Philip, 2011). In the near future renewable energy 

generators such as wind turbines will play a significantly increasing role in the 

generation of electrical power. Many encouraging sites for wind farms in terms 

of higher wind speeds are mostly located in cold, wet regions such as the Alps, 

Canada, and the northern Scandinavian coastline. Installation and operation of 

wind turbines in such cold regions is facing the problems of ice accumulation on 

its components, especially the blades. Ice accretion on wind turbine blades 

increases the overall load causing serious structural problems. The continuous 

process of ice accretion is generally affected the wind turbine lifespan and 

structural integrity, in particular the blades and the tower.  

Rotation can be defined as a progressive radial orientation to a common point 

which lies within the axis of motion. That axis is 90º perpendicular to the plane of 



Chapter Two                                                                                                                                             Literature Review 
 

32 
 

the motion. Rotating machinery is the general grouping of mechanical machine 

that is used for adding kinetic energy to a process. The additional kinetic energy 

is needed to move machine connecting parts continuously from one point to the 

next. For wind turbines, it means maintaining rotation of blades as smooth as 

possible. Preventing vibration is however an impossible task because rotating 

machinery inherently creates vibration. 

When dealing with rotating blades of wind turbine, it is important to give specific 

definition for a turbine. A turbine may be defined as a rotary engine that extracts 

energy from an incoming fluid flow. A simple turbine has one moving part and 

rotor blade assembly. The moving fluid acts on the blades to rotate them and 

convey energy to the rotor. Next sections will deal with rotating criteria especially 

for wind turbines. 

2.4.1 Dynamic Effects on Rotating Blades  

The analysis and design of structures that support or resist loads behaviour refers 

to what known as the structural approach, this is mainly to examine the structures 

response to certain excitation forces. The dynamic behaviour of these structures 

can be determined by their individual components and the interactions between 

them. Both of rotating and non-rotating structures can be studied by the virtue of 

modal analysis which is basically a study the dynamic properties of structures 

under vibrational excitation (Gutierrez, 2003, Ewins, 2003). 

Natural frequency of any system is the frequency with which the system oscillates 

freely once set into motion in the absence of any external force. These 

http://en.wikipedia.org/wiki/Engine
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Structural_load
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frequencies are usually dependent on the basic characteristics of the structure 

such as stiffness, density, and geometry (Tartibu et al., 2012). (Maalawi and Badr, 

2010) studied the problem of possible resonance because of the blade pitching 

motion, the authors considered an optimized model for the wind turbine blade 

based on the reduction of the vibration by maximizing or separating the natural 

frequencies from the pitching mechanism at the wind turbine rotor hub. 

The effect of tapering on the natural frequencies of the beam is examined by 

(Bazoune, 2007). This investigation takes into account the effect of tapering in 

two planes and shows that the first natural frequency increases as taper ratios 

increase. Also reported in the research is that the increase of the hub radius leads 

to an increase in the first three natural frequencies.  The rotation will induce a 

stiffening effect leading to an increase of the natural frequencies.  

(Das et al., 2007) concluded in their study that dynamics of rotating beam under 

a relatively high rotational velocity differs from that of non-rotating one because 

of the centrifugal stiffness addition during rotation. Flexible beams usually 

become stiffer when they are subjected to high speed rotation, this is due to the 

axial- bending coupling related to large displacements of the beam cross-section 

(Piovan and Sampaio, 2009). The thick beam theory was investigated by (Chen 

and L-W., 2001). They emphasized that for thick blades, the rotary inertia and 

transverse shear deformation need to be included in the vibration analysis as 

illustrated in the Timoshenko beam theory.  

Finite Element Method (FEM) is widely used as a powerful numerical tool to 

analyse various engineering aspects including dynamics of rotating blades. A 
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hierarchical finite element model ,which uses fewer elements to obtain a better 

accuracy, was presented by (Ghayoura et al., 2010) for the flapwise bending 

vibration analysis of a tapered multi-layered composite rotating beam.  

(Chen and Peng, 1995) used the (FEM) to investigate the effect of rotation 

speeds and geometric non-linear reference amplitudes on the dynamic stability 

of a rotating blade. Reference amplitude is the ratio of maximum amplitude to the 

length the blade. In their study, the Lagrangian’s approach was used to derive 

the equations of motion. The same approach and a Galerkin finite element 

method are implemented to study the dynamic stability of a rotating blade 

subjected to axial periodic forces. 

The wind turbine blades may be treated as flexible bodies (components) attached 

to moving base, which is the rotor. The next section will focus on the dynamic 

effects on wind turbines. 

2.4.2 Dynamic Effects on Wind Turbines  

Recently, the multi-MW wind turbines are getting more dominant; the dynamic 

behaviour of such huge machines is becoming more important. Understanding 

their dynamic analysis gives enough knowledge to improve efficiency for the 

thriving wind turbines industry. In accordance to structural design process, a wind 

turbine should be analysed under various loads may experience during its life. 

The first intention is to make sure that the wind turbine is capable to support the 

loads with adequate safety margin. In this section, detailed survey will be given 

to have better understanding of the methods used in analysing the dynamic 

effects on wind turbines.   
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In the two-parts paper, (Bazilevs et al., 2010)  numerically presented a successful 

application to model and simulate a wind turbine rotor . In Part 1 of the paper, the 

authors focused on the basics of geometry modelling and construction analysis 

for wind turbine rotors. Figure 2.15 shows a CFD representation of the 5-MW 

wind turbine rotor. In Part 2 of the paper, the focus was on the blades of for wind 

turbine and the authors gave computational procedures details of the fluid–

structure interaction.  

 

Figure 2.15: CFD representation of the 5-MW wind turbine rotor (Bazilevs et al., 2010) 

 

(EswaraRao, 2012) has presented 3D CFD rotor computations of a 20 kW stall-

regulated wind turbine with tip plate. The paper described a full three dimensional 

CFD modeling for the whole rotor assembly of the wind turbine by using Reynolds 

Averaged Navier-Stokes (CFD-RANS).  
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Analytical methods are widely used in studying various dynamic effects on wind 

turbine. (Choudhry et al., 2012) investigated analytically the effect of spacing of 

the wind turbines for both upstream and downstream wind turbine on the areas 

of a tandem wind turbine blade, as a result, no dynamic stall event was came 

across due to very small turbulence intensity.  

Numerical results showed that the increase of the rotational speed of the wind 

turbine rotor lead to an increase in the first frequency of a wind turbine blade. 

(Wang et al., 2010) implemented mathematical model based on mixed flexible 

rigid multi-body to estimate the dynamic performance of a wind turbine. Figure 

2.16 illustrates rotor’s first two flap and edge bending mode shapes. 

  

Figure 2.16: Rotor’s first two symmetrical edge bending mode shapes(Right) and, Rotor’s 

first two anti-symmetrical flap bending mode shapes (Left) (Wang et al., 2010). 
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(Larsen et al., 2002, Kim and Kim, 2011) investigated the vibrational behaviour 

of wind turbine blades by modal analysis, the authors extracted natural 

frequencies, mode shapes for the blades. Based on Glauert’s blade element 

momentum propeller theory,  (Lanzafam and Messina, 2007) implemented a 

mathematical model for a wind turbine optimization . 

Turbulence effects and rotational on a wind turbine blade had been studied by 

(Sicot et al., 2008). The authors intended to experimentally evaluate the 

turbulence and rotation effects on the aerodynamics of a wind turbine blade, 

focusing particularly on stall mechanisms.  A 1/16-scale model of high 

performance 1500 kW wind turbine blade was tested in a suitable wind tunnel 

and the computational results experimentally validated. Moreover, the 

aerodynamic performance of the scaled blade was calculated by using both free-

vortex method (FVM) and (CFD) method. Wake geometry is shown in Figure 

2.17. The smooth shape of the wake can be disturbed by changes occurred to 

the blade profile like ice accretion on the leading edge. 

 

Figure 2.17: Wake geometry by Free Vortex Method FVM (TongGuang et al., 2012 ) 
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 It is clear from above discussion that different techniques have been used to 

study and analyse dynamic effects on wind turbine. It is worth mentioning that 

some software such as ADAMS and FAST are specifically developed for wind 

turbines both for structural and aerodynamic analysis.  

2.4.3 Dynamic Effects on Iced Wind Turbines 

The effects of accreted ice on mechanical behaviour of wind turbines have 

received wide attention, especially in recent years. The Alpine terrain is suitable 

for the construction wind turbines due to the gainful wind resource and less 

heavily populated areas (Rindeskär, 2010). At the same time, the severe weather 

conditions possess a real challenge to the wind power industry since icing of the 

wind turbine blades and sensors may induce losses in production, increasing in 

the wear and tear of the different components, leading to serious structural 

integrity problems and hence reducing the expected economical outcome. 

(Fu and Farzaneh, 2010) introduced a CFD procedure to simulate the ice 

accretion process on a rotating wind turbine blade. The authors found that the 

rotational speed of the turbine has a major impact on the amount of accreted ice 

on the blade. Increasing in the rotational speed leads to an increase ice thickness.  

2.4.4 Stress Amplification in Wind Turbine Due to Icing 

Low temperatures usually have harmful effects on the materials of the wind 

turbines. Structural elements including composite material and steel change their 

mechanical properties when working at low temperatures. Steel tend to be more 

brittle with reduction in its capacity of deformation and energy absorption, 
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composite materials fiber will subjected to more residual stress due to unequal 

shrinkage. With sufficiently high residual stress, micro-cracking will probably 

initiate in the material. These initiated micro-cracks decrease both the 

impermeability and the stiffness of the material leading to accelerate the 

undesirable deterioration process as explained by (Dutta and Hui, 1997) and 

(Lacroix and Manwell, 2000).  

Other effects of low temperatures on wind turbines are the changes in the 

dimensions and oil viscosity of different components resulting in possible 

overheating and considerable reduction in lifetime ((Botta et al., 1998), (Laakso 

and Peltola, 2005), (Seifert, 2003), and (Tammelin, 2005)). 

Icing of the rotor blades or other components of wind turbines as shown in Figure 

2.19 will lead to an increase in the edgewise vibrations and resonance may occur 

due to changed natural frequencies (Tammelin et al., 1998).  

 
 
Figure 2.18: Accumulating of ice on the leading edges of a 150-kW wind turbine in 

Switzerland (Tammelin et al., 1998) 
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Accreted ice significantly increases the bending moments of the wind turbine 

blade, (Gallardo, 2011) found that the maximum stresses occurred in the root 

area of the blade. On the other hand, ice accretion affects the fatigue 

performance of the wind turbine blade and creates complex load cycles. In their 

book, (Burton et al., 2011) investigated several aspects of wind turbine including 

structural effects on wind turbine blade. Figure 2.20 illustrates the “close to failure 

blade” near the root due to excessive stress accumulation. 

 
 
Figure 2.19: Finite element analysis showing areas near the root closest to failure 

(Sweeney, 2015) 

The natures of wind turbine fluctuating loads cause variable amplitude fatigue 

loading on wind turbine (Pollino and Huckelbridge, 2007). As ice loading 

becomes one of the important overall general loadings on wind turbines, it should 
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be considered, in certain cold regions, as a major threat to be taken care of not 

only for the fatigue and internal stresses issue, but also as fundamental structural 

load.   

2.5 Vibration of Wind Turbine Blade 

2.5.1 Overview of Applied Methodologies for Wind Turbine Vibration 

Analysis 

As the wind turbine blades start to rotate from rest, their rotational speed 

increases accompanied with an increase in the vibration frequency. For a robust 

design, maximum rotational speed which is very close to the natural frequency of 

the system must be avoided because this will result in a high like hood of resonant 

amplification leading to structural instability. Furthermore, rotational speed 

shouldn’t be very close higher natural frequencies of the system under 

consideration. Both of previous cases will end up with an uncontrollable violent 

near resonance vibrations by speeding up-to-down from maximum speed. This 

may lead to catastrophic damages to the whole structure due to very high 

dynamic forces. It is a good practice to maintain the operational frequency away 

from the vicinity of the natural frequency  with a safety margin of 15% of the 

natural frequency as recommended by (Satari and Hussain, 2008) for wind 

turbines of moderate power output (100-225 kW). 

2.5.2 Numerical and Analytical Based Vibration Methods 

Recently, the ready and available high speed computers and various efficient 

software packages have a great influence on the numerical solutions for various 
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engineering fields. Analytical skills were commonly used in the past to solve most 

of the important engineering problems, such as vibration analysis. Nowadays, by 

the virtue of modern computers, access to huge amount of computation power is 

just under the researcher’s fingertips, but they need to fully grasp the physical 

nature of the engineering problem and be able to interpret the computations 

outcome. In this section, a review of the most useful numerical methods related 

to the research in this project will be carried out. 

Several analytical based vibration methods have been used to analyse the 

dynamic behaviour of wind turbine blades. These include a solution based on the 

properties of a Hermitian operator which has always real Eigen values, and its 

orthogonal basis vectors (Cobble and Fang, 1976). The Extended Galerkin 

Method has been used for converting continuous operator to a discrete problem 

(Liu and Ren, 2011). By the implementation of finite element method, the dynamic 

stability of an axially loaded rotating shaft was studied, Timoshenko’s beam 

theory was used by (Chen and Ku, 1990) to investigated  the transverse shear 

effect. 

(Bazoune and Khulief, 1992) conducted a vibrational analysis of a rotating 

tapered beam, the authors included rotary inertia and shear deformations in their 

analysis. (Attarnejad et al., 2006)  derived an exact solution for the free vibration 

of a tapered Euler–Bernoulli beam by the well-known Bessel functions using 

FORTRAN90. 

Numerically, the method of harmonic superposition was used by (Arrigan et al., 

2011a) to simulate the fluctuations of the wind velocity time histories. The 
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aeroelastic response and performance of a 5-MW Class rotating composite blade 

model was examined by numerically advanced coupled method based on (CFD) 

and the computational flexible multi-body dynamics (CFMBD) (Kim and Kim, 

2011). Results showed that for rotation speed of 13 rpm the values of natural 

frequencies of the first four fundamental modes of vibration were 0.74 Hz, 1.14 

Hz, 2.22 Hz and 3.85 Hz respectively as illustrated in Figure 2.21. All values 

seemed to be slightly higher than those given in the NREL technical specification 

report in (Jonkman et al., 2009) due to rotational effect.  

 

 

 

 

 

 

 

              a                                    b                                    c                            d  
 

 

Figure 2.20:  Four vibration bending modes for a typical wind turbine blade:                          

(a) 1st Flapwise bending, (b) 1st Edgewise bending, (c) 2nd Flapwise bending, (d) 2nd 

Edgewise bending.  (Kim and Kim, 2011)  
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2.5.3 Experimental Based Vibration Methods  

Experimental methods are widely used to analyse vibration problem of wind 

turbines blades ((Hansen et al., 2006), (Arrigan et al., 2011b)). The modal 

damping of a wind turbine was estimated by ((De-jin et al., 2007), (Hansen, 

2003)). (Hansen et al., 2006) experimentally investigated two different methods 

for approximating the modal damping of a working wind turbine. Dynamic signal 

analysis was experimentally implemented  by (Zhiquan et al., 2001)  to extract 

modal parameters, this is done by measuring the vibrations at different positions 

along the wind turbine blade surface. A study of numerical and experimental 

vibration on the reinforced glass fiber polyester composite wind turbine blade had 

been carried out to optimize its dynamic properties (Attaf, 2010).  

2.5.4 Monitoring and Mitigation of Wind Turbine Vibration 

Lots of efforts have been made to monitor and mitigate wind turbine vibrations. 

These include using a tuned mass damper (TMD) which is passive control device 

mainly used to mitigate wind turbine wind forced vibrations (Murtagh et al., 2007). 

(Arrigan et al., 2011b) conducted an research about the use of semi-active tuned 

mass dampers (STMDs) to reduce the vibrations of the wind turbine blade in the 

flapwise direction, the research also investigated the effect of centrifugal 

stiffening on the deviation of the natural frequencies of wind turbine blades. 

In order to mitigate icing effects on wind turbine blade de-iced and anti-icing 

methods are used. De-icing means that the ice is allowed to build up before it is 

being removed. The wind turbine need to be stopped to remove the accreted ice, 
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which usually not an easy task specially in harsh weather conditions. The use of 

de-icing method is usually consumes about 5% of the rated power of the wind 

turbine, while by adopting the anti-icing method requires much higher power 

reaches up to 25% of the turbine rated power, this method basically  prevents ice 

from building up during the normal working of the wind turbine (Ronsten, 2008).  

(Kraj and Bibeau, 2010) proposed a possible solution for wind turbine blade the 

glaze ice accretion  by the use of hydrophobic coatings, and the use icephobic 

coating with the case of rime ice accretion. 

A new approach for stability investigations of wind turbines was presented in 

(Rosenow and Andersen, 2010). To observe the vibration behaviour of the wind 

turbine a structural vibration monitoring system was used (Zhang, 2009). The 

system analysed wind turbine vibrations and developed nonlinear and 

nonparametric models to optimize wind turbine performance and to reduce 

vibrations of the tower and the turbine’s drive train. Fault detection system (FDS) 

and condition monitoring system (CMS) were also implemented in order to keep 

the wind turbine in safe operation. Recently, after the introduction of the multi-

MW wind turbines, photogrammetry was used in monitoring the dynamics of large 

wind turbines (Ozbek et al., 2010), this was mainly done by charge-coupled 

device (CCD) cameras to capture the response of various components of the 

wind turbine. 

2.5.5 Vibration of Wind Turbine Due To Icing 

Modern wind turbines are constructed of slender and elastic parts such as the 

rotor blades and the tower. Such structures are extremely exposed to vibration. 
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In addition, due to cyclically alternating rotor forces, rotor-blades system is prone 

to certain excitations causing dangerous vibrations. The problem becomes 

seriously important when combined with the accumulation of ice on different 

components of the wind turbines, especially on the blades. For this, it’s important 

to conduct a vibrational analysis including extracting of natural frequencies and 

mode shapes for clean and iced wind turbine blades and to study the possible 

associated resonance problems.  

The complex terrain locations have some problems on the wind power harvest 

process,(Manuel et al., 2001) statically investigated this effect by the use of flap 

and edge bending of a commercial wind turbine blade. Different algorithms, 

methodologies and techniques reviewed by (Hameeda et al., 2009) to monitor 

the performance of various operations of wind turbine to avoid disastrous 

conditions such as unexpected breakdowns.  

Potentially large structural displacements can result from a resonance condition. 

Therefore, operating at a critical rotor speed could be particularly damaging to 

the wind turbine system (Osgood, 1998). By the use of Universal Resonant 

Excitation (UREX), an experiment was conducted by (Farinholt et al., 2012) to 

examine the structural health of an NREL wind turbine blade by steadily 

increasing the excited design load until reaching failure. 

Higher altitudes represent excellent  sites for wind farm installation to capture 

wind power due to the increase in air density at lower temperatures and wind 

speed slightly increases by 0.1m/s per 100m for the first 1km of altitude (Fortin et 

al., 2005). (Staino et al., 2012) discussed actuator control of edgewise vibrations. 
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(Lin et al., 2008) modelled bending vibration of the blade and the influences of 

the pre-cone angle and the angular speed on the natural frequencies. Structural 

vibration of large-scale wind turbines considering periodically time-varying 

parameters was addressed by (Kim and Lee, 2011). 

 (Tartibu et al., 2012) conducted a vibrational analytical study using MATLAB of 

a variable length wind turbine blade. (Gürsel et al., 2012) also analytically 

investigated the characteristics of wind turbine blades by implementing the 

Rayleigh’s method. The authors tracked the resonance zone and the working 

frequencies of the system. (Park et al., 2010 ) proposed a method based on a 

derivation of the equation of motion of a rotating wind turbine blades to predict 

the vibratory behaviour of the rotating blade.  

It should however be noticed that none of which has dealt with the problem of 

vibration due to ice accretion. Hence the research in this project will fill the void 

in the world of knowledge in this field.   

2.6 Summary 

It is clear from the above literature review that atmospheric icing has a major 

impact on the performance of the wind turbine. The previous studies generally 

focused on the following aspects: 

1- Energy loss due to atmospheric icing. 

2- Hazard of ice shedding and ecological issues. 

3- Economic losses due to shutdowns during icing events. 
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4- Aerodynamic behaviour of an iced wind turbine blades 

5- Stress amplification due to atmospheric icing  on wind turbines 

However, no attention was found, so far, to the problem of vibrations of wind 

turbine blade due to atmospheric icing. It was interesting to notice from the survey 

of literature that in spite of the importance issue of the vibration due to 

atmospheric icing, which can directly influence the structural integrity of wind 

turbines, this hasn’t been fully investigated. It has also been noticed that, while 

significant power loss has been reported for the wind turbine due to atmospheric 

icing, no systematic research has been carried out on its impact on aerodynamic 

performance of wind turbine blade under different weather conditions. 

The current research was undertaken with the purpose of investigating the 

dynamic performance of the blade under three different icing scenarios and to fill 

the gap concerning those important issues mentioned above for the ongoing 

industry of wind energy. 
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Atmospheric icing is considered as a major problem in many cold region for the 

wind energy industry and results in considerable loss in wind turbine 

performance. The aim of this research is to develop a further understanding of 

the effect of atmospheric ice accretion on the structural integrity and aerodynamic 

performance of wind turbine blades through numerical investigation to address 

the challenges facing the industry. Figure 3.1 illustrates the flow of the research 

methodology. 

 

Figure 3.1: Flowchart of the research methodology for the project.  
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A 5-MW wind turbine is chosen for this study due to availability of geometric 

design and performance parameters. The geometric parameters are the 

dimensions ‘coordinates and angle of twist’ and they are used to build the CAD 

model of the blade in Chapter four. The mass of the blade was compared to the 

mass of the modelled blade, also natural frequencies for the first three modes 

have been used to compare numerical results in chapters four through six. After 

getting the, geometric design parameters of the blade, a computer aided model 

is established. This is achieved using a commercial CAD solver ,’Rhinoceros 5’, 

which is a popular software for 3D design recommended by many designers for 

the design of wind turbine blades (Hartwanger and Horvat, 2008, Monteiro et al., 

2009). 

Building the CAD model of the wind turbine blade is a first step for modal analysis 

and CFD simulation for its dynamic performance under various icing conditions. 

A method will be developed to estimate the on-blade accreted ice mass and 

thickness on the basis of ISO Standard 12494. The method will be applied to 

estimate the accreted ice mass on a 5-MW wind turbine blade under three icing 

scenarios. For the problem of modal and stress analysis, ANSYS is chosen in 

this research due to the recognition of many researchers in this field (Rathore 

and Ahmed, 2011, Murtagh et al., 2004). The finite element analysis tools from 

ANSYS provide the ability to simulate most of the structural aspects including 

modal analysis for vibrational characteristics. The CAD file is exported to the 

APDL environment of ANSYS14.5 and modal analysis will be performed to 

determine natural frequencies for both the clean and iced turbine blade. The 

modal analysis will also be conducted for the assembly of three modelled blades 

with a proper hub in ANSYS14.5 WORKBENCH environment. The effect of ice 
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accretion on the vibrational behaviour of the blade and the rotor under three icing 

scenarios will be examined by comparing the results of clean and iced conditions. 

To investigate the effect of atmospheric icing on the structural integrity of the wind 

turbine blade and its rotor, stress analysis will be performed in the ANSYS APDL 

environment. Von Mises stress will be obtained for clean and iced blade and 

reductions of fatigue life of the blade will be estimated for heavy icing conditions, 

this will be done for two different wind velocities regimes. The effect of 

atmospheric icing on the structural integrity of the wind turbine will also be 

assessed with the concept of dynamic magnification factor. 

Finally, CFD analysis will be carried out to investigate the effect of atmospheric 

ice accretion on the aerodynamic performance of typical 1-MW and 5-MW wind 

turbine blade aerofoils. CFD software STAR-CCM+ is chosen due to its wide 

industrial acceptance (Pervez and Mokhtar, 2012). Results of the drag and lift 

coefficients and power production under different icing scenarios will be 

determined under different angles of attack. These results will be compared with 

those of the clean aerofoil profile to demonstrate the detrimental impact of 

atmospheric icing on energy harvest for the wind energy industry. 
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4.1 Mathematical Description of Models Used 

The equation of motion for a multidegree of freedom system can be derived from 

Lagrange’s equation (Rao, 2004)  

𝑑

𝑑𝑡
(
𝜕𝑇

𝜕𝑥̇𝑖
) −

𝜕𝑇

𝜕𝑥𝑖
+

𝜕𝑉

𝜕𝑥𝑖
= 𝐹𝑖                          𝑖 = 1,2,…𝑛         (4.1) 

where 𝐹𝑖 is the non-conservative generalized force corresponding to the 𝑖th 

generalized coordinate  𝑥𝑖 and the generalized velocity 𝑥𝑖̇ is the time derivative 

of 𝑥𝑖 , 𝑇 is the kinetic energy and 𝑉 is the potential energy for a multidegree of 

freedom may be given in matrix form as 

 𝑇 =
1

2
𝑥̇⃑𝑇[𝑚]𝑥̇⃑                                                                      (4.2) 

𝑉 =
1

2
𝑥⃑𝑇 [𝑘]𝑥⃑                                                                                    (4.3)   

where [𝑚] and [𝑘] are the mass and stiffness matrices respectively and 𝑥⃑ is the 

column vector of the generalized coordinates  

𝑥⃑ =

{
 
 

 
 
𝑥1
𝑥2
.
.
.
𝑥𝑛}
 
 

 
 

                       (4.4) 

But by noticing the symmetry of the mass matrix [𝑚], we can get 

𝜕𝑇

𝜕𝑥̇𝑖
=

1

2
𝛿𝑇[𝑚]𝑥̇⃑ +

1

2
𝑥̇⃑𝑇[𝑚]𝛿 = 𝛿𝑇[𝑚]𝑥̇⃑  
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       = 𝑚𝑖
𝑇 𝑥̇⃑                                       𝑖 = 1,2,…𝑛                       (4.5) 

Where 𝛿𝑗𝑖 is the Kronecker delta ( 𝛿𝑗𝑖 = 1 if 𝑗 = 𝑖 and  = 0 if 𝑗 ≠ 𝑖), 𝛿 is the 

column vector of Kronecker deltas whose element in the row 𝑖 = 𝑗  is equal to 1 

and equal to zero for other elements in the rows for which 𝑗 ≠ 𝑖, and 𝑚⃑⃑⃑𝑖
𝑇 is a row 

vector which is identical to the 𝑖th row of the matrix [𝑚], so equation (4.5) may be 

expressed as:  

𝜕𝑇

𝜕𝑥̇𝑖
= 𝑚⃑⃑⃑𝑖

𝑇  𝑥̇            (4.6) 

By differentiation of equation (4.6) with respect to time gives: 

𝜕

𝜕𝑡
(
𝜕𝑇

𝜕𝑥̇𝑖
) = 𝑚⃑⃑⃑𝑖

𝑇   𝑥⃑⃑ ⃑̈           𝑖 = 1,2,…𝑛         (4.7) 

It is important to notice that the mass is not a function of time while the kinetic 

energy is a function of the velocities 𝑥̇𝑖 and so  

𝜕𝑇

𝜕𝑥𝑖
= 0,                           𝑖 = 1,2,…𝑛                                  (4.8) 

By taking note of the symmetry of stiffness matrix [𝑘], one can differentiate 

equation (4.3) as 

𝜕𝑇

𝜕𝑥𝑖
=

1

2
𝛿𝑇[𝑘]𝑥⃑ +

1

2
𝑥⃑𝑇[𝑘]𝛿 = 𝛿𝑇[𝑘]𝑥⃑        

      = 𝑘⃑⃑𝑖
𝑇𝑥⃑ ,                    𝑖 = 1,2, … 𝑛         (4.9) 
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Where 𝑘⃑⃑𝑖
𝑇

 is a row vector identical to the 𝑖th row of the stiffness matrix [𝑘], the 

equations of motion in matrix form can be obtained by substituting equations (4.7) 

to (4.9) into equation (4.1) as 

 [𝑚]𝑥̈⃑ + [𝑘]𝑥⃑ = 𝐹⃑                                 (4.10) 

where  

𝐹⃑ =

{
 
 

 
 
𝐹1
𝐹2
.
.
.
𝐹𝑛}
 
 

 
 

                    (4.11) 

For a conservative system, there is no non-conservative forces 𝐹𝑖, so the 

equation of motion will be 

[𝑚]𝑥̈⃑ + [𝑘]𝑥⃑ = 0⃑⃑                                 (4.12) 

By assuming the solution of equation (4.12) is in the form 

{𝑥} = {𝑥}𝑒𝑗𝜔𝑡                          (4.13) 

Where 𝑗 = √−1 and 𝜔 is the frequency of vibration, by assuming that transverse 

vibrations 𝜔 = 𝜔(𝑥, 𝑡), 𝑥  was previously defined as the column vector of the 

generalized coordinates, hence both mass and stuffiness matrices in equation 

(4.14) are in the generalized form. Substituting equation (4.13) into (4.12) for non-

trivial solution gives the equation of motion governing the free vibration of the 

wind turbine blade as: 
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([𝑘] − 𝜔2[𝑚]){𝑥} = {0}                                                                             (4.14) 

As the value of 𝑥 in equation (4.14) cannot be equal to zero and for a non-trivial 

solution, the determinate of the coefficient matrix must be zero. This gives:  

|[𝐾] − 𝜔𝑛
2  [𝑀]| = 0                                                                                      (4.15) 

Equation (4.15) may be solved to get the natural frequencies (𝜔𝑖)and associated 

mode shapes(Φ𝑖). The generalized mass matrix [𝑀] and the generalized 

stiffness matrix [𝐾] are given in the form 

[𝑀] = [Φ]𝑇[m][Φ]                                                                                       (4.16) 

[𝐾] = [Φ]𝑇[k][Φ]                                                                                         (4.17) 

where [ ]𝑇is the transpose of the matrix. The uncoupled differential equation of 

motion can be written by using equations (4.16) and (4.17) as: 

[𝑀]{𝑥̈} + [𝐾]{𝑥} = {0}                                                                                (4.18) 

The wind turbine blade is modelled by a cantilever beam with transverse 

vibrations. It is assumed that the beam is straight and different cross-sections 

relative to the beam axis remain flat and perpendicular. As a result of bending, 

the fibres of one layer of the beam are subjected to tension while those of the 

second layer are compressed. However, the neutral layer does not bear any 

deformation. These assumptions are known as the Euler-Bernoulli hypothesis 

(Meirovitch, 2001).   
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4.2 Single NREL 5-MW Non-Rotating Blade Numerical Analysis Setup  

The numerical analysis setup for a typical 5-MW wind turbine blade is described 

based on blade coordinates from the manufacturer. The procedure has two steps, 

drawing the 3D-CAD model in Rhinoceros and then exporting the model to 

ANSYS-14.5 in order to perform modal analysis of the wind turbine blade.   

In this step, the CAD model will be set up. Typical 5-MW wind turbine blade 

aerofoil profile coordinates were imported from Excel files to Rhinoceros as 

Comma Separated Values (CSV). The coordinates of the blade were given for 

seventeen sections in spanwise direction to simulate the blade. Spacing and 

orientation of different aerofoil sections were given in the 5-MW reference guide 

(Jonkman et al., 2009). The blade has been strengthened by two shear webs in 

the middle of the sections. The coordinates of the blade section are given in Table 

4.1 (Virk et al., 2012). 

Table 4.1:  NREL 5-MW wind turbines blade geometric  

Section  
Blade Radial 
Location (m) 

Chord Length 

(m) 

Twist 
(degree) 

Aerofoil Table 

1 4.37 3.542 13.308 Cylinder 
2 7.10 3.854 13.308 Cylinder 

3 9.83 4.167 13.308 Cylinder 

4 13.25 4.557 13.308 DU 40 
5 17.35 4.652 11.480 DU 35 
6 21.45 4.458 10.162 DU 35 
7 25.55 4.249 9.011 DU 30 
8 29.65 4.007 7.795 DU 25 
9 33.75 3.748 6.544 DU 25 
10 37.85 3.502 5.361 DU 21 
11 41.95 3.256 4.188 DU 21 
12 46.05 3.010 3.125 NACA 64618 
13 50.15 2.764 2.319 NACA 64618 
14 54.25 2.518 1.526 NACA 64618 
15 57.66 2.313 0.863 NACA 64618 
16 60.40 2.086 0.370 NACA 64618 
17 63.13 1.419 0.106 NACA 64618 
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Figure 4.1 illustrates the 17 aerofoil sections of wind turbine blade as drawn in 

Rhinoceros. Spacing of the sections was given in Table 4.1 as the differences 

between sections radial location.  

 

Figure 4.1: Aerofoil sections of the 5-MW wind turbine blade drawn in Rhinoceros  

The 3D modelled blade with all aerofoil sections is illustrated in Figure 4.2. The 

CAD model is now ready to export to ANSYS environment to perform the needed 

structural and CFD analysis.  
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Figure 4.2: The 3D-CAD model as appears in Rhinoceros  

4.2.1 Numerical Setup Including the Boundary Conditions and Other 

Operating Conditions  

After setting up the 3D model with CAD software (Rhinoceros 5), the next step is 

to export it to the finite element software (ANSYS 14.5) as Initial Graphics 

Exchange Specification “IGES” file. 

Element type SHELL63 was selected to model the blade. SHELL63 has both 

membrane and bending abilities to take both the in-plane and out of plane loads. 

As for the degrees of freedom, the element has six degrees of freedom at each 

node: rotations about the nodal x, y, and z-axes and translations in the nodal x, 

y, and z directions, stress stiffening and large deflection capabilities are also 

included.  
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4.2.2 Numerical Model for a typical wind turbine blade  

A typical 5-MW wind turbine blade was modelled by using real coordinates of  the 

17 sections acquired from (NREL) (Jonkman et al., 2009). The cross-sections of 

the blade are twisted by 13º for the fourth section to 0.11º for last section at the 

tip. The coordinates of the blade section were given in Table 4.1 (Virk et al., 

2012). 

From the structural point of view the blade is normally hollow. The outer geometry 

of the blade usually consists of two shells one on the upper side (suction side) 

and another one on the lower side (pressure side), it is also strengthened by two 

structural shear webs, fitted to join the two shells together as shown in Figure 4.3.   

 

Figure 4.3: Cross section of a typical wind turbine blade (Griffin and Ashwill, 2003) 

The wind turbine blade is treated as a cantilever beam mounted on the rotating 

hub along with two other blades for the three-blade wind turbine design. The 

boundary conditions for a cantilever beam were applied during ANSYS analysis. 

The longitudinal box-shaped spars with the outer upper and lower shells support 

the main loads usually acting on the blade. Wind turbine blades are tapered from 

the root to the tip along the span this is mainly to reduce the maximum bending 

moments which lies at the root and increasing the power captured from the wind. 
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The blade is twisted to lower the required torque for self-starting of the rotor while 

maintaining optimal wind angle of attack for the rotation process. Moreover, 

blades are required to maintain an optimum cross-section profile for aerodynamic 

efficiency in order to generate maximum torque required to drive generators 

continuously. 

In the current study, the blade has been strengthened by two shear webs in the 

middle of the sections as shown in Figure 4.4. The FEM model is illustrated in 

Figure 4.5.  

 

Figure 4.4: All sections of the modelled blade with two shear webs in the middle of the 

blade 

For the wind turbine blades, the designers want a material that is light for a 

required stiffness. This is to satisfy the blade design criteria to overall blade 
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weight induced fatigue load which is mainly based on  the fatigue damage 

calculations of the blade material for the main load carrying structure (Standard 

DNV, 2010). It is worthwhile to notice that decreasing the weight of the wind 

turbine blade will directly reduce the load on both tower and foundation.  

Figure 4.5: The 5-MW wind turbine blade FEM model 

Modern wind turbine blade material is switching to carbon fiber-reinforced plastics 

with tensile modulus between 50GPa and 66GPa and compressive modulus 

between 43GPa and 60GPa (Hogg, 2010). The average elasticity modulus for 

glass fiber is 41.8 GPa (Loth et al., 2012). The modulus of elasticity for the 

proposed model is assumed to be 50 GPa as most of researchers assumed that 

carbon fiber composites has higher modulus of elasticity (Bortolotti, 2012, 

Brøndsted et al., 2005, Elger et al., 2014). The authors suggested ultralight pre-

aligned rotor for a 10 MW wind turbine that can make an overall system cost 
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saving of 25% by using carbon fiber reinforced plastics. The advantages of using 

carbon fiber composites to replace glass fiber composites in wind turbine blades 

are their higher elastic modulus, higher tensile strength, lower density, and lower 

fatigue sensitivity, while the main disadvantage is the higher cost (Fuerle et al., 

2010), but the increasing use of carbon fiber in wind turbine blade industry will 

reduce the price gap.  

For blades with mixture of glass and carbon fiber, total mass decreases with an 

increasing share of carbon fiber. (Schueller et al., 1997a). Also carbon-glass fiber 

hybrid reinforcement can assure a remarkable solution by combining the 

outstanding processability of glass fiber with the high performance of the carbon 

fiber (Wilburn, 2011, Hillermeier, 2009). According to (Bortolotti, 2012), the 

carbon fiber returned the best wind turbine blade performance.  

The modern wind turbine blades are usually produced by the use of multiaxial 

fabrics. The +/- 45º laminates are usually used in the blade skin (Mishnaevsky Jr 

and Favorsky, 2011). It should be noted that fibre-reinforced plastics (FRP) are 

considered as structural materials. For the strength load transition area, two 

materials of different stiffness are usually joined e.g. steel bushing/glass-carbon 

laminate (Standard DNV, 2010). 

It is clear that the wind turbine designers currently tend to reduce the weight of 

the blade, basically to improve mechanical properties and decrease the load on 

the rotor and thus increase the overall efficiency. In this research, an ultralight 

carbon reinforced fiber based material for the blade is suggested, with +/- 45º 

laminates being used in the blade skin. The material is assumed isotropic. Data 

for skin thickness and material properties, i.e. modulus of elasticity and density, 
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were not included in the 5-MW NREL (Jonkman et al., 2009) wind turbine report 

except for the mass, which is 16,500 kg for the 5-MW Multibrid model and length 

of 61.5 m (Jonkman, 2006a).  

The 5-MW wind turbine blade thickness was assumed by (Tarfaoui et al., 2011) 

to vary from 20.1 mm to 32.2 mm. (Loth et al., 2012) assumed an average blade 

thickness of 20 mm. For the current model, a variable blade skin thickness is 

assumed with 30 mm for the root and 20 mm at the tip. As mentioned above, the 

materials of the modern wind turbine blade are getting lighter and stiffer as there 

is gradual shifting towards carbon reinforced fiber (Schueller et al., 1997a) 

suggested a glass/carbon with equal share mixture blade with density of 1300 

kg/m3. The overall density of the modern wind turbine blade will decrease when 

considering other materials like the foam which used as laminated core having 

low density values range between 71-104 kg/m3 (Schueller et al., 1997b). For this 

research, the suggested material is ultra-light carbon reinforced fiber with an 

overall density of 1000 kg/m3. Material properties for the proposed blade are 

given in Table 4.2. 

Table 4.2: Material properties for the proposed model  

Property Value 

Young’s modulus (GPa) 50 

Poisson’s ratio 0.3 

Density (kg/m3) 1000 

Blade skin thickness (m) 0.02-0.03 

Total mass (kg) 16,150 

Total length (m) 61.6 
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As for properties of accreted ice, density was assumed 900 kg/m3 for hard rime, 

for this density, ice has an elastic modulus of 7 GPa and Poisson’s ratio of 0.36 

(Voitkovskii, 1960). The simulated wind turbine blade is treated as a cantilever 

beam fixed with the hub at the root and free at the tip end. The CAD model of the 

blade was set up in Rhinoceros and then exported to ANSYS 14.5 for the 

structural analyses.  

4.2.3 Single Blade Meshing and Vibrational Analysis  

For meshing of the blade, quadrilateral element has been selected with free mesh 

scheme. Knowing the complexity of the blade shape, the using of a free mesh 

has no restrictions in terms of element shapes, and there is no specified pattern 

applied to it, while on the other hand, the use of the mapped mesh is restricted in 

terms of the pattern of the mesh and the element shape it contains, so mapped 

mesh is not very suitable for complex shapes like wind turbine blade. The meshed 

wind turbine blade is illustrated in Figure 4.6.  
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Figure 4.6: The meshed wind turbine blade ANSYS model 

The quadrilateral element is very suitable to blade meshing. The blade has large 

and long rectangular areas in which quadrilateral element may fit easily, the 

meshing procedure mainly consists of three steps: 

1- Select the mesh tool and choosing line set including all lines of the blade. 

2- Select the mesh tool and choosing the longest lines. 

3- Again select the mesh tool and choosing the lines of the necking area set 

higher number of divisions in order to refine meshing of this area which 

experience large stresses.  

Difference between elements sizes of necking area and areas to the left and the 

right is clear as shown in Figure 4.7. The Figure illustrates how finer mesh is used 

during the meshing in areas where large stress gradients are expected like 



Chapter Four                                                                                                              Numerical Setup for Structural Analysis 
 
 

68 
 

necking area. The above procedure was repeated to get courser or finer mesh in 

order to investigate mesh sensitivity of the blade as explained in next section. 

The quadrilateral element is very suitable to blade meshing. The blade has large 

and long rectangular areas in which quadrilateral element fit easily.  

The meshing was performed for the clean wind turbine blade and the ice mass 

has been added by editing the real constant set in ANSYS as added mass per 

unit area. More explanation of ice mass calculations is given in next Chapter. 

 

Figure 4.7: Detailed mesh view near necking area  

4.2.3.1 Mesh Sensitivity Analysis 

To validate a finite element (FE) model, the requirement on the convergence of 

the model must be satisfied. In this study, eleven sets of mesh schemes are used 

to determine the convergence of the first three modes where eleven different 

element sizes are applied to the same structure. It is important to mention that 
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the lowest three natural frequencies are the most important modes due to higher 

excitation energy whereas higher modes have little excitation energy (Hau, 

2010a) .Eleven modal data sets are presented in Table 4.3. The difference in 

natural frequency between the same modes of these eleven sets can then be 

used to determine the convergence of the simulation results.  

Table 4.3: First three natural frequencies obtained for eleven mesh schemes (Hz) 

 
No. of 
Elements 7000 9120 11480 14080 16920 20000 23320 26880 30680 34720 39020 

1st Mode 0.699 0.699 0.700 0.701 0.701 0.701 0.701 0.701 0.701 0.701 0.701 

2nd Mode 1.028 1.030 1.031 1.031 1.032 1.032 1.033 1.033 1.033 1.033 1.033 

3rd Mode 2.348 2.350 2.352 2.353 2.353 2.354 2.354 2.354 2.354 2.354 2.354 

 

Table 4.4: Deviation percentage of natural frequencies from the last set  

No. of 
Elements 

7000 9120 11480 14080 16920 20000 23320 26880 30680 34720 

1st Mode 0.38% 0.23% 0.15% 0.09% 0.07% 0.05% 0.03% 0.02% 0.01% 0.01% 

2nd Mode 0.52% 0.36% 0.25% 0.18% 0.14% 0.10% 0.07% 0.05% 0.03% 0.02% 

3rd Mode 0.29% 0.18% 0.12% 0.07% 0.05% 0.04% 0.03% 0.02% 0.01% 0.01% 

 

During the process of meshing as the number of lines across the blade changed, 

the size of each element changed; consequently, the number of elements in each 

meshing set changed. Table 4.4 shows natural frequencies deviations from the 

last set in Table 4.3. Please note that Table 4.4 contains ten sets as it shows 
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deviation percentages of the first ten sets from the last set. The deviations for the 

first and the third modes are very similar as both modes represent first and 

second frequencies in the flapwise direction while larger deviations were noticed 

for the second mode which is the first bending frequency in the chordwise 

direction. It can be seen that for blade model the difference is less than 0.52% 

which gives confidence of the results and less simulation time and memory. As 

such, the mesh scheme of 7000 elements is used for the subsequent analysis. 

The percentage deviation of the values of natural frequencies from the last set is 

shown in Figure 4.8, it is clear from the Figure that as the number of elements 

gets bigger, less deviation is noticed in natural frequencies.  

Figure 4.8: Deviation percentage of natural frequencies from the last set  
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4.3 Icing of Wind Turbine Blade  

The ice load on wind turbine blade increases with ice density as the maximum 

ice density used for severe conditions. The ice assumed to be in hard rime to 

glaze form. Glaze has density of 800-900 kg/m3 in harsh conditions with strong 

adhesion  (Makkonen, 2000). Also (Myers and Charpin, 2004) stated in their work 

that for severe cases the ice density is taken as an average between typical glaze 

and rime values and suggested 898 kg/m3. In this research, the accreted ice is 

assumed to have a density of 900 kg/m3 and the temperatures are in the range 

of 0 ºC to -10 ºC as hard rime formed in this range of temperatures (ISO, 2001b).  

4.4 A Novel Approach to Estimate the On-Blade Accreted Ice Mass and 

Thickness 

The approach developed in this research is an approach to estimate the accreted 

icing load and thickness based on the geometry of the blade sections.  Load 

increases with the increase of ice accretion thickness and its density. A linear 

increase is assumed as the ice accretion is considered to have linearly tapered 

shape (ISO, 2001a).  It is assumed that the taper goes from the tip through 46 m 

of the blade length, which covers five zones for the region over the leading edge 

where most of ice accretion occurs, as mentioned earlier, due to tendency of ice 

to accumulate around stagnation points and taper shape structure of the blade 

((Fu et al., 2006),  (John, 2001) , (Seifert and Tammelin, 1996)) . This region is 

divided into five zones. The area and length of the five zones are given in Table 

4.5.  
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Table 4.5: Iced zones dimensions 

 

 

 

 

 

 

Ten areas will cover the five zones. Each zone consists of two identical areas to 

the left and to the right of the leading edge. Figure 4.9 illustrates the targeted 

areas on the leading edge.  

 

Figure 4.9: The five icing zones on the top of the leading edge of the wind turbine blade 

model 

The approach consists of the following procedure: 

1) Examine key points of the blade section profile for each selected zone 

Zone 

Number 
Length(m) Area(m2) 

1 2.7 3 

2 2.9 3.36 

3 4 4.52 

4 16 24.87 

5 21 39.89 

Total 46.6 75.64 
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2) Measure the distance between each opposite key points as illustrated in 

Figure 4.10. 

3) Choose the largest distance between opposite key points which represent 

the largest thickness of the blade. 

To demonstrate the approach of estimating accreted ice thickness and mass 

calculation, section DU21 of the 5-MW blade was chosen, the section lies in zone 

3 which is in the middle of the icing zones. Figure 4.10 illustrates section DU21 

with four key points connecting two distances. The largest distance will represent 

the thickness of the section to be considered for the accreted ice thickness and 

mass calculation. 

 

Figure 4.10: A detailed view of section (DU21) with largest width distance between key 

points 1761 and 1683. 
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It is clear from Figure 4.11 that the thickness of the wind turbine blade section is 

associated with the Z-axis of the coordinate system. The correspondent Z-axis 

coordinates of the illustrated four key points in Figure 4.10 are given in Table 4.6  

Table 4.6: Key points coordinates in Z-axis for the section DU21 

Key points 
Corresponding coordinates 

in Z-axis (m) 

Width of the line connecting 

key points (m) 

1699 and 1745 0.4057 and -0.2609 0.67 

1761 and 1683 0.4109 and -0.3176 0.73 

 

It is important to notice that by using the simple and direct new approach, the 

thickness and the mass of the accreted ice on the wind turbine blade can be 

estimated, while similar tasks usually need special software as ‘FENSAP-ICE’ 

which was specially designed for ice shape, thickness and mass estimation (Shin 

and Berkowitz, 1994, Homola et al., 2012) or for example, the use of ‘TURBICE’ 

for ice accretion simulation and mass estimation (Laakso et al., 2010). 

Furthermore, the approach can be used for estimating heavily icing events which 

usually lasts for several weeks, this is simulate the real cases of harsh blizzards, 

while the available software deal with short-time simulations which does not 

reflect the real icing scenarios. The three assumed icing scenarios represent icing 

events in cold countries which varies from moderate to heavy icing in the severe 

weather conditions.   

Table 4.6 shows that largest width is 0.73 m for the longest distance between 

these two key points which actually represents the largest thickness of wind 

turbine blade at that section. Knowing the largest width of the aerofoil section, the 

thickness of ice for each assumed icing scenario may be calculated. 
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Figure 4.11: The width of blade sections associated with the Z-axis. 

The icing load was estimated based on assumed icing scenario according to ISO 

12494 Standards (ISO, 2001b). The areas for all zones were given in Table 4.7. 

For icing zone 3, it has been shown that largest section width is 730 mm, by using 

Table 4.8, considering R5 for moderate icing scenario and the value 730 mm lies 

between object width 500-1000 mm, ice mass estimation can be interpolated 

between 9.2-19.9 kg/m to be 14.1 kg/m as given in Table 4.7 which is for 

moderate icing scenario. Detailed results for heavy icing scenarios are given in 

Appendix A.   
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Table 4.7: Details for ice estimated mass and load with for moderate scenario  

Icing 

Zone 

Longest 

Distance 

Across 

Sections 

W (mm) 

Length of 

Selected 

Zone 

(m) 

Estimated 

Accreted 

Ice Mass 

(kg/m) 

Estimated 

Accreted Ice 

Load (kg/Zone) 

1 380 2.7 6.7 18.1 

2 420 2.9 7.5 21.8 

3 730 4 14.1 56.4 

4 1480 16 30.6 489.6 

5 1870 21 38.3 804.3 

     

The largest width distance for other different sections of the wind turbine blade 

can be calculated using coordinates of the key points for each section as 

explained above. The ice thickness is assumed uniform through each individual 

zone as the ice thickness doesn’t change dramatically along the blade length 

rather than gradually (Tammelin and Seifert, 2001, Homola et al., 2011).  

The ISO 12494 has been set up for different situations of icing events. The  

reference is suitable for small objects, i.e. less than 300 mm in thickness or 

diameter for round objects according to (ISO, 2001b) and also for large objects. 

The 5-MW wind turbine blade is however a large object, in fact very large as 

compared to 300 mm. So by considering wind turbine blade sections which are 

larger than 300 mm, type A of Figure 4.12 will be used where t is the ice thickness, 

Ŵ is the largest width of the object, Ɫ is the length of the ice vanes which is the 

maximum accreted ice thickness at the leading edge, and D is the total rime 

accreted diameter. For the selected ice accretion model, three icing scenarios will 
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be discussed in the next Chapter. The different icing scenarios will be analysed 

in terms of the vibration behaviour due to icing and rotation motion.  

 

Figure 4.12: Typical ice accretion model (ISO, 2001b) 

 

Table 4.8: Accreted ice dimensions and masses for large, round objects (ISO, 2001b) 

Cross-sectional shape of ice objects: Large round objects 

Object width (mm) 300 500 1000 3000 5000 

Icing 

condition 

IC 

Preliminary 

Ice mass, 

m, (kg/m) 

Accreted ice mass 

(kg/m) 

R1 0.5 0.5 0.9 2.0 6.2 10.5 
R2 0.9 0.9 1.7 3.6 11.2 18.9 
R3 1.6 1.6 3.0 6.4 19.9 33.5 
R4 2.8 2.8 5.2 11.1 34.9 58.7 
R5 5.0 5.0 9.2 19.9 62.3 105 
R6 8.9 8.9 16.5 35.3 111 186 
R7 16.0 16.0 29.6 63.5 199 335 
R8 28.0 28.0 49.7 104 321 538 
R9 50.0 50.0 84.4 171 515 859 

 

Table 4.8 summarizes the ice mass based on the blade geometry for different 

icing scenarios started from R1 for very light icing through R5 which lies in the 

middle of the table as a moderate icing case, the severity of icing event is 

increased as going for R7 to R9. It is worthwhile to mention that second and third 

columns of Table 4.8 are identical as the preliminary ice mass is assumed for 
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blade thickness of 300 mm for all icing cases. The most severe case that could 

happened is the heavy icing scenario R9. So R8 and R9 cases have been chosen 

to represent the heaviest possible icing case that may occur in the cold regions.   

Another way to explain the novel approach is to imagine a circle drawn in the 

wind turbine blade section, the diameter of the circle represents the largest width 

of the blade and this circle is the largest possible circle can be drawn inside the 

blade section as illustrated in Figure 4.13. This distance plays a key role in the 

developed approach for calculating both the estimated accreted ice mass and 

thickness. 

 

Figure 4.13: Typical 5-MW aerofoil section assuming a circular shape in the middle  

It is important to notice that the mass of ice per given zone is increased gradually 

from zone 1 to zone 5 as the area of the leading edge on the top of wind turbine 

blade is increased. Also the assumed zones represent three quarters of the blade 

length because most of accreted ice lies on this area for typical operating rotor 

(Tammelin and Seifert, 2001). By referring to ISO (12494) International Standard 

(ISO, 2001a), mass of accreted ice on the wind turbine blade could reach 
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considerable amount of that of blade in severe weather conditions. In some harsh 

weather conditions mass of ice can be as heavy as the mass of the blade itself 

(Frohboese and Anders, 2007b).  

4.5 Numerical Setup of Assembled Rotor 

4.5.1 The Hub Rotor  

Wind turbines usually consist of four main components: the rotor, transmission 

system, generator, and yaw and control systems. Each of the four components 

is designed to work together in order to efficiently convert the motion of the wind 

into electricity. The nacelle which is mounted on the tower, contains the 

transmission system, generator, yaw and control systems and the rotor is fixed 

on it. The nacelle rotates (or yaws) according to the wind direction. A typical 

nacelle with proper connection with the hub is illustrated in Figure 4.14. 

 

Figure 4.14: Typical nacelle with transmission system (Risø, 2002) 

 

The blades are attached to the rotor shaft through the hub. The later is usually 

consists of nodular cast iron components for transferring the blade loads to the 

wind turbine support structure. The complexity of the hub is the major reason for 
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using cast iron, which makes it practically hard to produce in any other 

manufacturing method. In addition to that, the requirement of higher impact and 

fatigue resistance can be satisfied by the nodular cast iron due to its nodular 

graphite inclusions.(Song et al., 2003) experimentally investigated the effects of 

nodular graphite on the vibration fatigue resistance and confirmed above claims. 

Three element types were used for the mesh of the turbine rotor. Quad4 is a four 

node linear quadrilateral element for the blades. Tri3 is three node linear triangle 

element and Tit10 is ten-node tetrahedron for the hub as it appears in Figure 

4.15. 

 

Figure 4.15: Detailed view for meshing of the assembled model 
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Mesh quality has been checked using mesh statistic metric analysis. Element 

quality had an average of 0.85 out of a unity. Aspect ratio was 1.27 in a minimum 

to maximum range of 1-126.5 and skewness average of 0.146 of a maximum 

value of unity. Figures 4.16- 4.18 show meshing quality results confirming the 

validity of the mesh. 

 

Figure 4.16: Mesh element quality with an average of 0.85 

 

Figure 4.17: Mesh aspect ratio with an average of 1.27 
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Figure 4.18: Mesh element skewness with an average of 0.15 

To model the hub in ANSYS Parametric Design Language (APDL) environment, 

two spheres were made and be subtracted from each other to get a hollow sphere 

with the required thickness. The upper hole was created by using a suitable 

cylinder using ‘divide volume by area’. After that, with the help of ANSYS 

WORKBENCH, a new coordinate system was defined by 3 key points in the 

rotating plane. A cylinder with same diameter of blade root was subtracted in the 

three planes separated by 120⁰ each.  The other two holes on the hub were for 

the shaft and the front nose cover of the hub. A typical hub for a large wind turbine 

and the modelled one are shown in Figure 4.19. 
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Figure 4.19: Typical hub for large wind turbines (Risø, 2002) left and the modelled hub 

to the right 

The assembly has been completed in the ANSYS WORKBENCH environment as 

shown in Figure 4.20. Shell181 has been used for the blades while Solid187 was 

used for the hub. The new shell element has the advantage of being able to 

accommodate the hub. The blades are fixed on the hub and thus their modes of 

vibration are similar to the modes of a cantilever beam. 

 

Figure 4.20: The assembled model using ANSYS WORKBENCH 
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4.6 Summary 

The 3D-CAD model was built in Rhinoceros and exported to APDL ANSYS. 

Numerical setup was presented including meshing for single wind turbine blade. 

A novel approach to estimate the on-blade accreted ice mass and thickness 

calculations was explained.  The approach relates the estimated ice thickness 

and mass directly to the geometry of the wind turbine blade section by 

considering the maximum width at any given section, this represents a shortcut 

for the estimation of accreted ice mass and thickness rather than using special 

software and by so saving time and money. The assembly of the three blades 

with a proper hub has also been established in ANSYS WORKBENCH. Both 

single blade and the assembled model will be used in next Chapter to extract 

natural frequencies for clean and iced cases.  

 

 



Chapter Five                                                                                   Results and Discussion of Structural Numerical Analysis 
 
 
 

85 
 

 

 

 

CHAPTER FIVE 

RESULTS AND DISCUSSION OF STRUCTURAL 

NUMERICAL ANALYSIS 

 

 

 

 

Chapter 5. Results and Discussion of 

Structural Numerical Analysis 

 

 

 

 

 

 

 

 

 

 



Chapter Five                                                                                     Results and Discussion of Structural Numerical Analysis 
 
 

86 
 

5.1 Background  

In this Chapter, results of structural numerical analysis will be discussed. Firstly, 

an overview of wind turbine blade icing phenomena is presented. Then a typical 

5-MW wind turbine blade was modelled and natural frequencies were extracted. 

To investigate vibrational behaviour of wind turbine blade under different icing 

events, three assumed icing scenarios were investigated, which include a 

moderate icing case and two heavy icing cases according to ISO Standards 

(12494). The vibrational analysis for the assembled numerical model is 

performed for these three different scenarios.    

5.2 Single Non-Rotating Blade Numerical Results  

The NREL 5-MW wind turbine blade was numerically modelled. It is observed 

from Table 5.1 that the first two natural frequencies of the clean blade are very 

near to the values listed in the NREL 5-MW turbine specifications (Jonkman et 

al., 2009). 

Table 5.1: Natural frequencies for the clean and the iced modelled blade 

 

       

 

 

Natural frequencies are reduced considerably by the increase of the mass of the 

blade due to accreted ice mass. On the other hand, natural frequencies remained 

in very good coherence during the mesh density analysis given in Chapter 4. It is 

Mode 

No. 

Natural 
frequency  
for clean 

blade (Hz) 

NREL 
Specifications 

(Jonkman et al., 
2009) 

Relative Error 

As Compared 

to NREL  

Natural 
frequency 

heavily iced 
blade R9 (Hz) 

1 0.71 0.70 1.4% 0.5 

2 1.04 1.07 2.8% 0.72 

3 2.37 2.02 17.3% 1.64 
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concluded that more accumulated ice will lower the natural frequencies to values 

closer to the first resonance frequency, which is associated with the first natural 

frequency of the tower of the wind turbine and so approaching to the self-

excitation region. More focus in this research is given for the first natural 

frequency because of the possible exciting with the first natural frequency of the 

wind turbine tower. According to (Hau, 2010b), The rotor-tower system is 

continuously subjected to the risk of self-exciting. 

The modes of blade in wind turbine are of the most important characteristics of 

free vibration of rotor system. For on-shore turbine, the lowest first natural 

bending frequency of the tower can reach 0.4Hz ((Larsen and Hanson, 

2007a) ,(Dunne et al., 2012)). Although (Jonkman et al., 2009) stated in the 

specification of NREL 5-MW wind turbine that the tower frequency is about 0.32 

Hz, but (Larsen and Hanson, 2007b) have  emphasized  in their paper that higher 

tower frequencies are associated with those off-shore turbines. This research 

mainly investigated the dynamic effects on wind turbines due severe icing events 

which basically located off-shore in cold weather countries, so by taking the first 

tower flexural natural frequency as 0.4 Hz, according to (Hau, 2010b), 25% of 

this frequency should be added as a safety distance for the excitation region 

leading to a safe tower natural frequency of  0.50 Hz.      

5.3 Non Rotating Rotor Assembly Numerical Results Due To Atmospheric 

Icing   

Dynamical behaviour of assembled wind turbine blades with the hub due to ice 

accretion is investigated and compared with the result of a single blade. Literature 

javascript:void(0)
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review for the general rotary machinery was given with emphasis on dynamic 

effects on wind turbines in Chapter 2.  

The three blades of a NREL 5-MW wind turbine have been assembled with the 

hub as shown in Chapter 4. The model is then simulated by using finite element 

software ANSYS to find the fundamental natural frequencies of the assembly. An 

investigation is carried out to check how natural frequencies are changed due to 

different ice loading. The ice loading has been adopted based on ISO 12494 

International Standard (ISO, 2001b). 

5.3.1 Calculations for ice load using ISO 12494  

In subsequent sections, the vibrational effects due to the three icing scenarios, 

namely moderate icing case R5, heavy icing R8 and heavy icing R9, will be 

discussed. These three scenarios represent the mostly practical cases in the cold 

regions ranging from moderate cases to heavy cases. R5 case represents a mild 

icing scenario which lies in the middle of icing scenarios (ISO, 2001b). As 

mentioned earlier, the on-blade accreted ice can reach 135 kg/m for one week 

simulation (Frohboese and Anders, 2007a). During real icing events, blizzards 

may stays for three weeks (Walsh, 2010), so in order to simulate real icing cases 

two other scenarios are chosen  for the heavy icing events with R8 representing 

a heavily icing event and R9 representing a severe case. 

The leading edge of the wind turbine blade section is considered as a large round 

object as illustrated in Figure 4.14. It is obvious that the real cross sectional shape 

of wind turbine blade is not perfect round, but according to   (Wadham-Gagnon 

et al., 2013), wind turbine blade may be assumed that it is round near the leading 
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edge. The authors suggested to use type (A) in Figure 4.14 to represent ice 

accretion on NREL 5-MW blade. It is also stated in the International Standard 

(ISO, 2001b) that its tables and figures may be used for the wind turbine blade. 

Table 4.8 was used to calculate the ice mass load according to the ISO Standard 

reference. It is important to note that all the assumed cases were referred to Table 

4.8.  

5.3.2 Case 1: Moderate Icing Scenario  

According to the method explained in Section 4.4 and Table 4.8 the preliminary 

mass for moderate icing case is equal to 5 kg/m. 𝜌𝑖𝑐𝑒 is the density of the ice 

which is considered as hard rime with the density of 900 kg/m3 (Makkonen, 2000). 

Figure 5.1 represents the accreted ice mass per length and blade width Ŵ of 

different zones for the moderate scenario. It is clear that mass of accreted ice is 

increased as the width of the section increases  

 

Figure 5.1: The accreted ice mass per length and per zone and blade width for moderate 

scenario 
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5.3.3 Sample Calculation  

By referring to the method presented in Section 4.4 for the first zone, the longest 

distance across the blade section, Ŵ, is 380 mm. By referring to Table 4.6 for the 

moderate R5 icing case, the width Ŵ  lies between 300 mm and 500 mm 

associated to ice mass between 5 kg/m and 9.2 kg/m. By interpolation, the 

accreted ice mass is 6.7 kg/m. The length of the selected zone is 2.7 m which is 

taken from Table 4.7. So the estimated accreted ice mass for the first zone under 

the moderate icing scenario will be 6.7×2.7=18.1 kg. 

Total accreted ice mass for moderate icing scenario is about 9% of the blade 

mass. It is clear from Figure 5.2 that ice mass is increased from tip of the blade 

towards the root because of the increased area of the leading edge. 

5.3.4 Case 2: Heavy Icing Scenario R8 

The severe weather hits the northern areas and high Arctic and must be taken 

into account. R8 case is an example of an assumed heavy icing case according 

to Table 4.8 in the standard (ISO, 2001b). For R8 case, the same value of ice 

density as in moderate icing case is considered. The preliminary value for ice 

mass is 28 kg/m. It is important to notice that the preliminary ice mass value is 

valid for all zones when dealing with the same icing case.  Summary of calculated 

ice mass per length and ice mass per zone as related to the maximum width of 

each zone for R8 case is given in Table A1 in Appendix A. A big increase in the 

accreted ice mass is noted in this heavy icing scenario.   
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5.3.5 Case 3: Heavy Icing Scenario R9 

According to the ISO Standard given in Table 4.8, the preliminary value for ice 

mass for R9 is 50 kg/m. The same calculation was carried out for icing case R9. 

Results of the detailed summary calculations for R9 case are given in Table A2 

in Appendix A. 

To get more details of all cases, the accreted ice mass per unit length for the 

three assumed scenarios is illustrated in Figure 5.2.  The accreted ice per zone 

is shown in Figure 5.3. It is clear that tremendous amount of ice is accumulated 

in both R8 and R9 cases compared with that in moderate icing case.  

 

 

Figure 5.2: The accreted ice mass per unit length for the three assumed scenarios 
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Figure 5.3: Accreted ice mass for different zones for all icing cases 

 

It is clear from Figure 5.3 that ice mass is increased as severity of icing event 

increases with the minimum ice mass values observed for moderate case. The 

mass is increased as moving from tip to root of the blade, which is obvious due 

to the fact that area is increased towards the root of the blade. The Figure also 

shows the huge increase of ice mass for the two heavy assumed cases. Heavy 

icing case R9 has the highest accreted ice mass.  

The thickness of the accreted ice is bigger at the tip area of the blade and smaller 

as moving towards the root of the blade as the thickness of the accreted ice 

inversely related to the chord each section of the blade (Homola et al., 2009) 

which is minimum near the tip and maximum near the root. It is interesting to note 

that, despite thickness of ice is more at tip area; the mass is increased towards 

the root of the blade as the area of leading edge is smaller near the tip and larger 

near the root of the blade. 
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5.4 Effects of Heavy Icing on Vibrational Behaviour of Wind Turbine 

The total accreted mass for icing case R8 is 7159 kg per blade and 11633 kg per 

blade for icing case R9. Knowing that the structural mass of the blade is 16265 

kg means that the mass of icing for Case R8 and Case R9 represents 44% and 

70% of the mass of the blade, respectively. The vibrational effects due to both 

icing scenarios are analysed using ANSYS 14.5. This analysis has been 

performed for rotating and non- rotating cases. It is clear from the Table 5.2 which 

is for all icing scenarios, that all natural frequencies values are increased for 

rotating conditions as compared to those under non-rotating conditions.  

For Figure 5.4, abbreviations are used as: 

bl: blade 

CA-NR: Clean assembly non-rotating 

ML-NR: Moderate loading non- rotating 

ML-R: Moderate loading-rotating 

HLR8-R: Heavy loading, R8 case, rotating  

HLR9-R: Heavy loading, R9 case, rotating 

HLR8-NR: Heavy loading, R8 case, non-rotating 

HLR9-NR: Heavy loading, R9 case, non-rotating 
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Table 5.2: Vibrational results for assembled model for all icing scenarios 

 

Figure 5.4 shows a bigger gap between the clean rotor natural frequencies and 

the iced rotor during heavy icing cases. As severity of the icing event increases 

according to scenario R8 and scenario R9, the gap is increasing and approaching 

the unfavourable vicinity of the wind turbine tower frequency. 

 

 

 

 

 

 

 

 

 

Figure 5.4: Reduction in natural frequencies due to icing for the three assumed 

scenarios, heavy icing R9 (right), heavy icing R8 (middle) and moderate case (left)  
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The first three mode shapes for the clean and iced blade according to the three 

assumed scenarios are illustrated in Figures 5.5-5.7 

 

                    (a)                                                       (b) 

 

                        (c)                                                       (d)      

Figure 5.5: The first mode shape of vibration, (a) clean blade, (b) moderate icing, (c) 

heavy icing R8 and (d) heavy icing R9 
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                    (a)                                                       (b) 

 

                        (c)                                                       (d)      

Figure 5.6: The second mode shape of vibration, (a) clean blade, (b) moderate icing, (c) 

heavy icing R8 and (d) heavy icing R9 
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  t 

                                (a)                                                       (b)  

  

                    (c)                                                       (d) 

 
Figure 5.7: The Third mode shape of vibration, (a) clean blade, (b) moderate icing, (c) 

heavy icing R8 and (d) heavy icing R9 

As illustrated in Figures 5.5-5.7, the mode shapes for clean blade and assumed 

icing scenarios are given.  
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The results show that a small reduction in the natural frequencies has happened 

due to the assembly. The assembled model has experienced a reduction of 6%-

8% for the first three mode of vibration as compared to the single non rotating 

blade because of the excess weight that has occurred as a result of the assembly. 

This is consistent to the work of (Hu et al., 2012) in which the assembly of the 

NREL 5-MW wind turbine blades experienced a reduction in the first three modes 

of natural frequencies of about 5%.  

For the icing effect, comparison will be firstly made between non-rotating iced 

blades and clean assembly. A reduction of the first mode by 5% and 4% for 

second and third modes has been noted for moderate loading case. For the icing 

scenario R8, the first mode has experienced a reduction of 17% and 19% for the 

second and third mode. As for the severe icing scenario R9, the first and second 

modes of vibration have reduced by 24% and the third mode by 25%.  

Second comparison will be made between rotating blades and clean assembly to 

investigate the rotating effects due to atmospheric icing on the blades. For 

moderate icing scenario, natural frequencies have experienced small reduction. 

No change was noted for the first and the third mode, while second mode has 

reduced by 3%. This could be explained by the fact that the small reduction in 

natural frequencies for the moderate icing scenario has been compensated by 

the increase in the natural frequencies which has happened due to rotational 

stiffening.  For R8 icing scenario, the first and third modes have been reduced by 

12%, and 15% reduction for the second mode. As for the severe icing scenario 

R9, the first mode has been reduced by 20%, 22% for the second mode and 19% 

for the third mode. Big reduction was observed for heavy icing scenarios as 
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compared to moderate icing scenario. A summary for results of estimated 

accreted ice were presented in Tables A1-A3 of Appendix A. 

The numerical analysis of the assembled model shows the effect of the ice 

loading on the dynamic behaviour of wind turbine blades. Considerable reduction 

in the natural frequencies was noticed for the iced assembled model as compared 

to the clean one. Investigations also made it clear that vibrations became more 

and more serious when the exciting frequency approaches the natural frequency 

of the wind turbine tower, resulting in a high likelihood of resonant amplification 

and consequently structural instability.  

5.5 Effects of Rotation on Vibrational Behaviour of Wind Turbine 

The natural frequencies have increased for the rotating clean assembly as 

compared to the non-rotating assembly. The first mode of vibration has increased 

by 11% while the second and third modes have increased by 13%. These results 

are consistent with the literature results on the effect of rotation of beam 

structures without considering ice accretion.  (Kim and Kim, 2011) addressed the 

issue of rotating 5-MW wind turbine and found that first and second natural 

frequencies had been increased due to rotation (13 rpm) by 9% and 12%, 

respectively. (Lee et al., 2012) concluded in his study about the performance of 

NREL 5-MW that an increase in the first natural frequency of 12% has happened 

because of the rotation. According to the results of (Park et al., 2010 ) for 2-MW 

or 3-MW wind turbines, frequency variations due to rotation are between 8% and 

17%. (Khulief, 1989) investigated the vibration frequencies of a rotating tapered 

beams and concluded that as the speed of rotation increases, the first and the 

second modes  experience an increase for all taper ratios.  
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It is worth noting that the present results in this work were for both clean and iced 

wind turbine blades, while the literature results mentioned above were for clean 

blades.      

As for the three assumed icing cases, natural frequencies have been increased 

for the moderate scenario by 5% for the first mode, 1% for the second mode and 

4% for the third mode. For scenario R8, both the natural frequencies of the first 

and the third modes have been increased by 5% and the second mode by 3%. 

As for the heavy icing scenario R9, natural frequencies of the first three modes 

have been increased by 6%, 3% and 5%, respectively. By comparing non-rotating 

iced blade with the rotating iced assembly under the same heavy loading 

scenario, it was clear that all natural frequencies have been increased due to 

rotation. It’s important to notice that the increase in the frequency is almost similar 

for the first and third mode of vibration. This is basically because the two modes 

are for the first and second flapping modes respectively, while the second mode 

is the first edgewise mode. It is clear from above results that hub rotation has a 

stiffening effect in terms of the natural frequencies.  The proposed numerical 

model result is consistent with several documented literature results and has a 

close relationship to the issue of rotating wind turbines.  

One of the important reasons to the increase in natural frequencies for all modes 

during rotation is the centrifugal stiffening. The centrifugal forces lead to a higher 

bending stiffness of the blade as compared to the case of a non-rotating one. The 

rotation of the assembled blades  produces a centrifugal stiffening effect that is 

referred to the centrifugal stiffening (Berzeri and Shabana, 1999). The change in 

stiffness of the blade from the centrifugal forces is mainly due to the induced 
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normal force which for motions in the rotor plane of the wind turbine is partially 

counteracted by the centrifugal forces, as they are always directed away from the 

centre of rotation towards the tip of the blade (Madsen et al., 1984). This effect is 

more dominant for the higher rate of rotation. For the current study, the increase 

in natural frequencies due to centrifugal stiffening is limited due to low rotational 

velocity which is rated as 12 rpm (Jonkman et al., 2009). 

5.6 Discussion of the Numerical Results 

As a result of the numerical analysis, it was found that the wind turbine under R9 

case will not stand the vibrational sequences because of the low value of its first 

natural frequency and the fact that 0.5 Hz is the resonant frequency at which the 

blades will experience substantial amplitude enlargement leading to destructive 

consequences. The R8 scenario is not in a much better position considering 0.55 

Hz as the lowest frequency, which is away from the resonant vibration by 0.05 

Hz, a small amount of gaping for such a large wind turbine. This frequency is 

prone to be lowered to 0.5 Hz due to the aerodynamic fluctuation forces exerted 

on the blades resulting from variable wind velocity or by the expected uneven ice 

loading on different blades. Consequently, considering current trends in the 

design of wind turbines, operation should be halted under conditions of both 

heavy icing scenarios. When icing conditions are less severe, as in R6 and R7 

icing conditions, the wind turbine is capable of withstanding those conditions for 

a short period of time before the icing accreting on the blades reaches a critical 

amount that can lead to lowering the natural frequency of the wind turbine near 

to the resonance frequency. In such cases, prompt steps should be taken to 

remove the accreted ice. Moreover, it is strongly recommended to prevent 
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tremendous amounts of ice accumulation on the wind turbine by adopting efficient 

de-icing methods in spite of the high cost of such heating systems in some 

countries and their power consumption which can reach up to 25% of the net 

output energy of the wind turbine.  

5.7 Summary 

In this Chapter, the numerical results for a single blade and the rotor were 

discussed for rotating and non-rotating conditions. Atmospheric icing of wind 

turbines and its effects on the vibration behaviour was investigated. The three 

icing scenarios (moderate, R8, and R9) according to ISO standard were 

introduced and applied to the rotor. Natural frequencies and mode shapes were 

extracted for all assumed icing cases and clean blade, which showed various 

extent of reduction in natural frequencies of all icing cases. The effect of rotation 

on vibrational behaviour was investigated. Lastly, the effects of uneven ice 

loading on wind turbine blades were discussed.  
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6.1 Background 

Material properties are affected by low temperature for structural components of 

wind turbine like blades, nacelle and tower. Blades play a key role in energy 

production as through their rotation and interaction with the incoming airflow 

power is produced. The severe weather conditions occurring in the cold climate 

and high altitude countries affect wind turbine industry in different ways including 

the problem of adding more stress to the wind turbine causing issues of structural 

integrity. 

Fatigue is the progressive deterioration of mechanical properties of a material 

under fluctuating stresses and is particularly important in components subjected 

to repeated and often rapid load fluctuations such as wind  turbine blades, aircraft 

components, vehicle suspensions, rotors, etc. (Homola et al., 2011).  

 In this Chapter, the effect of atmospheric ice accretion on the fatigue life of wind 

turbine blades under the three icing scenarios will be investigated. 

6.2 S-N Study and Estimated Life of Wind Turbine Blade  

The S-N curve presents the relation between the stress amplitude and number of 

cycles to failure.  The fatigue life of the wind turbine blades must be carefully 

considered by the designers. According to the Germanischer-Lloyd (GL) 

regulations and the design requirements of the IEC 61400-1 international 

specification (IEC, 1999, GL, 2000, Lloyd, 1999), the  fatigue life for wind turbine 

blade should be about 20 years which means life up to 107-108 cycles. 

The three major fatigue life methods used in design and analysis are the strain-

life method, the linear-elastic fracture mechanics method and the stress-life 
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method, (Budynas and Nisbett, 2006). The three methods try to predict the life of 

a structure in number of cycles to failure, N, for a component under a given fatigue 

loading spectrum. Generally, life of 1 ≤ N ≤ 103 cycles is classified as low-cycle 

fatigue, whereas a fatigue life greater than 103 cycles is considered to have a 

high-cycle fatigue life. So wind turbine blade is classified as high-cycle fatigue 

component. (Mishnaevsky Jr and Favorsky, 2011) focused their research on the 

main requirements to wind turbine blades and highlighted the importance of high 

fatigue resistance and reliability to ensure the stable long term functioning. 

As mentioned in Chapter 4, the wind turbine blades are usually produced with +/- 

45º multiaxial fabrics laminates used in the blade skin (Mishnaevsky Jr and 

Favorsky, 2011). According to Guidelines for Design of Wind Turbines (Risø, 

2002), ultimate strength of wind turbine blade structural materials should be 

considered for both tension and compression design. The average longitudinal 

fracture strength for carbon fiber reinforced plastic with +/- 45º layup orientation 

is 1243 MPa (Fuerle et al., 2010). While for the same material, (Brøndsted et al., 

2005) presented in their paper a value of 470 MPa for composite with 30% 

volume fraction of fibers arranged in random orientation.  

Stress analysis is a major step to investigate the effect of different icing loads on 

the fatigue life of the wind turbine blade. One good way is to consider an 

equivalent and effective stress represent the state of stress. This effective stress 

is usually called von Mises stress named after Dr. R. von Mises in his research 

about the distortion energy theory which predicts the yielding when the distortion 

strain energy per unit volume reaches or exceeds, for the same material, the 

critical value in tension or compression test (Budynas and Nisbett, 2006).  
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6.3 Wind Turbine Blade Life Estimated under Different Icing Scenarios 

and Wind Velocities   

The structure of the wind turbine must be insured for both cases of static and 

dynamic loads. The static load originally initiated from the weight of the blade 

including the accreted ice while the dynamic load including the fluctuating of the 

incoming wind velocities on the blades (Perkins and Cromack, 1978), in this 

section, the lift forces will be calculated for a rotating blade with 12 rpm for two 

wind velocities of 10 m/s and 20 m/s and also for both clean and iced blade cases.  

The aerodynamic pressure is changing throughout the blade mainly due to the 

geometry of the blade and the relative wind velocity. The lift coefficients will be 

calculated for all sections of the blade given in Table 4.1 and for angle of attack 

of 15 º as maximum lift force can be captured at this angle (Homola et al., 2012).  

The lift force equation may be derived by considering the flow of gas over an 

aerofoil so the difference in the gas mechanical energy is simply equal to the work 

of the gas: 

∆𝐸𝑚𝑒𝑐ℎ = ₩           (6.1) 

where ∆𝐸𝑚𝑒𝑐ℎ is the change in mechanical energy and  ₩ is the work which can 

be given as the sum of the kinetic energy and potential energy 

₩ = ∆𝑇 + ∆𝑉            (6.2) 
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where ∆𝑇 and ∆𝑉 are the change in the kinetic and potential energy respectively. 

Between any two arbitrary points, 1 and 2, both kinetic and potential energy can 

be given as 

∆𝑇 =
1

2
𝑚 𝑢2

2 −
1

2
𝑚 𝑢1

2 =
1

2
𝑚 ( 𝑢2

2 − 𝑢1
2 )        (6.3) 

∆𝑉 = 𝑚 𝑔ℎ2 −𝑚 𝑔ℎ1 = 𝑚 𝑔(ℎ2 − ℎ1)       (6.4) 

where 𝑚 is the mass and ℎ1 and ℎ2 are the elevations of the two arbitrary points 

1 and 2 respectively from a reference, but mass is density multiply by volume, so 

∆𝑇 =
1

2
𝜌 × Ṽ ( 𝑢2

2 − 𝑢1
2 )         (6.5) 

∆𝑉 = 𝜌 × Ṽ × 𝑔(ℎ2 − ℎ1)         (6.6) 

where Ṽ is the volume. It is important to notice that the work is an activity involving 

both forces and movement for distance ∆𝑥 in the direction of the force, so 

₩ = 𝐹1∆𝑥 − 𝐹2∆𝑥           (6.7) 

The force can be expressed as pressure by the area 

₩ = 𝑃1 × 𝐴 × ∆𝑥 − 𝑃2 × 𝐴 × ∆𝑥       (6.8) 

where 𝑃1 and 𝑃2 is the pressure at points 1 and 2 respectively and 𝐴 is the area, 

but the area times the length is the volume, so 

₩ = 𝑃1 × Ṽ − 𝑃2 × Ṽ = (𝑃1 − 𝑃2) × Ṽ      (6.9) 
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By substituting in equation (6.2) we get 

₩ =
1

2
𝑚 ( 𝑢2

2 − 𝑢1
2 ) +  𝜌 × Ṽ × 𝑔(ℎ2 − ℎ1)  = (𝑃1 − 𝑃2) × Ṽ           (6.10) 

One can notice that the potential energy depends on the difference in height 

between the top and the bottom of the aerofoil which is minimal (McCormick et 

al., 1995),  equation (6.10) can be reduced to the following: 

1

2
𝑚 ( 𝑢2

2 − 𝑢1
2 ) = (𝑃1 − 𝑃2) × Ṽ =

1

2
𝜌 × Ṽ ( 𝑢2

2 − 𝑢1
2 )              (6.11) 

Dividing by Ṽ yields 

(𝑃1 − 𝑃2) =
1

2
𝜌 ( 𝑢2

2 − 𝑢1
2 )                 (6.12) 

Change in pressure is the force over the area, so  

(𝑃1 − 𝑃2) = ∆𝐹/𝐴 =
1

2
𝜌  ( 𝑢2

2 − 𝑢1
2 )                                   (6.13) 

And so 

∆𝐹 =
1

2
𝜌 𝐴 ( 𝑢2

2 − 𝑢1
2 )                                                                   (6.14) 

The averaged force is the lift force, by multiplying equation (6.14) by a 

dimensionless constant which is the lift coefficient, one may get the lift force as: 

 L𝑓 =
1

2
𝜌 𝐶𝐿 𝐴 ( 𝑢2

2 − 𝑢1
2 )                                    (6.15) 
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According to (Fay, 2001, Hau, 2010a), ( 𝑢2
2 − 𝑢1

2 ) represents the relative air 

velocity passing over the wing which is perpendicular to the lift force and parallel 

to the drag force, so the lift force given in equation (6.15)  can be written as: 

L𝑓 =
1

2
 𝐶𝐿 𝜌 𝑐 Ⱳ 𝟐                      (6.16) 

where Ⱳ is the air relative velocity, for the drag force equation, one may start 

from kinetic energy of the air in front of an aerofoil as: 

𝑇 =
1

2
𝑚 𝑢2                    (6.17) 

Substitute 𝜌 × Ṽ for the mass yields 

𝑇 =
1

2
𝜌 × Ṽ  × 𝑢2 =

1

2
 𝜌 𝐴 × ∆𝑥  ×  𝑢

2                (6.18) 

Since kinetic energy represents the work here, so the force is 

𝐹 =
𝑇

∆𝑥 
=   

1

2
 𝜌 𝐴 × 𝑢2               (6.19) 

The dynamic pressure is force by area and given by: 

𝑃𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =
1

2
 𝜌 𝑢2                 (6.20) 

So dividing by the area for both sides of equation (6.20), the aerofoil profile drag 

force may be expressed as:  

D𝑓 =
1

2
 𝜌𝐴 𝑢2                   (6.21) 
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Usually the drag force is given per unit length as: 

D𝑓 =
1

2
 𝐶𝐷 𝜌 𝑐 Ⱳ 𝟐                        (6.22) 

where 𝐶𝐷 is the drag coefficient and 𝑐 is the chord of an aerofoil. From equations 

(6.16) and (6.22), the lift and drag coefficients 𝐶𝐿 and  𝐶𝐷 may be written as: 

𝐶𝐿 =
𝐿𝑓

1

2
 𝜌 Ⱳ 2 𝑐

                  (6.23) 

 

𝐶𝐷 =
𝐷𝑓

1

2 
 𝜌 Ⱳ 2 𝑐 

                     (6.24) 

Relative wind velocity at each section may be calculated using following formula 

(Manwell et al., 2009): 

 Ⱳ = √(Ȗ𝑜(1 − 𝑎))
2
+ (Ȗ𝑜𝜆𝑟)

2
                             (6.25)  

 

where Ȗ𝑜  is the incoming air velocity, 𝑎 is the axial induction factor and  𝜆𝑟   is 

the local speed ratio and can be calculated as, 

𝜆𝑟 =
𝜆 𝑟̅

𝑟
                        (6.26) 

where 𝑟̅  is the local radius of the blade section, 𝑟 is the rotor radius and 𝜆  is the 

speed ratio. For large wind turbines, a value of 0.5 usually used for 𝑎 (Homola et 

al., 2012).   

It is important to notice that in order to get the lift force acing on certain area, the 

chord distance should be multiplied by the span covering that area (Houghton 
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and Carpenter, 2003), so the lift force associated with each segment will be 

multiplied by the span of the segment. All segments of the blade are illustrated in 

Figure 6.1.  

 

Figure 6.1: The successive segments of the wind turbine blade 

The spacing between all sections and chords of the blade were given in Table 

4.1, so the lift force acting on certain are is given by: 

L𝑓𝑎 =
1

2
 𝐶𝐿 𝜌 𝑐 𝑠𝑝 Ⱳ 𝟐               (6.27) 

 where 𝑠𝑝 is the span for each segment which represent the spacing between the 

blade different sections.  

The total lifting force will be estimated by adding up the lift forces for sixteen 

successive segments as shown in Figure 6.1. The chords and spacing for all 

segments were given in Table 4.1 covering the whole outer surface area of the 

blade. This will be done for two velocities, 10 m/s and 20 m/s and for both clean 

and heavily iced blade case R8. The lift coefficients were calculated by using 

STAR CCM+ with the air density for the clean and iced blade cases having values 

of 1.21 kg/m3 at 20 ⁰C and 1.26 kg/m3 at -10 ⁰C respectively (McCormick et al., 

1995).  
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As an example of the calculations, the results for the lift coefficients and forces 

for segment number 11 which include aerofoil section DU21 for both clean and 

iced cases and for wind velocities of 10m/s and 20m/s are given in Table 6.1. 

Table 6.1: Lift forces for segment number 11 

State of 

blade 

Incoming 

wind 

velocity 

relative 

air 

velocity 

lift 

coefficient 

Area  

𝒄 × 𝒔𝒑 

𝒎𝟐 

Lift 

force 

kN 

Clean 10m/s 52.9 1.88  

 

13.37 

42.41 

Clean 20m/s 53.7 3.28 76.25 

Iced R8 10m/s 52.9 1.73 40.64 

Iced R8 20m/s 53.7 3.06 77.16 

 

The effect on the blade segments due to air lift force are fed on the FEM model 

of the blade in APDL environment of ANSYS through an added pressure. This 

will increase the load on the blade as the aerodynamical effect is taken into 

account for two different assumed incoming air velocities and heavy icing regime 

R8. The difference between relative velocity for 10 m/s and 20 m/s is small 

because in equation (6.25) the air velocity is multiplied by the speed ratio which 

is tip speed divided by the air velocity. It’s worthwhile to mention that the lift force 

for the iced blade affected by wind velocity of 20 m/s has higher value than that 

for the clean one because the increase in the cold air density is higher than the 

reduction in the lift coefficient, but this increase in the lifting force for the iced 

blade is not an advantage because, at the end, the huge added ice mass 

increases the stress on the blade.  
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To estimate fatigue life for the wind turbine blade made of +/- 45° fiber composite 

materials, tensile fatigue life curves (S-N) are adopted by referring to a report 

prepared by the Oak Ridge National Laboratory (ORNL) which is managed and 

operated by Lockheed Martin Energy Research Corporation (USA) (Corum et al., 

2000). The authors stated that stiffness varied linearly and the stress-strain 

response is essentially linear up to failure. The report has also investigated the 

temperature influence on the tensile strength for carbon reinforced polymer which 

shows an increase of 29% for sub-zero temperatures when compared to room 

temperature. Figure 6.2 illustrates effect of temperature on fatigue strength for 

reinforce carbon polymer of 0/90 and +/- 45° fibers orientation and Figure 6.3 

presents some results under sub-zero temperatures.  

 

Figure 6.2: Fatigue curves for +-45° and 0/90° reinforced carbon fiber orientation (Corum 

et al., 2000) 
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Figure 6.3: Fatigue curves for +-45° and 0/90° reinforced carbon fiber orientation for sub-

zero temperatures (Corum et al., 2000).  

By referring to Figure 6.3, the fatigue life of the wind turbine blade under two 

different air velocities 10 m/s and 20 m/s and for clean and heavily iced blade, R8 

scenario case have been estimated using the cyclic von Mises stresses in Table 

6.2 the blade experienced during the cycle of rotation.  

Table 6.2: Estimated fatigue life for clean and iced modelled wind turbine blade 

Blade condition Wind 
Velocity 

m/s 

Maximum cyclic stress  

𝝈𝒗𝒎 (MPa) 

Estimated fatigue 
life for blade 

(Cycle to failure) 

Clean 

10 93.8 1×107 

20 104.0 2×106 

Heavy icing R8 

 

10 149.0 5×104 

20 173.0 <1×104 

 

Stresses have been increased significantly by adding the aerodynamic effect of 

the incoming air with different velocities to the effect of accreted ice due to the 

heavy icing scenario R8 compared with those stresses considering only the 
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structural effects due to the weight of the clean blade. Cycles to failure dropped 

dramatically for high velocity case and also for the heavy icing case which gives 

an indication that this kind of icing must be dealt with immediately to avoid the 

damage to the structure. Figure 6.4 and 6.5 shows the von Mises stress for clean 

blade exposed to wind velocity of 10 m/s and an iced blade with wind velocity of 

20 m/s, it’s clear that the most affected area is at the root near the necking area 

of the blade. 

 

 

Figure 6.4: Stress concentration areas around the necking area of a clean blade with 

wind velocity of 10 m/s  

.  
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Figure 6.5: Stress concentration areas around the necking area of an iced blade with 

wind velocity of 20 m/s  

6.4 Effect on the Structural Loading Due to the Reduction of the Natural   

Frequency 

The reduction of the natural frequency of the turbine blade due to the ice accretion 

changes the structural dynamic response of the system and will have an impact 

on the integrity of the structure. This can be demonstrated by the effect of the ice 

accretion on the dynamic magnification factor associated with the vibration.  

Dynamic magnification factor is  the ratio of the dynamic deflection at any time to 

the static deflection which would have resulted from the static application of the 

external load (Biggs, 1964). This factor reflects the increase of the structural 
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loading due to the vibration and thus closely related to the reduction of the fatigue 

life of the structure. 

Figure 6.56 shows the variation of the dynamic magnification factor with the 

frequency ratio and the damping factor based on the structural dynamic analysis 

of a single degree of freedom system. As a first approximation, it can be used to 

illustrate the impact of the reduction of natural frequencies due to added mass of 

accreted ice on the dynamic load acting on the structure.     

 

Figure 6.6: Variations of dynamic magnification factor X/Xst with frequency ratio r and 

damping factor , (Biggs, 1964) 

The dynamic magnification factor is given by:                                                 

𝑋

𝑋𝑠𝑡
=

1

√[(1−ᵲ2)2+(2𝛾ᵲ)2]
                                                          (6.27) 

where ᵲ is the ratio of the excitation frequency to the natural frequency and 𝛾 is 

the ratio of the damping coefficient to the critical damping coefficient of the 

dynamic system. The rated rotating velocity for the 5- MW blades is 12 rpm which 
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is equivalent to 0.2 Hz and the structural damping ratio for the 5-MW wind turbine 

blade  for all modes is 0.0047 (Jonkman, 2006b). The natural frequencies for the 

clean and all assumed icing scenario iced wind turbine blade for all were given in 

Table 5.2. By substituting in equation (6.27), the dynamic magnification factor can 

be calculated.  

Table 6.3 presents the results of dynamic magnification factor for the iced and 

clean turbine blade under different icing scenarios. Under the damping factor of 

0.0047 the dynamic magnification factor has been increased 4% for the moderate 

icing case R5, 8% for icing case R8 and 11% increase for the icing scenario R9. 

It can be expected that the fatigue life of the component will be reduced due to 

the increase of the dynamic load caused by the ice accretion. 

Table 6.3: Dynamic magnification factors of iced and clean blades for damping ratios of 

0.0047 

State of the blade 𝑋

𝑋𝑠𝑡
 

% of increase for the 

magnification factor 

clean 1.07 - 

Moderate icing R5 1.11 4% 

Heavy icing R8 1.15 8% 

Heavy icing R9 1.19 11% 
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6.5  Summary 

In this Chapter, effects of the heavy icing scenario R8 with two different wind 

velocities on the structural integrity of the wind turbine were investigated. ANSYS 

was used to perform stress analysis of the 5-MW wind turbine blade. von Mises 

stresses were obtained for the clean and iced blade under the two assumed wind 

velocities and R8 icing scenario. Remarkable reduction in the fatigue life of the 

blade was observed when combined the aerodynamic effect with the effect of 

added load due to heavy icing scenario. The effect of atmospheric icing on the 

dynamic magnification factor was also investigated. The magnification factor has 

increased under all assumed icing scenarios, which will lead to further reductions 

of fatigue life.     
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7.1 Background 

Computational fluid dynamics (CFD) is a division of fluid mechanics that uses 

numerical methods in order to solve and analyse problems that involve different 

fluid flows. Computer software are used to do the calculations needed to simulate 

the interaction of gases and liquids with surfaces defined by boundary conditions. 

Furthermore, CFD offers a very powerful tool to simulate and capture the 

aerodynamic behaviour of a wind turbine rotor.  

In this Chapter, two typical wind turbine blade aerofoils are examined to investigate 

aerodynamic effects due to ice accretion. Drag and lift forces are investigated for 

the three icing scenarios given in Chapter 5 using the CFD approach. 3D-CAD 

models for all cases are prepared using Rhinoceros® 5 and the CFD analysis has 

been achieved by commercial CFD software STAR-CCM®+. All the CFD analyses 

have been performed for the 2D cases using the aerofoil sections at different 

locations in the spanwise direction of the blade.  

7.1.1 Aerofoil Geometry and Aerodynamics 

In this research the linear momentum theory is used along with STAR-CCM+ for 

the calculation of the aerodynamic forces and the power generated for typical 

aerofoils. This method, as with any other method, has a number of simplifications 

and idealizations, which make it practical for use.   

A two-dimensional flow is assumed in this research. For a long blade, which is the 

case of the 5-MW wind turbine blade, the spanwise velocity component is normally 

small as compared to the streamwise component which is perpendicular to the 

blade longitudinal axis.  
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Figure 7.1 illustrates major forces acting on a typical NACA aerofoil, as mentioned 

in Chapter 6, 𝐷𝑓 is the drag force, 𝐿𝑓 is the lift force, Ⱳ  is the relative air velocity, 

∝ is the angle of attack, 𝑐 is the chord of aerofoil which previously mentioned in 

Chapter 6, LE is the leading edge and TE is the trailing edge. The upper surface 

is the suction side with low air pressure and the lower surface is the pressure side 

with higher air pressure.   

 

 

Figure 7.1: Shape of a typical NACA aerofoil (Hansen, 2015) 

The resultant force F has two force components: lift force component L𝑓 is 

perpendicular to the direction of the resulting relative wind velocity Ⱳ and drag 

force component  D𝑓 is parallel to lift force direction. Both these force components 
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depend on the inflow angle of attack ∝.  The true wind flow over the wind turbine 

rotor is rather complex. For a typical blade cross-section, the dominant wind 

velocity conditions at are shown in Figure 7.2.  

 

Figure 7.2: Velocity component of wind crossing an aerofoil (Risø, 2002) 

The wind velocity Ȗ𝑜 is assumed to be perpendicular to the rotor plane. This is 

referred to the inflow wind velocity. Due to the axial interference, the airflow velocity 

passes through the rotor plane will be reduced by (𝑎 Ȗ𝑜) , where 𝑎 was defined 

in Chapter 6 as the axial induction factor. For a blade element located at distance 

𝑟 from the rotor axis it will be moving in the rotor plane at a speed of (𝛺 𝑟) , 

where  𝛺 is the rotor angular velocity. After the passing of the wind through rotor 

plane, a tangential slipstream wind velocity (𝑎′𝛺 𝑟) is introduced, where 𝑎′ is the 
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tangential factor. The aerodynamic lift and drag forces couldn’t have a rise without 

the resultant relative inflow wind velocity. The wind flow velocity components 

crossing an aerofoil are also given in the Figure 7.2 in more details, 𝜑 is the flow 

angle which lies between the direction of relative wind velocity on the rotating blade 

and the rotor plane. 𝜃  is the pitch angle and so the angle of attack is ∝= 𝜑 − 𝜃. 

The lift and drag coefficients are functions of the angle of attack (AOA),∝, the 

aerofoil shape and the Reynolds number 𝑅𝑒 which is defined as the ratio of internal 

forces to the viscous forces (Falkovich, 2011) . It is worth noting that 𝐶𝐿 increases 

linearly with ∝ up to  ∝𝑠𝑡𝑎𝑙𝑙, where the aerofoil stalls. 𝐶𝐿 reaches a maximum value 

when ∝ increases and then decreases for further increase in  ∝. For small values 

of  ∝, 𝐶𝐷  is almost constant, but increases rapidly after stall.   

The separation of the boundary layer from the upper side of the aerofoil is closely 

related to the stall phenomenon. Furthermore, the geometry of the profile is very 

important for the aerofoil stall initiation which is faster and sharper for aerofoils with 

thin profiles having a sharp nose as compared to thicker aerofoils. This is mainly 

related the way the boundary layer separates from the upper surface of the 

aerofoil. (Risø, 2002). By reaching the stall angle ∝𝑠𝑡𝑎𝑙𝑙  , a dramatic loss in the 

flow attachment and aerofoil lift.  

 

7.2 Numerical Setup of the CFD Model 

CFD simulations require a fluid domain surrounding the object of interest, which is 

the aerofoil in this study. This fluid domain may be created as a solid body in 3D-
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CAD and then get the required external volume, leaving a cavity of the geometry 

of the aerofoil to be analyzed. The size of the domain depends on the size of the 

aerofoil to be analysed. Proper dimensions of the domain compared to the 

analysed geometry should be considered (Xing and Stern, 2007). The outside 

rectangle domain must be made large enough so that the flow around the aerofoil 

is steady and is not being affected by the walls of the domain (Chen, 2011). The 

inlet boundary may be taken as 20 times as the chord (Kishore et al., 2013). An 

aerofoil located in the middle of the icing zones (DU21) as discussed in Chapter 4 

is chosen to perform the CFD power investigations. The chord of the 5-MW (DU21) 

aerofoil is 3.26 m so the inlet of the CFD domain is 20×3.26 = 65.2 m. The top and 

bottom boundaries have the dimension of (8×3.26+3.26+10×3.26 = 61.9 m).   

Constructing the 3D-CAD model for aerofoil CFD analysis took place using 

Rhinoceros according to the schematic diagram shown in Figure 7.3.  
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Figure 7.3: Schematic diagram of applied boundary conditions in the domain 

The simulation domain is then meshed, and for which physics is solved and defined 

using regions and boundaries.  For subsonic, incompressible flow cases like the 

case in this research, walls, inlet and at least one outlet boundaries conditions 

must be fulfilled (Versteeg and Malalasekera, 2007). 

To prepare the CAD model, a solid parallelogram is established with the 

dimensions illustrated in the CFD domain as shown in Figure 7.3. The solid CAD 

model is then imported by STAR-CCM+. The rendered solid geometry in 

Rhinoceros is shown in Figure 7.4. 



Chapter Seven                                                                                     CFD Analysis for Typical Aerofoil Profiles 
 
 

127 
 

 

Figure 7.4: The rendered solid parallelogram with the aerofoil profile in the middle. 

In this research, the flow was considered incompressible and the (k-ϵ) turbulence 

model was used. A y+ value less than 10 was used near the wall for all cases. 

7.2.1 Boundary Conditions: 

1) Inlet: Velocity Inlet condition is specified at the left boundary of the domain. 

Inlet velocity is assumed to be constant and with a magnitude of 10 m/s. 

2) Outlet: Pressure outlet condition is specified at the right boundary of the 

domain. This is interpreted as the static pressure of the environment into 

which the flow exhausts. 

3) Wall condition is specified for all other boundaries including aerofoil, top, 

bottom, facing and reverse sides of the solid parallelogram. A solid wall 

parallel to the x-direction was considered and no-slip condition at the solid 
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wall of the aerofoil was enforced. The main assigned boundaries in STAR-

CCM+ are shown in Figure 7.5. 

 

 

Figure 7.5: The main assigned boundary parts for the CFD domain in STAR-CCM+ 

7.2.2 Initial Conditions: 

1) Pressure: zero gauge pressure. 

2) Velocity: initialized to the value of 0.0 m/s for the whole model domain. 

3) Constant turbulence model with value of 0.01 and turbulence velocity scale 

of 1 m/s and turbulence viscosity ratio of 10. 

Turbulence intensity measures how much the wind varies typically within 10 

minutes and is given by: 

𝐿𝑤 =
𝛿𝑢

𝑢
                        (7.1) 

where 𝐿𝑤  is the turbulence intensity, 𝛿𝑢 is the standard mean deviation of velocity 
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averaged over 10 min and 𝑢 is the air velocity averaged over the same time period 

(Marjaniemi et al., 2001) 

Other physical specifications are given in Table 7.1. The physical options represent 

the overall environmental situation. For simplicity, the analysis was chosen to be 

two dimensional under steady state condition. The moving medium is the airflow 

which is gas. The segregated flow reflects the pressure equilibrium at the inlet and 

outlet boundaries which encourages the airflow to be under the influence of gravity. 

The viscous regime is turbulent with (k-ϵ) Reynolds-Averaged Turbulence. The (k-

ϵ) represents a flow with low Reynolds numbers (1×106 - 9×106) (Fuerle et al., 

2010) and according to (Virk and Holdo, 2008) the use of (k-ϵ) is common for the 

wind engineering application.  The Reynolds number may be calculated using:  

𝑅𝑒 =
𝜌𝑎𝑖𝑟 𝑢 ḏ

𝜇
                     (7.2) 

where 𝑢 is the inlet air velocity and assumed to have the magnitude of 10 m/s and 

𝜇 is dynamic viscosity of air. Density of air 𝜌𝑎𝑖𝑟 was given in Chapter 6 as 1.21 

kg/m3 at 20 ⁰C and 1.26 kg/m3 at -10 ⁰C (Bertin and Smith, 1998) , ḏ is usually 

taken to be the aerofoil chord which is 3.26 m for the 5-MW (DU21) aerofoil section 

(Jonkman et al., 2009). Dynamic viscosity of the air at -10 ºC is 1.67×10-5 N-s/m2 

(Elger et al., 2014). So under these conditions, Reynolds numbers 𝑅𝑒  = 2.62×106 

which can fit in Reynolds-Averaged Turbulence (k-ϵ) range. 
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Table 7.1: Physical properties used in STAR-CCM simulation 

Physical parameters 
 

Description 

space 2-Dimensional 

Time Steady 

Material  Gas 

Flow  Segregated 

Equation of State Constant Density 

Viscous Regime Turbulent 

Reynolds-Averaged 

Turbulence 
k-ϵ Turbulence 

 

7.2.3 Meshing of the CFD Model 

Surface remesher, polyhedral mesher and prism layer mesher were chosen from 

mesh model selection. In order to improve the overall quality of the surface and 

optimize it for the volume mesh models, the Surface Remesher model is often 

used. The remeshing is basically based on a target edge length. Based on the 

boundaries, localized refinement can also be included. 

The use of Polyhedral cells has an important advantage such that they have about 

ten neighbours, while Tetrahedral control volumes have only four neighbours. And 

so, much better approximated for gradients and more storage computing 

operations per cell can be expected with the use of Tetrahedral cells. This will lead 

to higher accuracy (Peric, 2004).  

Prismatic cell layers will be added next to wall boundaries by the use of Prism layer 

mesher which is also a region-based.  
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Main meshing reference values are: 

 The base size is a characteristic dimension of the model and can be set as 

the diameter of the inlet. As the aerofoil is the main geometry to be analysed, 

the base size may represent the dimension perpendicular to the chord and 

assumed to be from 0.7 to 1.0 m.  

 Number of prism layers next to walls is assumed 2 to 4. 

 Prism layer thickness relative size is a percentage of the prism layer 

thickness to core mesh size. By referring to Figure 7.4, core mesh size is 

the length from analyzed object (aerofoil) to the top boundary, which is 32 

m. Assuming three  prism layers (3×0.8=2.4 m) are used, the Prism layer 

thickness relative size is (2.4/32= 7.5%). 

 Surface relative target size is the average domain mesh cell surface size 

compared to the base size. Default value of 100% will be adopted. 

  Surface relative minimum size is the smallest allowable dimension of a cell 

in the mesh domain and will be taken as the default value of 25% of the 

base size. 

Table 7.2 is a summary of the meshing reference used in this study. 
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Table 7.2: Meshing reference values 

Meshing property Meshing reference values 

Base size 1m 

Number of prism layers 2 

Relative size 5% 

Surface relative minimum size (Domain) 25% 

Surface relative target size (Domain) 100% 

The relative velocity for the 5-MW aerofoil section (DU21) is taken to be 50.7 m/s 

(Homola et al., 2012). The volume mesh is illustrated in Figure 7.6.  

 

Figure 7.6: 3D volume meshing for clean 5-MW (DU21) aerofoil profile 

After the volume mesh was performed, the meshing has converted to the 2D mesh. 

Figure 7.7 shows the 2D mesh. According to the mesh diagnostics report provided 

by the software, 100% of the meshing faces are valid and have the value of unity. 
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The overall volume change validity is 100%. The STAR-CCM+ user guide states 

that a face validity of 1.0 means that all face normals are correctly pointing away 

from the cell centroid and in a good quality cell (Zhang et al., 2014). Statistical data 

about volume and surface 2D mesh is given in Table 7.3.  

 

Figure 7.7: 2D meshing for clean 5-MW (DU21) aerofoil profile 

Table 7.3: Statistical data about volume and surface meshing 

Mesh type No of cells No of Faces No of Vertices 

Volume mesh (3D) 813627 3656059 247914 

Surface mesh (2D) 89875 268404 179750 

 

Mesh density study has been taken to ensure the reliability of the results for drag 

and lift coefficients. The common CFD technique starts with a relatively coarse 

mesh with refinements being gradually applied until changes in the results are 

small enough (Chen, 2011). 
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Table 7.4 includes different meshing schemes for the same case. The average 

number of cells for the 2D analysis was about 90,000. Running time for each case 

was about one hour with 500 steps for each run. 

Table 7.4: Different meshing schemes for clean 5-MW (DU21) aerofoil 

Meshing  

Scheme 

Number 

M e s h i n g     P r o p e r t y 

 

Drag 

coefficient 

𝑪𝑫 

deviation 

from 1st 

reading Base 
size 
(m) 

Number 
of prism 
layers 

Relative 
size 

Surface 
relative 

minimum 
size 

Surface 
relative 
target 
size 

1 1.00 2 5 25 100 0.0082 0% 

2 0.95 2 5 5 25 0.0081 1.2% 

3 0.90 3 5 5 25 0.0081 1.2% 

4 0.80 3 5 5 25 0.0084 2.4% 

5 0.70 3 5 5 25 0.0085 3.6% 

6 2.00 3 5 25 100 0.0125 52.4% 

 

By comparing results to (Homola et al., 2012), second scheme was the nearest to 

authors results as they have for the same 5-MW (DU21) aerofoil a value of 0.007 

for drag coefficient. It is clear from Table 8.4 that reducing values of base size in 

schemes 3 and 4 increases deviation from the first scheme. Result of coarser 

meshing scheme number 5 wasn’t very encouraging with high deviation rates for 

both coefficients being obtained. The second scheme will be adopted for all other 

assumed icing scenarios. A detailed volume mesh view near the aerofoil middle 

edge and at the leading edge is illustrated in Figure 7.8.  
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Figure 7.8: A detailed 3D mesh view for (DU21) aerofoil section near aerofoil edge (left) 

and at the leading edge (right) 

According to STAR-CCM+ user guide (Zhang et al., 2014), if the residuals lines 

are going down, this means that the flow residuals are converging well.  Figure 7.9 

illustrates the convergence of the residuals during the running of the program. 

 

Figure 7.9: Residuals plot appeared after running of (DU21) aerofoil analysis 
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7.3 Aerodynamic Effect Due To the Different Icing Scenarios of the 5-MW 

Aerofoil Profile (DU21) 

In order to study aerodynamic effects of the three assumed icing cases given in 

Chapter 5, one section of the 5-MW wind turbine blade, (DU21), was selected to 

carry out the CFD analysis. The aerofoil is selected in the middle of the assumed 

five icing zones illustrated in Chapter 4. The location of the aerofoil is illustrated in 

Figure 7.10. 

    

Figure 7.10: 5-MW wind turbine blade with section DU21 in the middle  

In order to investigate the effect of icing on the aerodynamically behaviour of the 

wind turbine blade, the thickness of accreted ice on the leading edge is determined 

by referring to ISO 94242 International Standard (ISO, 2001b). 
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 Based on the new approach for estimating the largest aerofoil section width Ŵ 

given in Section 4.4, the maximum ice thickness may be calculated using the 

following relation (ISO, 2001b):  

Ɫ = m̂×4×106

𝜋×𝜌𝑖𝑐𝑒×Ŵ
                                                                          (7.3) 

where m̂ is preliminary value for accreted ice mass given for different icing cases 

shown in Table 4.8,  𝜌𝑖𝑐𝑒 is the density of ice which will be considered as hard rime 

with density of 900 kg/m3 (Makkonen, 2000). Values of maximum ice thickness for 

the different icing scenarios are calculated according to equation (7.3) and 

presented in Table 7.5.  

Table 7.5: Maximum ice thickness for the three assumed icing scenarios  

Icing Scenario Preliminary value for 

ice mass 𝐦̂ (kg/m) 

Maximum 

accreted ice 
thickness 

 (mm) 

Moderate R5 5 10.5 

Heavy icing R8 28 59.0 

Heavy icing R9 50 105.4 

 

According to a typical ice accretion on wind turbine blade, the maximum thickness 

of the accreted ice is located at tip of the leading edge at any section of the blade 

due to the continuous rotation of the blades, the ice thickness gradually decreases 

away from the leading edge towards the middle of the blade section, the thickness 

actually vanishes when it reaches the middle of the section, at this point, the profile 

of the accreted ice touches the outer skin of the blade (ISO, 2001b). It is worthwhile 
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to mention that ice accretion is usually minimum or no icing occurs at the middle 

of the blade section where maximum width of the blade is located. 

As numerical setup was prepared for both clean and iced blade, the accreted ice 

thickness associated to each icing scenario given in Table 7.5 will be added to the 

clean profile of the blade to generate the 3D-CAD models representing the different 

assumed icing cases in the Rhinoceros environment. It is important to notice that 

by equation (7.3) the maximum thickness of the accreted ice on the leading edge 

of the blade can be estimated, this maximum thickness starts to decrease as 

moving from the nose of the leading edge towards the middle of the blade section 

at where maximum width of the bade section, this means that ice accretion 

thickness vanishes at the middle of the blade section whereas it reaches maximum 

at the nose of the leading edge.   

Figure 7.11 shows how the new thickness profile of accreted ice has been added 

to the clean profile, the Figure shows a small amount of ice accumulated on the 

leading edge in yellow colour.  

 

Figure 7.11: Icing profile added to the aerofoil for the moderate scenario  
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For heavy icing scenario R8, maximum ice thickness is 59 mm. Figure 7.12 shows 

the accreted ice on the aerofoil profile.  

 

Figure 7.12: Icing profile added to the aerofoil for the heavy icing R8 scenario  

The icing profile for the third assumed icing scenario R9 is illustrated in Figure 

7.13. A considerable increasing in the accreted ice thickness is clear from the 

Figure 7.13. 

 

Figure 7.13: Icing profile added to the aerofoil for the heavy icing R9 scenario 

According to (Manwell et al., 2009), surface roughness height for the ice may 

generally reaches 1 × 10−4. The cell height (layer thickness near the wall) in the 

current numerical setting was in the range of 1 × 10−3 m. In their study about 
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wind turbine performance under icing conditions, (Jasinski et al., 1998) used 

roughness heights of 9 × 10−4 − 19 × 10−4 m for 450 kW iced wind turbine. For 

icing study of NACA 63418, (Mortensen, 2008) used value of 5 × 10−6 m for ice 

roughness height and the author concluded that flow discrepancies due to the 

surface roughness were not captured. By assuming surface roughness in the order 

of 1 × 10−5 m, the effects on aerodynamic behaviour on the aerofoil can be 

neglected.  

Drag coefficient represent the ratio of drag force to the total dynamic force which 

is the total force generated by air and lift coefficient is the ratio of lift force to the 

total dynamic force. Both coefficients play crucial role in the process of power 

generation of the wind turbine, this can be explained as for a given air velocity, 

constant chord length and constant air density for a certain temperature, different 

values for lift or drag coefficient make a lot of difference for the lift and drag forces 

values and power is simply force by velocity. The aerodynamic load response is 

basically the result of both the lift force which is perpendicular to the airflow and 

drag forces which is in the direction of the airflow.  

The design of an aerofoil shape is aimed to create differential pressure between 

the upper and lower surfaces in order to create a net force perpendicular to the 

direction to the incoming wind. As a result of this, rotors must be carefully 

oriented. In this study, drag and lift coefficients are numerically calculated for 

angles of attack (AOA) of 0º, 5º, 10º, 15º, and 20º using STAR-CCM+. As 

mentioned in Chapter 6, the optimum angle (AOA) is 15º as maximum lift can be 

captured. Results of drag and lift coefficients for 5-MW (DU21) aerofoil section are 

given in Table 7.6. 
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Table 7.6: 5-MW (DU21) drag and lift coefficients for different assumed icing scenarios 

AOA Clean Blade Moderate Icing Heavy Icing  R8 Heavy Icing  R9 

𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿 

0 º 0.008 0.401 0.009 0.393 0.010 0.382 0.011 0.382 

5 º 0.012 0.902 0.012 0.881 0.014 0.930 0.022 0.863 

10 º 0.021 1.471 0.034 1.691 0.029 1.711 0.032 1.352 

15 º 0.038 1.880 0.036 1.810 0.035 1.732 0.035 1.701 

20 º 0.072 1.532 0.078 1.513 0.079 1.390 0.078 1.472 

 

Table 7.6 shows results for drag and lift coefficients of clean and iced aerofoil under 

the three assumed icing scenarios. General trend for drag coefficient is that it 

increases with the increase of the angle of attack (AOA) starting from 0º to 20º.It 

also increases with the increase of the icing load from moderate to heavy icing. Lift 

coefficient increases in the same trend but by smaller values as compared to the 

drag coefficient. As expected, after (AOA) of 15º, lift coefficient starts to decrease 

when approaching stalling of aerofoil profile due to the separation of the boundary 

layer from the upper side of the aerofoil. 

Drag coefficient kept increasing by the increase of the severity of the icing 

scenarios while on the other hand lift coefficient decreases with the increase of 

icing from moderate to heavy scenarios. Figures 7.14 illustrates the changes for 

Lift coefficients and Figure 7.15 shows changes in drag with respect to the different 

assumed icing cases. For the cases of moderately iced aerofoil and clean aerofoil, 

both coefficients were compared with the work of (Homola et al., 2012) with good 

agreement achieved especially up to (AOA) of 15º. Also (Turkia et al., 2010) have 
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conducted a study for similar aerofoil with (AOA) from -6⁰ to 10⁰ for moderate icing 

case having near values for drag and lift coefficients. 

 

Figure 7.14: Lift coefficeints for clean and iced 5-MW (DU21) aerofoil profile 

 

 Figure 7.15: Drag coefficeints for clean and iced 5-MW (DU21) aerofoil  
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Turbulence intensity is not the same for clean and iced wind turbine aerofoil. The 

value of turbulence intensity increases with the existence of accreted ice on the 

blade (Manwell et al., 2009). In his CFD numerical analysis , (Mortensen, 2008),  

assumed a value of 0.1 for turbulence intensity for several cases of an iced NACA 

63418. 

The ratio of lift to drag coefficients is illustrated in Figure 7.16 for all assumed icing 

cases along with the case of clean blade, it’s clear that the ratio of the clean blade 

case is on the top of all iced cases followed by the moderate ice case, the 

maximum ratio is noticed between AOA of 5⁰-10⁰ this mainly because the increase 

of lift wasn’t accompanied with an decrease in drag at the same rate. All cases are 

almost share the same trend from AOA of 15⁰-20⁰ as the increase of drag 

coefficient happened after reaching stall angle of 15⁰ along with decrease of lift.  

 

Figure 7.16: Ratio of lift / drag coefficients for clean and iced 5-MW (DU21) aerofoil  
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(Mortensen, 2008), assumed a value of 0.1 for turbulence intensity for all iced 

cases of 2-MW wind turbine blade, the author concluded that the changes in the 

values of drag and lift coefficients were very small. In this research the value of 

turbulence intensity was given in in section 7.2.2 as 0.01, by considering a value 

of 0.1 for turbulence intensity as an example for the case of heavy icing R8 at AOA 

of 15º, the value of the drag coefficient increased from 0.035 to 0.036 and that for 

the lift coefficient decreased from 1.73 to 1.71, which is a very small change.   

7.4 Aerodynamic Effect Due To the Irregular Icing Profile of the 5-MW 

(DU21) Section 

The icing profile of a wind turbine blade has usually different shapes according to 

several factors explained in section 2.3.4, main factors are the wind velocity and 

air temperature. In this section, the aerodynamic effect of an irregular iced profile 

for DU21 section will be addressed. The assumed air velocity and temperature 

were 10 m/s and -10 ºC respectively, the simulation was for 1 hour (Virk et al., 

2012). The CAD model for the iced aerofoil profile was prepared in Rhinoceros for 

5 different angles of attack, the model then exported to STAR-CCM+ in order to 

perform the aerodynamic analysis. The rendered CAD model of the aerofoil as 

appeared in Rhinoceros is shown in Figure 7.17 
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Figure 7.17: CAD model for the irregular iced DU21 section as appeared in Rhinoceros 

The results for lift and drag coefficients for the irregular iced profile along with other 

icing scenarios are given in Table 7.7 

Table 7.7: 5-MW (DU21) drag and lift coefficients all icing cases 

AOA Clean Blade Irregular Icing 

Profile 

Moderate 

Icing 

Heavy Icing  

R8 

Heavy Icing  

R9 

𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿 𝐶𝐷 𝐶𝐿 

0 º 0.008 0.401 0.008 0.395 0.009 0.393 0.010 0.382 0.011 0.382 

5 º 0.012 0.902 0.011 0.872 0.012 0.881 0.014 0.930 0.022 0.863 

10 º 0.021 1.601 0.028 1.77 0.034 1.691 0.029 1.711 0.032 1.352 

15 º 0.038 1.880 0.036 1.84 0.036 1.810 0.035 1.732 0.035 1.701 

20 º 0.072 1.532 0.076 1.52 0.078 1.513 0.079 1.390 0.078 1.472 

 

The results show a small reduction in left coefficients as compared to the clean 

blade for all AOA except the value for 10º, the irregular icing profile has in general 
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higher values for lift coefficients as compared to heavy icing and moderate icing 

cases. 

The drag coefficients for all icing cases given in Table 7.7 are illustrated in Figure 

7.18 and lift coefficients are shown in Figure 7.19 

 

Figure 7.18: Drag cefficients for clean blade and all icing cases  
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Figure 7.19: Lift cefficients for clean blade and all icing cases  

Figure 7.18 shows the drage coefficients for all cases of icing and clean blade 

case, the clean blade curve lies, as expected, lower than other curves, while the 

curve of the icing case R9 almost on the top of the curves. The lift coefficients for 

all icing cases, are illustrated in Figure 7.18, R9 case is lower than all other cases. 

It is observrd that maximum lift occurs at angle of stall at 15º. 

7.5 Effect of Icing on Power Generated By the Wind Turbine  

The main goal when designing a wind turbine, is to get the highest possible power 

output under certain weather conditions. The blade profile, the wind velocity and 

other weather conditions are curtail aspect to determine the amount of power that 

a wind turbine can generate. 
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(Manwell et al., 2009) introduced a model to estimate power generated by ideal 

wind turbine rotor. The authors proposed a model which is based on a linear 

momentum theory assuming steady state fluid flow homogenous and 

incompressible, and uniform thrust over the rotor area.  

By applying the conservation of linear momentum to the control volume enclosing 

the whole system as shown in Figure 7.20, the net force, which is equal and 

opposite to the thrust, Ṯ , can be determined.  

 

Figure 7.20: Simple model to estimate power generated by ideal wind turbine rotor  

(Manwell et al., 2009)     

For a one-dimensional, incompressible and time-invariant flow and according to 

the conservation of linear momentum, one may find the thrust which is simply equal 

and opposite to the rate of change of momentum of the air stream as:  

Ṯ = 𝑢1(𝜌 𝐴 𝑢)1 − 𝑢4(𝜌 𝐴 𝑢)4                                    (7.4) 

where 𝜌 is the air density, 𝐴 is the cross-sectional area, 𝑢 is the air velocity, and 

subscripts indicate values for sections illustrated in Figure 7.18. For steady state 

flow,  (𝜌𝐴𝑢)1 = (𝜌𝐴𝑢)4 = 𝑚,̇   where 𝑚̇ is the air mass flow rate. Therefore the 

thrust is:  
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Ṯ = 𝑚̇ (𝑢1 − 𝑢4)                                                                              (7.5) 

The thrust is positive so  𝑢4 < 𝑢1. In other words, the air velocity behind the 

rotor  𝑢4 is less than the free stream velocity 𝑢1. There is no work done on either 

side of the turbine rotor. So for the two control volumes in both sides of the rotor 

plane, Bernoulli equation may be applied. To the left of the rotor plane, Bernoulli 

equation for upstream of the rotor plane is: 

𝑃1 +
1

2
 𝜌 𝑢1

2 = 𝑃2 +
1

2
 𝜌 𝑢2

2                                                              (7.6)          

where 𝑃 is the air pressure, and to the right side of the rotor plane, Bernoulli 

equation for downstream of the rotor plane is: 

𝑃3 +
1

2
 𝜌𝑢3

2 = 𝑃4 +
1

2
 𝜌𝑢4

2                                                                (7.7) 

It is important to note that far upstream pressure and far downstream pressure are 

assumed to be equal and the velocity across rotor plane remains the same which 

means that (𝑃1 = 𝑃4) and (𝑢2 = 𝑢3). 

The thrust is the net sum of the forces on each side of the rotor plane and is given 

by: 

Ṯ = 𝐴2 (𝑃2 − 𝑃3)                                                                         (7.8) 

Solving for (𝑃2 − 𝑃3) using equations (7.6) and (7.7) and substituting in equation 

(7.8) yields:  

Ṯ =
1

2
 𝜌𝐴2 (𝑢1

2 − 𝑢4
2)                                                                      (7.9) 
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By equating values of thrust for equations (7.8) and (7.9) and knowing that the air 

mass flow rate remains ( 𝜌 𝐴2𝑢2), one obtains: 

𝑢2 = (𝑢1 + 𝑢4) 2⁄                                                                             (7.10)   

The wind velocity at the rotor plane is simply the average of the upstream and 

downstream wind speeds. The power output, ℙ, is equal the thrust multiplied by 

the velocity at the rotor plane: 

ℙ =
1

2
 𝜌𝐴2(𝑢12−𝑢42) × 𝑢2                  (7.11) 

7.5.1 Power Reduction Due To Moderate Icing Scenario 

Figure 7.21 illustrates a 5-MW (DU21) aerofoil in CFD domain at 0º (AOA) for both 

the clean and the assumed moderate icing scenario. The inlet wind stream velocity 

was assumed to be 𝑢1= 10 m/s for all cases.  

 

Figure 7.21: Velocity at trailing edge for (DU21) airfoil for 0º (AOA), clean profile to the 

right and moderately iced to the left 
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The outlet stream velocity was measured at the trailing edge of the aerofoil, which 

for this case is 𝑢4= 4.3 m/s. The velocity at different locations of the aerofoil can 

be measure by the use of STAR-CCM+. According to equation (7.10) the 

intermediate velocity 𝑢2 is the average of the inlet and outlet velocities, i.e., 𝑢1 

and 𝑢4 respectively. The velocity at the trailing edge for the moderate iced profile 

has increased to 5.8 m/s which mean less power being generated. 

By assuming air temperature -10 ºC the air density was given in Chapter 6 as 1.26 

kg/m3. The reference velocity and the area for 5-MW (DU21) aerofoil were 

estimated by (Homola et al., 2012) to be 50.7 m/s and  1.35 m2, respectively.     

Moreover, according to the Betz limit, the maximum amount of power that can be 

extracted from a wind turbine is approximately 59% (Light and Robinson, 2003). 

This means that no wind turbine is capable to convert more than 59% of the kinetic 

energy of the wind into mechanical energy, thus equation (7.11) will be modified 

as: 

ℙ = 0.6 ×
1

2
 𝜌𝐴2(𝑢12−𝑢42) × 𝑢2                                                        (7.12) 

The generated power for clean and moderately iced aerofoil may be calculated 

as follows: 

 

ℙ𝐶𝑙𝑒𝑎𝑛 = 0.6 ×
1

2
× 1.26×  1.35 (102−4.32)×7.2 = 279.8 Ѿ        (7.13) 

ℙ𝐼𝑐𝑒𝑑 = 0.6 ×
1

2
×1.26×  1.35 (102−5.8

2
)× 7.64 = 265.1 Ѿ        (7.14) 
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Hence, for the case of moderately iced airfoil, a reduction of the generated power 

by 9.7% was observed. 

The same procedure is repeated to calculate the results under all other angles of 

attack (AOA). Velocities for different (AOA) for clean and moderately iced profile 

are shown in Figure 7.22.  
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Figure 7.22: Velocities at trailing edge for (DU21) airfoil at different (AOA), clean profile to 

the left and moderately iced to the right 

Table 7.8 summarizes the power generation results of the 5-MW (DU21) under a 

moderate icing scenario and the comparison to a clean blade case.   
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Table 7.8: Power generated for moderate icing scenario and clean 5-MW (DU21) aerofoil 

AOA Moderate icing scenario Clean airfoil Power 

reduction 

Percent 

 

𝑢4 

m/s 

𝑢2 

m/s 

Power (ℙ) 

ѿ (Watt) 

𝑢4 

m/s 

𝑢2 

m/s 

Power (ℙ) 

ѿ (Watt) 

0º 5.8 7.9 268.5 4.3 7.2 297.2 9.7% 

5º 6.7 7.9 235.9 3.4 6.7 302.2 21.2% 

10º 7.0 8.5 221.7 3.5 6.7 302.1 26.6% 

15º 7.6 8.8 189.6 6.0 8.0 260.1 27.1% 

20º 8.1 9.0 160.0 6.3 8.1 251.0 36.0% 

 

The velocity at the trailing edge of the aerofoil is found to be less for clean airfoil 

profile and more for the same iced aerofoil profile. This is due to the change in the 

aerodynamic behaviour of incoming airstream around the airfoil because of the 

change in the geometry of airfoil profile. Instead of smooth moving of airstream 

around the clean aerofoil profile, the accreted ice is presenting geometrical 

obstacle and leads to local distortions within the incoming airstream. Figure 7.23 

gathered different arrangements for airstream velocity at trailing edge of clean 

aerofoil, moderately and heavy iced aerofoils profile under various (AOA). The 

Figure shows that ice accretion has changed the profile of the aerofoil leads to 

dislocation of the separation point for the flow over the top of the aerofoil, hence 

earlier flow separation. 

Results show reductions in the generated power due to moderate icing on the 

aerofoil profile. The power reduction has increased with the increase of the (AOA). 

This is primarily due to the fact that the incoming airflow separation point is moving 

opposite to the direction of the airflow as the (AOA) increases as shown in Figure 

7.23. This will reduce lift and increase drag, leading to more power reduction. With 
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the existence of accreted ice on the leading edge, the incoming airflow separation 

point will move left further to facilitate earlier flow separation and introduce more 

drag and less lift, as severity of icing and (AOA) are increasing and consequently 

cause more reduction in the generated power of the wind turbine.   

 

Figure 7.23: Airflow separation point moving left for moderate iced and R9 aerofoils as 

compared to clean aerofoil for different (AOA).  
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7.5.2 Power Reduction Due To the Heavy Icing Scenario R8 

In this icing scenario, the thickness of ice at the leading edge of airfoil profile has 

increased to 59 mm. Due to the increase of thickness the shape of the aerofoil 

profile experiences more change. This will encourage earlier separation in the 

boundary layer resulting in lift force loss. Hence, less power will be generated in 

the presence of more accreted ice.  

Same method for power calculation was followed up to get the generated power 

for both iced and clean aerofoil profiles under different (AOA) values. Table 7.9 

summarizes the results for heavy icing case R8.    

  Table 7.9: Power generated for heavy icing scenario R8 and clean (DU21) airfoil 

A
O

A
 

R8 icing scenario Clean aerofoil Power 
reduction 

Percent. 

 

𝑢4 
m/s 

𝑢2 
m/s 

Power (ℙ) 
ѿ (Watt) 

𝑢4 
m/s 

𝑢2 
m/s 

Power (ℙ) 
ѿ (Watt) 

0º 6.2 8.1 254.3 4.3 7.2 297.2 14.4% 

5º 6.8 8.4 230.3 3.4 6.7 302.2 23.8% 

10º 7.5 8.7 198.0 3.5 6.7 302.1 34.5% 

 15º 8.1 9.0 160.0 6.0 8.0 260.1 38.5% 

20º 8.8 9.4 108.2 6.3 8.1 251.0 56.9% 

 

It can be seen from the results in Table 7.9 that the power reduction is greater 

under R8 icing condition as compared to the previous moderate icing case. This is 

expected as the ice thickness has increased creating more change to the original 

aerofoil profile shape.  It will affect lift force generation by displacing the path of 

airflow which supposed to be aligned to airfoil original profile. As the aerofoil 

increases its angle of attack, airflow can no longer flow smoothly over the aerofoil, 
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causing the aerofoil to stall. Icing problem will added to this, causing more losses 

to the lift and encouraging more drag and hence, more power reduction.  

7.5.3 Power Reduction Due To the Heavy Icing Scenario R9 

The third case deals with heavy icing scenario R9. The ice thickness on the leading 

edge of the aerofoil has increased to a value 105.4 mm as given in Table 7.5. As 

the aerofoil profile is subjected to more change to its original shape, more power 

loss is expected due to further changing in the airflow stream lines. Results of 

power loss under icing scenario R9 are given in Table 7.10.  

Table 7.10: Power generated for heavy icing scenario R9 and clean (DU21) aerofoil 

A
O

A
 R9 icing scenario Clean airfoil Power 

reduction 

Percent. 
 

𝑢4 
m/s 

𝑢2 

m/s 

Power (ℙ) 

ѿ (Watt) 

𝑢4 
m/s 

𝑢2 

m/s 

Power (ℙ) 

ѿ (Watt) 

0º 6.5 8.3 243.0 4.3 7.2 297.2 18.2% 

5º 7.3 8.7 206.1 3.4 6.7 302.2 31.8% 

10º 7.9 9.0 221.7 3.5 6.7 302.1 43.2% 

 15º 8.5 9.3 131.6 6.0 8.0 260.1 49.4% 

 20º 10.1 10.0 -1.0 6.3 8.1 251.0 250% 

 

The R9 assumed icing scenario represents a heavy icing case. Results show 

greater power loss as compared to the previous two cases. The aerofoil lost about 

half of its generated power at the (AOA) of 15º. The aerofoil stalls at the angle of 

attack of 20º and loses its capacity of power generation as it’s no longer able to 

produce lift due to the excessive ice accretion. 



Chapter Seven                                                                                     CFD Analysis for Typical Aerofoil Profiles 
 
 

158 
 

7.5.4 Power Reduction Due To the Irregular Icing Profile of the 5-MW 

(DU21) Section 

The last case of the 5-MW (DU21) section is the irregular icing profile, results are 

given in Table7.11 

Table 7.11: Power generated for irregular icing profile and clean (DU21) aerofoil 

AOA Irregular Icing Profile Clean airfoil Power 

reduction 

Percent 

 

𝑢4 

m/s 

𝑢2 

m/s 

Power (ℙ) 

ѿ (Watt) 

𝑢4 

m/s 

𝑢2 

m/s 

Power (ℙ) 

ѿ (Watt) 

0º 5.6 7.8 273.2 4.3 7.2 297.2 8.1% 

5º 6.1 7.9 253.1 3.4 6.7 302.2 16.2% 

10º 6.8 9.0 246.9 3.5 6.7 302.1 18.2% 

15º .7 5 9.3 207.6 6.0 8.0 260.1 20 .1 % 

20º 8.1 9.3 163.2 6.3 8.1 251.0 34.9% 

 

The generated power for all cases is illustrated in Figure 7.24 

 

Figure 7.24: Generated power in the 5-MW (DU21) aerofoil due to applying all icing cases 

compared to clean aerofoil 
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As illustrated in Figure 7.24, the clean blade has gained the maximum generated 

power, and then the case of irregular icing then moderate icing. Heavy icing cases 

R8 and R9 have obtained lower generated power. Power for all cases dropped 

after stall (AOA). It is linked to the increase of the distortion vortices over the top 

of the airfoil leading to an increase in the drag force. It’s worthwhile to mention that 

it was expected that the case of irregular icing profile has less generated power as 

compared to the moderate case but because the simulation for the irregular icing 

profile was just for one hour it gained more power than the case of the moderate 

icing as all assumed icing scenarios including the moderate case are based on 

longer icing events. Figure 7.25 shows the percentage of power reduction for the 

all icing cases with the heavy icing R9 having the highest power reduction.  

 

Figure 7.25: Power reduction percentage in the 5-MW (DU21) airfoil due to applying 

different icing cases 

This may shed a light that, besides the danger of vibrations to the structural 

integrity of the wind turbine, it is useless to allow the wind turbine working under 

severe atmospheric icing conditions, especially with high angles of attack which 
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cannot be avoided with the continuous change of airflow direction (Busch et al., 

2008).  

7.6 Effects of Icing on the Aerodynamic Behaviour and Power Generation 

of 1-MW Aerofoil Profile 

In this section, the effect of atmospheric icing on the aerodynamic performance of 

a typical 1-MW aerofoil will be investigated. 

7.6.1 The Drag and Lift Force Coefficients for 1-MW (NACA 63417) Aerofoil  

The profiles of clean and typically moderately R5 iced 1-MW aerofoil are illustrated 

in Figure 7.26. The aerofoil (NACA 63417) cross-sectional area and relative 

velocity are 0.270 m2 and 57.75 m/s, respectively (Homola et al., 2009).  

      

Figure 7.26: Clean and iced 1-MW (NACA 63417) aerofoil profiles, clean to the left and 

typically iced (R5) to the right  

 

Numerical setup for 1-MW aerofoil profile is almost the same as what was 

explained earlier for the 5-MW aerofoil profile in previous sections except that the 

CFD boundary domain is smaller due to smaller chord length. The physical 

properties and mesh scheme remain the same.  
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The 1-MW (NACA 63417) aerofoil profile has an cross sectional area of 0.20 m2 

,relative velocity of 53.9 m/s, and chord length of 1 m (Homola et al., 2009). Drag 

and lift coefficients are numerically calculated for (AOA) 0º, 5º, 10º, 15º, and 20º 

using STAR-CCM+. Results are summarised in Table 7.12. 

Table 7.12: Drag and lift coefficients for iced and clean 1-MW (NACA 63417) aerofoil 

AOA Case 𝑪𝑫 𝑪𝑳 

0º Clean 0.012 0.24 
Iced 0.014 0.22 

5 º Clean 0.017 0.67 

Iced 0.015 0.54 
10 º Clean 0.030 1.06 

Iced 0.032 1.02 
15 º Clean 0.073 1.05 

Iced 0.075 1.05 
20 º Clean 0.161 0.90 

Iced 0.133 1.04 

 

It can be seen from Table 7.12 that drag coefficients are increased due to icing 

and the increase of (AOA). For each (AOA), the drag coefficient increases due to 

atmospheric icing on the leading edge of the aerofoil profile causing unfavourable 

change in the stream lines of the incoming flow. Lift coefficients are decreasing 

due to icing till stall happens at about 15 degrees, as illustrated in Figure 7.27. 

Drag coefficients for the same aerofoil are shown in Figure 7.28, the iced aerofoil 

has more drag values as compared to the clean one until the stalling (AOA) then 

has less values after that. 
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Figure 7.27: Lift coefficeints for clean and iced 1-MW (NACA 63417) aerofoil profile 

 

Figure 7.28: Drag coefficeints for clean and typically iced 1-MW (NACA 63417) aerofoil 

profile 

7.6.2 Generated Power Losses Due To Typical Icing of 1-MW Aerofoil Profile 

The generated power for 1-MW wind turbine aerofoil is calculated using the same 

method explained in previous sections. With the existence of ice on the leading 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 5 10 15 20 25

C
l

Angle of attack (º)

Coefficient of Lift for 1-MW (NACA 63417) 

Clean Blade (Cl)

Iced (Cl)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0 5 10 15 20 25

C
d

Angle of attack (º)

Coefficient of Drag for 1-MW (NACA 63417)

Clean Blade (Cd)

Iced (Cd)



Chapter Seven                                                                                     CFD Analysis for Typical Aerofoil Profiles 
 
 

163 
 

edge, there will be a reduction in the velocity drop due to change of stream lines 

of the incoming airflow causing earlier and larger flow separation over the top of 

the aerofoil and power reduction. Results of generated power for clean and iced 

aerofoils are given in Table 7.13. 

Table 7.13: Power loss due to icing for the 1-MW (NACA 63417) aerofoil 

AOA Iced  aerofoil Clean  aerofoil Power 
reduction 

Percent. 

 

𝑢4 

m/s 

𝑢2 

m/s 

Power (ℙ) 

ѿ (Watt) 

𝑢4 

m/s 

𝑢2 

m/s 

Power (ℙ) 

ѿ (Watt) 

0º 6.4 8.2 49.4 5.9 8.0 53.2 7.1% 

5º 6.9 8.5 45.5 6.2 8.1 50.9 11.9% 

10º 8.6 9.3 24.7 7.6 8.8 38.0 35.0% 

 15º 9.0 9.5 18.4 8.1 9.1 32.0 42.4% 

20º 9.6 9.8 7.8 7.6 8.8 38.0 79.5% 

 

Figure 7.29 shows the power reduction of the of the iced 1-MW (NACA 63417)   

aerofoil as function of the angle of attack of the incoming air stream, the power 

reduction has increased as the angle of attack increases due to the increase of 

distortion vortices near the boundary layer of the upper side of the aerofoil leading 

to more decrease in the lift and increase in the drag and hence more power 
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reduction. 

 

Figure 7.29: Power reduction percentage due to typical icing on 1-MW (NACA 63416) 

aerofoil profile 

7.7 Summary 

This Chapter deals with the effect of atmospheric ice accretion on the aerodynamic 

performance of typical 5-MW and 1-MW aerofoils. STAR-CCM+ was chosen to 

perform the CFD analysis. Aerofoil geometries, boundary conditions, and mesh 

specifications were presented. Mesh diagnostics report provided by the Software 

record stated that both volume and 2D mesh were in excellent conditions. 

Coefficients for drag and lift were obtained for both the clean and the iced aerofoil 

profiles. Power losses of the 5-MW blade due to the three assumed icing scenarios 

along with a case of irregular icing were investigated, showing greater power loss 

for heavy icing cases. It is found that the 1-MW blade aerofoil profile has 

experienced relatively greater power loss compared with those of the 5-MW case 

as the smaller size of the 1-MW aerofoil tends to collect more ice on its leading 

edge in terms of percentage.
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8.1 Conclusions 

Atmospheric icing presents serious challenges to the wind energy industry in cold 

regions in terms of its potential detrimental impact on the safe operation and the 

energy harvest of the wind turbine. A further understanding of the effect of 

atmospheric ice accretion on the structural integrity and aerodynamic 

performance of wind turbine blades is required to address the challenges facing 

the industry. This thesis presents a systematic numerical study on icing profiles 

under different weather conditions and their impact on natural frequency, fatigue 

life, and lift/drag and power generation of wind turbines. Following conclusions 

can be drawn based on the research in this project:   

While many researchers have investigated the vibrational behaviour of wind 

turbines due to the aerodynamic effect, little attention has been paid to the 

research of the effect of atmospheric ice accretion on the dynamic performance 

of wind turbines. The potential detrimental impact of atmospheric icing on the safe 

operation of wind turbines and the energy harvest hasn’t been fully understood 

and requires further investigation. 

A method to estimate icing mass and profile under different weather conditions 

has been developed. Three icing scenarios have been identified according to the 

ISO Standard and the corresponding icing profiles have been established for the 

5-MW wind turbine blade and its rotor to investigate their influence on vibrational 

behaviours of the wind turbine blade and the rotor. 

Atmospheric ice accretion will drive natural frequencies of the wind turbine down 

to the near resonance limit, which could lead to significant issues on structural 
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integrity of the wind turbine. The moderate icing scenario showed a small 

reduction of about 4% - 5% in the first three natural frequencies of the non-

rotating system. No change was observed for the first and the third modes in the 

rotating system, which was attributed to the centrifugal stiffness of the blade 

during rotation. For icing scenario R8, the reduction for the first vibration mode 

was 17% and 19% for the second and third mode and for the non-rotating case 

and from 12% to 15% for the rotating case. As for the severe icing scenario R9, 

natural frequencies were dropped even further. The reduction was 24% for the 

first and second modes and 25% for the third vibration mode for the non-rotating 

case and 19% to 22% for the rotating case. 

The effect of atmospheric ice accretion on the fatigue life of the wind turbine blade 

has been investigated for heavy icing scenario R8 and for two different wind 

velocities. Significant reduction of fatigue life was found due to the increase in the 

von Mises stresses and the dynamic magnification factor under the three 

assumed icing loads. 

CFD simulation has been carried out to investigate the effect of atmospheric ice 

accretion on the aerodynamic performance of typical 1-MW and 5-MW wind 

turbine blades.  Results of the drag and lift coefficients and power production 

under different icing scenarios and an irregular icing profile were obtained for five 

angles of attack. Compared with the results of the clean aerofoil profile, 

remarkable reduction in the power generation due to the accreted ice was 

observed at various aerofoil sections in the spanwise direction of the blade. It is 

found that ice accretion leads to a dislocation of the separation point and hence 

promotes earlier flow separation, leading to an increase in drag and a decrease 

in lift and consequently a reduction in the generated power. The detrimental 
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impact of atmospheric icing on energy harvest has been demonstrated for the 

wind energy industry.  

8.2 Future Work  

Based on the research of this project, following work are recommended for further 

study of the effect of excessive icing on the dynamic performance of wind 

turbines: 

 Carry out the research for the complete wind turbine system. The inclusion 

of the mast and the nacelle will add a more elaborated understanding on 

the impact of ice accretion on the dynamics performance of the wind 

turbine.  

 Conduct an experimental study to compare and validate numerical results 

in this project. Vibration test and wind tunnel test should be carried out 

using suitable wind turbine blade prototype with and without the icing 

profile.  

 Carry out a 3D CFD analysis for the whole blade to obtain more accurate 

data on the effect of atmospheric ice accretion on the aerodynamic 

performance of the wind turbine blade. 

 Carry out an in-depth fluid-structural interaction analysis for the iced wind 

turbine and develop a further understanding of the effect of unbalanced 

ice accretion on the dynamic performance of the wind turbine.   
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Appendix A  

Table A1: Details for ice estimated mass and load with respect to R8 

Icing Zone Longest 

Distance 

Across 

Sections 

W (mm) 

Length of 

Selected 

Zone 

(m) 

Estimated 

Accreted 

Ice Mass 

(kg/m) 

Estimated 

Accreted Ice 

Load 

(kg/Zone) 

1 380 2.7 36.8 99.4 

2 420 2.9 41.0 118.9 

3 680 4 69.2 276.8 

4 1480 16 156.1 2497.6 

5 1870 21 198.4 4166.4 

 

 

 

Table A2: Details for ice estimated mass and load with respect to R9 

Icing Zone Longest 

Distance 

Across 

Sections 

W (mm) 

Length of 

Selected 

Zone 

(m) 

Estimated 

Accreted 

Ice Mass 

(kg/m) 

Estimated 

Accreted Ice 

Load 

(kg/Zone) 

1 380 2.7 63.8 172.3 

2 420 2.9 70.6 204.7 

3 680 4 116.4 465.6 

4 1480 16 253.6 4057.6 

5 1870 21 320.6 6732.6 
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Continuation of Table A4 

Table A3: Reduction in natural frequencies due to assembly and ice loading effect 

M
o

d
e

 N
o

. 
Reduction 

due to 

assembly 

Reduction for moderate 

scenario 

Reduction for R8 

scenario 

Reduction for R9 

scenario 

Non-

Rotating 

Rotating Non-

Rotating 

Rotating Non-

Rotating 

Rotating 

1 7% 5% 0% 17% 12% 24% 20% 

2 9% 4% 3% 19% 15% 24% 22% 

3 8% 4% 0% 19% 12% 25% 19% 
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