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Abstract

Hail impact-induced erosion has the potential to significantly affect the operational lifetime of structures exposed to extreme
weathering environments such as hail events. Computational materials modelling can be used to better understand the erosion
behaviour during a hailstone impact, and here the relevant background work is detailed. In this paper, an implementation of
an ice impact model, utilising Smooth Particle Hydrodynamics along with a highly strain-rate-dependent material model, is
shown, and its results and limitations discussed. An overview is given on the literature on modelling hail events, including
the history of experimental work. The various potential modelling methods which have been developed is then given, along

with an evaluation of the suitability of the methods to future work in this area.
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1 Introduction

Energy conversion structures in the renewable area repre-
sent a rapidly growing area of technological research, with
environmental concerns giving rise to a need for economi-
cally feasible clean forms of energy generation. One par-
ticular area in need of further research is the range of factors
affecting the operational lifetime of wind turbines in various
environmental conditions. A key factor in this lifetime is the
erosion of the leading edge of the turbine blade [1], which
results in a dramatic decrease in the aerodynamic effective-
ness of the blade [2]—producing less lift and more drag—
and hence causing a significant decrease in the power output
of the turbine [3]. It is therefore of great interest to develop
methods by which this leading edge erosion can be predicted
and explained in terms of its modes and mechanisms, in
order to predict and potentially mitigate loss in turbine out-
put over time.

Previous research has investigated the role in rain in lead-
ing edge erosion [4], but limited work has gone towards that
of hailstone impact. Hail is potentially a common occurrence
in locations that possess high wind resource and thus would
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be ideal sites for wind farm developments, and thus hail
impact could form an important factor in the erosion of tur-
bines at sites with a high frequency of hailstorms. Our aim
is to characterise the role of hail in leading edge erosion by
using computational modelling to simulate the effect of hail-
stone impact on materials commonly used in the construc-
tion of wind turbine blades, in order to better understand the
threat of hail to the lifetime operation of wind turbines in a
variety of environmental conditions.

1.1 Hail Impact Experimental Literature

A significant early experimental investigation into ice impact
on fibre-reinforced composite materials was carried out by
Kim and Kedward [5], who created “simulated hail ice”
(SHI) by freezing water inside a spherical mould. Two dif-
ferent constructions of SHI were used in the experiments—
‘monolithic’ spheres made by filling the entire mould at
once, and ‘flatwise layered’ spheres made by alternately
filling and freezing water in the mould over 10-11 sessions,
in an attempt to more accurately approximate real hailstones.
The SHI was then fired using a Nitrogen gas cannon appara-
tus at both a Force Transducer and a carbon fibre composite
panel.

The force transducer measurements showed that dur-
ing impacts the contact force quickly reaches a peak before
quickly decaying away—with the entire process taking
approximately 1 ms, with the peak force taking a value
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between 4 and 90 kN depending approximately linearly on
the diameter of the SHI, and also on the construction—with
layered ice giving rise to larger peak forces for larger diam-
eters of SHI. The impact tests on composite panels aimed to
find the failure threshold energy (FTE)—the kinetic energy
value at which the panel begins to show signs of damage—
for various panel configurations and ice sphere sizes. It was
found that the failure threshold energy is proportional to
the square of the sphere diameter and also linearly with the
thickness of the composite panel. For lower speed impacts
(just above the failure threshold energy) delamination
was the primary mode of failure seen, while higher speed
impacts resulted in fibre failure and cracks through the mate-
rial. While the experimental apparatus used included a high-
speed camera setup, the quality of the image was insufficient
to see the behaviour of the SHI sphere during impact in any
detail. Better high-speed footage of SHI impact was cap-
tured during the experimental work of Tippmann [6], and
in the provided frame it can be seen that the ice breaks up
significantly during impact as cracks propagate backwards
through the projectile from the point of contact, shattering
the ice into many smaller particles.

1.2 Hail Impact Modelling Literature

As well as their experimental investigation, Kim and Ked-
ward [5] also provided one of the first major computational
models of hail impact, using the explicit finite element pack-
age DYNA3D, which would later become LS-DYNA. The
ice projectile model utilised a Lagrangian FEA approach
with a material model that allowed for the propagation of
microcracks through the projectile. Only the case of a mono-
lithic SHI sphere was considered in this modelling work, and
thus the model did not attempt to model the effect of struc-
ture on the projectile response to the impact. In the initial
model of the force transducer experiment, the numerically
calculated peak impact force showed similar values with the
same dependence on SHI diameter as in the experimental
results for monolithic SHI.

Once the ice projectile model had been created and vali-
dated, it was then used to simulate impact on a compos-
ite panel as in the second part of the experimental work.
This model found that Interlaminar shear stress is the first
mechanism of failure to reach significant levels, concurring
with the experimental observation of delamination in lower-
velocity impacts and indicating that delamination is the pri-
mary mode of material failure in composites, particularly
in impacts with the lower-diameter categories of hailstone.

Later Carney et al. [7] would expand upon this work by
developing a material model for ice that took into account
an important physical property of ice— i.e. its behaviour
under compression is highly sensitive to strain rate [8].
When compressed slowly ice is ductile, but when rapidly
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compressed it instead displays brittle behaviour, yield-
ing very little before failure. The transition between these
states happens at a strain rate of approximately 107 to
107 s7!, depending on the grain size of the specimen in
question. This is an important consideration when mod-
elling high-speed impacts as very high strain rates are
observed in such scenarios, and the ice material behav-
iour during impact affects how the impact energy dissi-
pates through the projectile, which affects the peak force
and thus the potential damage to the target. It is therefore
imperative that this behaviour is accurately reflected in
the ice material model. Also used in this treatment was an
Eulerian approach to model the projectile, as opposed to
the Lagrangian models used previously—this change in
method better deals with the large deformations in the ice
sphere during the impact event.

Anghileri et al. [9] conducted a comparative study of
three different modelling methods of spherical SHI—
Lagrangian Finite Element, Arbitrary Lagrangian Eulerian,
and Smooth Particle Hydrodynamics. After validating the
three models with experimental data, each was used to simu-
late the same impact scenario in order to provide a direct
comparison between the models. The Lagrangian FE model
was found to be insufficient in this case as the mesh distor-
tion becomes too large. The SPH formulation was found to
be the most appropriate for use, both in terms of numerical
accuracy and computational time, with the SPH simulations
taking just over an hour to complete while the FE and ALE
models took 39 and 14 h, respectively. Juntikka and Ols-
son [10] would later apply the SPH approach to a spherical
projectile, using a material model similar to Kim and Ked-
ward [5], showing that the physical behaviour reproduced
that seen in experiment closely, with a stress wave passing
through the material and causing cracking into many smaller
particles.

Keegan [11] sought to use the SPH methodology with the
Carney strain-rate-dependent material model in application
to the wind turbine blade erosion problem, but the validity
of the combined model had yet to be established. This model
was validated by simulating the same experimental setup
as Carney, but switching the Eulerian approach with SPH.
This new model showed a close agreement with the original
model both in the qualitative behaviour of the ice cylinder
and in the calculated force history. From this result it was
concluded that the Carney ice material model was indeed
suitable for use with a SPH approach.

This model was then used to simulate SHI impact on a
modelled turbine blade leading edge, with geometry sourced
from a major manufacturer and approximate material prop-
erties for wind turbine materials used. The impact scenario
modelled was an impact, at right angles to the centre of the
leading edge, of ice spheres of diameters 5, 10 and 15 mm at
velocities between 70 and 120 m s™'. From these simulations
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it was seen that the induced Von-Mises stress, while not
sufficient to cause outright failure in the composite material
layers, was large enough to cause delamination between the
layers and damage to the outer, protective layers. In support
of this, the erosion modelling function in LS-DYNA did
indeed show erosion of the leading edge.

The aim of the modelling work presented in this paper is
to further develop a realistic model of hailstone impact. The
Tippmann experimental results will be used as a basis for
modelling work, with the experimental setup being repli-
cated within the initial simulation in order to provide a com-
parison between the simulated hailstone and experimental
observation. The dependence of the physical behaviour on
various simulation parameters will be explored.

2 Material and Methods

From the survey of the available literature on methods of
modelling high-speed ice impacts, it can be seen that the
current optimal approach is to use a Smooth Particle Hydro-
dynamic model with the strain-rate-sensitive material model
as developed by Carney et al. [7] and thus it is the approach
we will use as we look to extend these treatments further.
The software package LS-DYNA [12] was chosen for this
simulation work as it was the package used by the majority
of the modelling literature, and its extensive use for crash
simulation in the automotive industry suggests it to be suit-
able for modelling high-speed impacts with large deforma-
tions and high strain rates.

The Carney Ice material model is included in LS-DYNA
as MAT_155 [13]. The hailstone model presented here uses
this ice material model with the parameters used in the mod-
elling work of Carney [7]. The ice sphere dimensions were
chosen to replicate those used in the experimental work of
Tippmann [6], and in particular an ice sphere diameter of
50.8 mm was chosen.

In order to replicate the experimental conditions, the
impact target is modelled as an aluminium cylinder of the
same dimensions as seen in the experiment, using a but-
terfly block mesh of approximately 10,000 solid elements.
A simple elastic material model, using commonly available
mechanical properties of aluminium, was chosen for the
target cylinder since it is the physical behaviour of the ice
sphere projectile that is of primary interest in these simula-
tions. As a boundary condition, the bottom nodes of the solid
block mesh were constrained on all three axes to simulate
the target cylinder being held in place.

Fig. 1 A frame from the animation of the simulated impact

3 Numerical Simulation

A frame from an animation of a typical impact simulation
is shown in Fig. 1, and the contact force over the time of the
simulation is shown in Fig. 2. For this example, an impact
velocity of 60.6 m/s was chosen, as the experimental work
features high-speed camera frames of an impact at that
velocity and thus this scenario would be a useful point of
comparison between the model and the experimental obser-
vations. It can be seen that the contact force quickly reaches
a maximum approximately 0.1 ms after initial contact,
reaching a peak force of approximately 22kN, before quickly
decaying to zero as the projectile rebounds. A simulation
termination time of 0.6 ms was chosen to reduce computa-
tion complexity, as it can be seen that the primary physical
behaviour of the projectile during the impact occurs during
this time frame.

It was desirable to first determine the number of SPH
nodes required to adequately simulate the ice projec-
tile. To do this impact, simulations were carried out with
multiple numbers of SPH nodes—from 50 nodes in each
dimension up to 58, representing a range of approximately
65,000-102,000 SPH nodes. The force history for a selection
of these simulations using different numbers of SPH nodes
is plotted in Fig. 3. From this it can be seen that while there
general behaviour of the projectile is consistent among these
SPH meshes, the coarser SPH meshes give rise to anomalous
sharp spikes in the contact force, particularly during the ini-
tial period of the impact. In the case of 58 nodes per dimen-
sion, however, these spikes have dissipated by the time the
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Fig.2 A plot of the contact force between the ice sphere and the aluminium force transducer cap, over the timescale of the simulated impact
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Fig.3 A plot of the contact force histories for simulated impacts using three different numbers of SPH nodes

peak contact force is reached, and thus these peaks do not
have a large effect on the value of the peak force observed
in these simulations.

In order to further investigate the simulated projectile
physics, simulations were run with varying values of the ini-
tial velocity. The peak forces observed in these simulations
are plotted against impact velocity in Fig. 4, and against
initial kinetic energy of the projectile in Fig. 5, in order to
illustrate how the peak contact force changes as these param-
eters are varied.

@ Springer

4 Experimental Validation

While the presented simulations show a similar contact force
profile over time to what is seen in the experimental result,
the value of the peak contact force reached is higher in the
simulated impact than the experiments, with the numerical
model showing peak forces between 4% and 11% higher than
what is expected at various values of initial velocity.

This discrepancy can be explained by comparing the
physical behaviour of the projectile with the experimental
high-speed footage shown in [6]. The footage shows exten-
sive crack propagation and shattering in the ice sphere, with
the projectile breaking up into many shards. This behaviour
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Fig.4 A plot of peak impact force as a function of impact velocity from model simulations
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Fig.5 A plot of peak impact force as a function of impact kinetic energy from model simulations

is not observed in the simulated projectile, in which mate-
rial is ejected close to the impact site, but the main sphere
remains largely intact. The reasons for this difference in
behaviour are not well understood and will be investigated
further. This difference in behaviour may influence the way
in which the impact energy propagates through the projec-
tile, and thus potentially explains the higher peak force seen
in the simulation.

5 Discussion

For future work it important to find a modification to the
current ice material model that more accurately shows
the impact behaviour seen in the experimental literature,
since this will affect the nature of the forces imparted onto
the target and therefore on the predicted target material
response. Once this is carried out and the model behaviour
replicates the experimental results to an acceptable degree,
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the impact of an ice sphere on a composite target can then
be considered.

5.1 Application to Impact on Composites

The LS-DYNA package is equipped with a model for
composite material which includes the Chang—Chang
model of damage in composites [14]. This theoretical
model includes criteria for three different mechanisms of
damage in a fibre-reinforced material: matrix cracking,
compressive failure and fibre breakage. By monitoring
the values of the expressions given in the criteria, the
most likely mechanisms of damage for a composite mate-
rial undergoing ice impact can be evaluated.

From the experimental and modelling literature, it is
clear that hail ice has the potential to cause damage on
the leading edge of wind turbine blades. However, due
to the relative infrequency of hailstorm events, as well
as the fewer number of hailstones per hailstorm event,
the likelihood of significant fatigue-based erosion caused
entirely by hail is smaller than that of rain, since the num-
ber of expected impacts and therefore load cycles is low.
However, damage to the coating or composite material
caused by ice impact, for example exposing fibres as the
surface or causing delamination [15] of the composite
layup beneath the surface, could provide a starting point
for rain erosion, and hence a synergistic effect between
the two erosion mechanisms could occur.

5.2 Further Considerations

Using the ice and composite materials models, the vari-
ability of damage sustained to various parameters can
be investigated. For example, simulations of ice impacts
involving different impact velocities, impact angles and
hail diameters can be compared in order to investigate
the dependence of the material response on these vari-
ables. For example, the majority of hail in the UK falls
into the two smallest categories—those of diameter 5 mm
or less and those of diameter between 5 and 9 mm [16].
Larger hail is more common elsewhere in the world [17].
It will also be important to explore how this is affected
by the structure of hail ice projectiles, as real hail grows
in onion-like layers spreading radially outwards from the
core [18]. This knowledge, together with meteorological
and turbine technical data, could be used to better predict
the hail-based impact damage to the turbine leading edge
expected at different geographical locations, and for dif-
ferent turbine blade lengths and tip speeds.

Another aspect that could be tackled using a modelling
approach is the effect of bending loads on the simulated
material damage during ice impact. Bending stresses
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have been shown experimentally to affect the rain erosion
properties of glass fibre-reinforced composites [19], and
so adding a constant load in order to simulate the stress
caused by the blade rotational motion should be consid-
ered, as it may have a large effect on the material pre-
dicted response to solid particle impact. This effect will
assume more significance in turbine blades with larger
diameters, and so will become more important as tur-
bine manufacturers seek to produce turbines with greater
power output.

6 Conclusions

The previous work relating to the impact of ice on composite
materials has been described, with the aim of adapting this
work to predict erosion on the leading edge of wind turbines.
The problem has been tackled from both an experimental
and a modelling point of view

In the experimental literature, moderate damage was
observed for few ice impacts. Later work yielded useful data
relating to the impact mechanics of the ice sphere, which can
be used to validate computational models.

The modelling literature has approached the hail ice
model using a number of different numerical techniques—
these were outlined and evaluated, with the conclusion that
Smooth Particle Hydrodynamics, together with the highly
strain-rate dependent material model developed by Carney
([6]), was at this time the most advantageous method to
employ during future modelling work.

These methods were implemented in LS-DYNA, but
showed significant limitations when a simulation of an
experimental procedure was compared to the real result, in
that the modelled projectile did not show the same crack-
ing and shattering behaviour that was present in the experi-
mental high-speed footage. This indicates that additional
modifications are required in order to adequately model the
high-speed impact mechanics of an ice projectile.
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