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Abstract. 
This work presents an aeroelastic fragility-based framework to assess the impact of ice accretion 
on the risk of blade-to-tower strike in wind turbines operating in cold environments. A reduced-
order aeroelastic model is developed, combining an Euler–Bernoulli beam finite element structural 
formulation with BEMT aerodynamics, including dynamic inflow effects. Ice accretion shape and 
effects are computed using Ansys Fluent and is then modeled as a modification of aerodynamic 
coefficients and mass distribution, altering load and deformation patterns. Turbulent wind fields 
are generated using a Kaimal spectrum with spatial coherence to capture realistic stochastic 
excitation. Fragility analysis is then performed by comparing blade tip displacement with tower 
clearance, deriving probabilistic failure curves. Results show that icing  increases blade deflections 
and variability, leading to a higher probability of tower strike under nominal operating conditions. 
The study allows the definition of optimized activation strategies for de-icing systems, based on 
the predicted blade-to-tower strike risk under ice accretion over time, thereby reducing unnecessary 
energy consumption and improving the overall efficiency of wind farm operation. 
 
Introduction 
Wind energy development is progressively expanding into cold and high-altitude regions, where 
low temperatures, high humidity, and in-cloud or precipitation supercooled droplets expose wind 
turbine blades to severe ice accretion phenomena. While these sites are attractive because of 
favorable wind resources and higher air density, icing remains one of the main threats to turbine 
efficiency, reliability, and safety. Ice accumulation modifies blade geometry and surface roughness, 
degrades aerodynamic performance, increases structural loading, and may trigger abnormal 
vibrations, premature shutdowns, and ice-throw hazards [1]. 
The aerodynamic effects of icing are already well known. Ice accretion generally reduces lift, 
increases drag, and promotes earlier flow separation, with direct consequences for rotor power and 
thrust [2]. For the NREL 5 MW reference turbine, which is the case study selected in this work, 
previous numerical studies showed that icing can shift the rated operating condition toward higher 
wind speeds and produce substantial power losses, while the severity of the degradation depends 
strongly on temperature, liquid water content, droplet size, and radial blade position [3]. These 
effects are particularly critical in the outer blade region, where the relative velocity is highest and 
where a significant portion of the turbine power is generated. 



Beyond aerodynamic penalties, icing also affects the structural and aeroelastic response of the rotor. 
The added ice mass modifies blade inertia and natural frequencies, while the altered pressure 
distribution changes the dynamic loading and may reduce aeroelastic damping [4].  
Although the literature has addressed icing formation, power losses, detection systems, and anti-
/de-icing technologies, most studies have focused on performance degradation or component loads 
rather than on the probabilistic assessment of blade-to-tower strike risk. This motivates the present 
work, whose aim is to investigate how ice accretion modifies the aeroelastic behavior of wind 
turbine blades and how these changes may increase the blade-to-tower strike risk. 
 
Methodology 

The methodology integrates a reduced-order aeroelastic model, a stochastic wind description, and 
a fragility-based risk assessment procedure. 

The structural behavior of the blade is modeled using an equivalent beam finite element formulation 
based on Euler–Bernoulli theory. This approach allows capturing the dominant bending and 
torsional dynamics of the blade while maintaining computational efficiency, which is essential for 
large-scale parametric analyses. The formulation includes gravitational effects and centrifugal 
stiffening due to rotor rotation, enabling a realistic representation of the blade response under 
operational conditions. The model is reduced through modal projection, retaining the most 
significant vibration modes based on mass participation criteria to obtain a reduced-order system 
suitable for time-domain simulations that reads as 

𝐦𝐣Δ#̈ + 𝐜𝐣Δ#̇ + 𝐤𝐣Δ# = 𝐟𝐣 (1) 

being Δ# the modal displacements vector, 𝐦𝐣 the modal mass, 𝐜𝐣 the modal damping, 𝐤𝐣 the modal 
stiffness, and 𝐟𝐣 the modal force vector. The finite element matrices definition can be found in [5]. 

The aerodynamic loading is computed using Blade Element Momentum Theory (BEMT), which 
provides distributed aerodynamic forces along the blade span by combining momentum theory with 
sectional airfoil characteristics. The formulation accounts for tip-loss corrections and induced 
velocity effects, and it is coupled with a dynamic inflow model to capture unsteady aerodynamic 
phenomena. The aeroelastic coupling is achieved by updating the aerodynamic loads based on the 
instantaneous deformed configuration of the blade, thus accounting for the interaction between 
structural deformation and aerodynamic forces [6]. A stochastic wind model is adopted to represent 
realistic operating conditions. The turbulent wind field is generated according to IEC 61400 
guidelines using a Kaimal spectrum-based formulation that describes the energy distribution across 
frequencies and incorporates turbulence intensity and spatial coherence across the rotor disk.  

The aeroelastic response is evaluated in the time domain by solving the reduced system of equations 
under turbulent wind excitation, using turbulence intensity recorded by the offshore measuring 
platform FIN01 [7]. A fragility analysis framework is then employed to obtain the probabilistic 
curves of blade-to-tower strike. In this context, the blade tip displacement is treated as the demand 
parameter D, while the blade–tower clearance represents the structural capacity C. 

Numerical CFD analyses of ice accretion were carried out following a two-step procedure. All the 
analyses were conducted using the commercial software ANSYS FENSAP-ICE, a fully three-
dimensional finite-element CFD suite specifically developed for icing simulations.  At first, the 



aerodynamic field around the clean airfoil was computed to establish a reference baseline. The 
reference section lies at 59 m from the turbine hub. A multi-shot glaze ice accretion strategy was 
employed to simulate progressive ice growth over multiple discrete time intervals, such that the 
geometry is sequentially updated at each shot to account for the evolving ice shape. This approach 
allows for a more physically accurate representation of the ice accretion process compared to 
single-shot methods, as it captures the time-dependent redistribution of the impingement zone and 
the associated thermodynamic changes. Specifically, two-hour accretion shots were simulated up 
to a total ice accretion time of 24 hours. Following each accretion shot, the updated iced profiles 
were re-meshed using a structured multi-block approach and subsequently imported into ANSYS 
Fluent for aerodynamic performance evaluation. Reynolds-Averaged Navier–Stokes simulations 
were performed over a range of angles of attack in order to systematically assess the aerodynamic 
performance degradation induced by surface roughness. In particular, the analysis quantified the 
changes of the aerodynamic coefficients. The 𝑘 − 𝜔 SST turbulence model was adopted for the 
flow-field calculations, and the rough-wall boundary condition was defined by means of a surface 
roughness distribution interpolated from the roughness files generated by FENSAP-ICE. The 
obtained ice shapes were validated against those reported in [3] where the same 24-hour ice 
accretion scenario was studied. 

Results 
In the considered atmospheric conditions [3], a 4 hours ice accretion moves the operating point of 
the wind turbine, corresponding to 12.1 rpm rotational speed, to a higher incoming wind velocity, 
increasing from 11.4 m/s to 12.8 m/s. This shift results in a corresponding increase in the overall 
aerodynamic thrust acting on the rotor disk. Figure 3 shows the aeroelastic response of the blade in 
terms of tip deflection for a turbulence intensity of 15%, comparing clean and iced operating 
conditions. It can be observed that the maximum deflection increases from 5.56 m to 6.01 m, 
indicating a higher oscillation amplitude due to the combined effects of modified aerodynamic 
loads and changes in the inertial properties of the iced blade sections. These results highlight the 
need of assessing the impact of ice accretion on blade-to-tower strike fragility, as icing conditions 
can significantly increase the operative loads, reduce aerodynamic damping, and introduce 
imbalance on the blade. 
 

  
a) Iced (4 hours accretion) - 𝑉"#$% =

12.8	𝑚/𝑠 
b) Clean - 𝑉"#$% = 11.4	𝑚/𝑠 

Figure 3 – Blade tip deflection at the rated operating points 

 
By analyzing the shift in turbine operating conditions associated with different ice accretion times 
and performing numerical aeroelastic simulations to evaluate the corresponding blade tip 
displacements in turbulent wind, the fragility curve in Figure 4 is derived.  Although ice accretion 
leads to a consistent increase in blade tip excursions relative to the available clearance, the 
associated rise in blade-to-tower strike risk remains limited within the time interval considered. 
The obtained fragility curve suggests that de-icing systems may be activated at later stages of ice 



accretion without significantly compromising wind farm operational safety, thereby reducing 
unnecessary energy consumption. 
 

 

 
Figure 4 – Fragility curve for icing 
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