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A B S T R A C T

In the past decade, the power output of wind turbines has increased significantly. This increase has been
primarily achieved through manufacturing larger blades resulting in high blade tip velocities and increased
susceptibility to rain erosion. This paper is the first part in a two-part paper that presents a framework for the
analysis of rain erosion in wind turbine blades. Two ingredients of the framework are presented. A stochastic
rain texture model is developed to generate three-dimensional fields of raindrops consistent with the rainfall
history at the turbine location by integrating the micro-structural properties of rain, i.e. raindrops size and
spatial distribution with its integral properties such as the relationship between the average volume fraction of
raindrops and rain intensity. An in-house GPU-accelerated computational fluid dynamics model of free-surface
flows and a multi-resolution strategy are used to calculate the drop impact pressure as a function of time and
space. An interpolation scheme is finally proposed to find the time evolution of impact pressure profile for any
given drop diameter using the high fidelity simulation results, significantly reducing the computational cost.
Other ingredients of the framework pertaining to drop impact-induced stresses and the blade coating fatigue life
are presented in part II.

1. Introduction

Along with the growing interest in renewable energies as a
substitute for fossil fuels, there has been an increasing effort in the
wind energy industry to increase the power output of wind turbines. In
fact, in the past decade, the world has witnessed a ten-fold increase in
the amount of power generated from wind (U.S. Energy Information
Administration, 2011). It is also predicted that 8–12% of the world's
total energy will be provided by wind power by the year 2020 (Global
Wind Energy Council, 2012). This has fueled the production of wind
turbines with higher power output in recent years. As is evident from
the specifications of these wind turbines (4C Offshore, 2014a, 2014b),
increasing the blade size is the primary means of increasing the
turbines’ power output (see Fig. 1). Compared to the wind turbines
of 1980s, modern versions are much bigger and have rotor blades that
are up to eight times larger in diameter. As a result, the blade tip
velocity of the largest wind turbines can be as high as 120 m/s (see
Fig. 2), while other sources report even higher velocities around 180–
200 m/s (Wood, 2011; Marsh, 2011). With such high blade tip
velocities comes higher susceptibility to erosion, particularly in harsh

climates where heavy rain and hail are common (Dalili et al., 2009;
Macdonald et al., 2016).

Rain erosion of the blades begins with a gradual increase in blade's
surface roughness until small pits form near the leading edge. Over
time, the density of these pits increases until gouges are formed
(Sareen et al., 2014). However, performance degradation is initiated
in the early stages of erosion, where the surface roughness starts to
increase. A rougher surface increases the aerodynamic drag coefficient
of the blades, which results in an undesirably lower performance and
energy loss. For example, in a 2.5 MW wind turbine, simulated erosion
experiments have shown that leading edge erosion can severely affect
the airfoil performance to such an extent that, depending on the
severity of erosion, up to 25% annual energy loss can be expected
(Sareen et al., 2014). Other studies have confirmed the impact of
surface roughness on aerodynamic force coefficients and stall char-
acteristics (Uematsu and Yamada, 1995; Matteoni and Georgakis,
2012, 2015; Chakroun et al., 2004) and consequently on aerodynamic
performance (Schuerich and Brown, 2011; Almohammadi et al., 2015)
as well as dynamic instabilities (Pourazarm et al., 2015). Evidence of
leading edge erosion can be found on the blades’ surface in as early as
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two to three years after installation (Wood, 2011; Rempel, 2012). If the
blades are not repaired on time, the underlying composite laminates
will also be affected. At this point, the blades have to be taken down for
extensive maintenance or even replacement, both of which are costly
operations (Rempel, 2012; Stephenson, 2011). Regardless of the
strategy adopted to prevent energy loss due to loss of aerodynamic
performance, deterioration mechanisms such as blade surface erosion
are associated with significant uncertainty and need to be taken into
account in the planning of the operation and maintenance as well as
reliability analysis procedures (Sørensen, 2009; Zhang et al., 2016).

Fiber reinforced composites have long been the materials of choice
in the wind turbine industry due to their high stiffness and low weight.
They perform excellently over large length scales of the blade, however,
they do not perform as well under transverse impact loads and are
prone to degradation by environmental factors. Therefore, manufac-
turers have put considerable emphasis on developing protective coat-
ings for wind turbine blades. These coatings are usually referred to as
“Gelcoat” in the industry and they serve to protect the underlying
composite laminates from weathering and foreign object impact
(Sutherland, 2000). Leading edge tapes have also found their spot
particularly in repair operations. They are usually made of highly
elastic and durable polyurethane material to act as an energy absorber
in impacts (Keegan et al., 2013). However, experiments have shown
that leading edge erosion protection tapes can also be detrimental to
the turbine aerodynamic performance (Giguère and Selig, 1999).

Throughout the years, in order to assess the rain erosion resistance
of different materials, many rain erosion testing techniques have been

developed. These include on-site testing, whirling arms, single and
multiple impact waterjets, single droplet impact and rocket sled tests.
However, these methods have limitations in various aspects such as
cost, reproducibility and drop size variations and may lead to un-
realistic forces and boundary conditions. In addition, due to the
complexity of multiple particle erosion scenarios, analytical predictive
models have been mainly limited to single impact cases (Gohardani,
2011). In fact, although blade surface quality in wind turbines can
seriously affect their performance, there has not been much effort on
creating a holistic view of rain-induced erosion in wind turbine blades.
According to Dalili et al. (2009), this is most likely due to the
complexity and the multifaceted nature of blade surface erosion
phenomena. Overall, there is no consensus as to whether a realistic
study of multiple impact erosion is feasible or not. Some researchers
have completely dismissed the option of analytical or numerical
solutions and have adopted a fully probabilistic approach (Bargmann,
1986), while others have proposed expensive explicit dynamics simula-
tions as a viable choice for the simulation of repeated impact scenarios
(Keegan et al., 2012) and protective coating evaluations (Yarrapareddy
and Kovacevic, 2007). Above all, it is apparent that raindrop impinge-
ment erosion should be looked at as a system's property rather than a
material's property, in which the operational conditions of the wind
turbine are taken into account as well (Salomon, 1974). From this
viewpoint, there has not been many investigations until recently where
only general analytical models of erosion phenomena have been
discussed (Slot et al., 2015). Specifically, a detailed model of rain is
absent in structural mechanics and erosion studies and most research-
ers have been content with overly simplified rain load models (Wang
et al., 2013).

This paper is the first part in a two-part paper that presents a
computational framework for rain erosion prediction with application
to wind turbine blades. Rather than a detailed analysis of the individual
aspects of rain erosion, the goal is to integrate well established theories
and models to build a framework that can be used to estimate the
expected erosion lifetime of the blade, given the rainfall history at a
particular location, the blade shell characteristics (layup structure,
mechanical properties) and the operational conditions of the wind
turbine. The lifetime is defined as the time it takes for the blade coating
to develop aerodynamically undesirable roughness known as the
incubation period. The proposed framework consists of several com-
ponents based in probability theory and stochastic processes, compu-
tational fluid dynamics, finite element modeling and fatigue analysis
(see Fig. 3, see also Amirzadeh et al. (this issue)). We begin by looking
at the rainfall history in the wind turbine location. Specifically, the
probability mass of all possible rain intensities is calculated by
averaging over a number of annual rain intensity-duration graphs.
Subsequently, a rain texture model is developed that allows for the
transformation of the rain intensity values into three dimensional fields
of raindrops. The next step, which lies at the core of the erosion life
estimation, involves the calculation of the fatigue damage for each
raindrop by performing a stress analysis of its collision with the coating
surface. The stresses are calculated through finite element modeling of
drop impact, in which the droplet impact pressure is applied on the
surface as a spatially varying time dependent external load. These
impact pressure profiles are calculated by an interpolation scheme
which uses a library of impact pressure profiles obtained by modeling
the surface impact of rain drops of various diameters via high-fidelity
GPU-accelerated CFD simulations. In part I of this paper, we discuss
the rainfall data analysis, the development of the stochastic rain texture
model, multi-resolution droplet impact CFD simulations and the
development of the impact pressure profile interpolation scheme, while
raindrop impact-induced transient stress analysis and the fatigue
damage calculations are discussed in Amirzadeh et al. (this issue). It
is finally noted that the individual components of the proposed
framework can be potentially extended to other rain erosion scenarios
as well.

Fig. 1. Current trend in wind turbine size. Adapted from Intergovernmental Panel on
Climate Change (2012)

Fig. 2. Maximum blade tip velocity vs. rotor diameter from several wind turbine
manufacturers (Keegan et al., 2013).
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