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Abstract

Leading edgeerosion of modern wind turbine blades is a growing and developing issue
within the wind industry, effecting blade performance and efficiency. Little is known,
researched or published on the phenomenon and there are currently no appgvedffull
material solutions forthe issue. The research presented here looks to develop a fuller
understanding of the issue of leading edge erosion, through first reviewing the literature
(both within and outwith wind energy) on the topic to put the issues in contexthamd
subsequently further exploring and investigating the key damage mechanisms associated rain
droplet and hailstone impact on the blade leading edge; identified as two of the most erosive
types of environmental exposure. Both numerical (finite elemetleaperimental methods

are employed to identify the key damage mechanisms associated with each form of impact in
the different possible blade material coating and substrate systems. It is found that for rain
exposure, surface degradation and erosiorréalariskfor classical gelcoat coating systems.
Whereas, for newer flexible and more erosive resistant materials, interface damage and
debonding from the substrate is the most likely form of damage creation. Hailstone impact is
found to pose a heightenedosive threat in comparison to rain, based on individual impact
damage creation; although it is recognised that hailstorms are far more infrequent than rain
showers in most regions. However, it is predicted that for extreme hailstones of sufficient
mass,significant substrate composite damage could also be created through impact on the
leading edgeFuture work and further research development aimed at further understanding
the issues of blade leading edge erosion are also identified and discussed.
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1. Introduction

Through increasing political, social and economic pressumé the requirements for
sustainable energgources, the global demand fostalled wind capacity has gone through
an unprecedented increase over the last dedadeen by carbon emission reduction
commitments in Europe namely the European Commissi6@@targetq1], wind energy

has played the most prominent role in the efforts of decarbonising global energy supply.

1.1 Wind Energy Deployment & Growth

Since 2002the global cumulative installed wind capacity has grown féot®W in 1996 to
a current total of 282.43GW as of 2022, as shown ifrigurel-1.
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Figure 1-1. Global cumulative installed wind capacity. Sour@:

From Figure 1-1 the rapid growth of installed wind capacity over the past decade is clearly
illustrated.In the year 2012 alone, a global total of 44.7GW of wind energy capacity was
installed,with China and the U.&. both accounting fot3GW each of this total numbf].
Figure 1-2 shows in greater detail thénare of the global cumulative installed capacity

amongst thd 0 most active countries with regardsiistalledwind energy capacity.

Rest of the world China

Country MW % SHARE
Portugal PR China** 75,564 26.8
Canada USA 60,007 212
Germany 31,332 1.1

France Spain 22,79 3.1
aly India 18421 6.5
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Figure 1-2. Top 10 cumulative installed wind capacity, globally. Souf2k:



This again highlights the prominent role of both China and the USA with regards to their
cumulative installed wind capacity, but also shows that, collectively, EU countries also

account for a significant portion of the gl cumulative installed wind capacity.

In the year 2000 the total capacity of installed wivithin the EU stood at 12.9GW, this
total grew rapidly over the next decade to a total of 106GW by the year 2012; with 10% of
this total comprising of offshoreapacity [3]. The European Wind Energy Association
(EWEA) [4] has also targeted further growth to a total of 230GW by the year 2020, with
40GW of this target comprising of offshore instattat Figure1-3 looks specifically at the
global cumulativenstallation of offshore wind capacity the years 2011 & 2012].

Global Cumulative Offshore Installed Capacity

2,000

1,500

500
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Offshore (MW) Total 2011 New 2012 Total 2012
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Total 4173 1,292.6 54100

Figure 1-3. Global cumulative offshore installed capacity. Souf2g:

From this it is clear that with regard specifically to offshore insthdlind capacity, the UK
has a significant share of the global tofidhe prominence of the UK in this regard can be

attributed to several factors:

1. Perhaps most obviously, the UK is an island nation and therefore is completely
surrounded bypotentially utiisable)bodies of water.



2. Thesebodies of water, such as the North Sea, are relatively shéitpigally under
100m) [5], meaningthat the fixed installation of wind turbines on the sea bed has
proven technicalljand in a widesense commerciallyiable.

3. The wind resource in theffshoreareassurrounding the UKand in particular the
North Sea)is also high [6], making many sitesnore commercially viable with
regards tqwhat can be costjyoffshore installations.

Further to thi2947MW cumulative offshore installed cagg in the UK, by the year 2@Q

the Crown Estat¢/] aims to host a total wind capacity of 25GW in its offshore §Bgs
(either opeational or under constructionyhe current total onshore installed wind capacity

in the UK stands at over 6000MW, there exists some ambiguity with regards to the potential
further development of onshore installations in the UK, howavpossible total between
approximately 1€0GW has been report¢®.

The rapid growth in the deployment of installed wind energy capacity has presented
numerous and varied challenges for governments, grid operators, tonduingacturers and
supporting industries and organisations; bringing about rapid developments and growth in
what was a relatively young industry. With these challengesjerousnew technologies,
industries and areas of research and development (both hinidalc and noxiechnical
aspects) have emerged; alongside the growth and strengtheninegeafgpireg aspects.

As well as an unprecedented growth in the installed capacity of wind energy globally, the
scale of wind turbine technology has also increasadhdiically over the last decadehe
significant upscaling of wind turbine technology has been the source of many of the
technological and engineeringpallenges One of the biggest challenges has been brought
about by the requirement for longer wind fad bladesin order to increase the maximum
potential energy capture for a given wind turbine. Such develognteme required
extensive research and development in the areas of material technology, structural design
and manufacturing, culminating in theeation of highly advanced and bespoke wind turbine

blade designs capable of performing to the high statsdrequired by manufacturers.

This acceleration ilevelopment means that a blade length in excess of 50 metres is not only
now feasible but also camon in utility scale designs (as discussedSaction2.2). In

addition tothis extreme in length, such blades will also commonly exhibit maximum blade

tip speedsin excess of 70ms! presenting newchallenges with regards terosion and
damage to the blade leading edge in these regions, brought about through exposure to a

potentially hostile operating environment



1.2 Environmental Exposure of Wind Turbine Blades

The operational environmental conditions to which any given wind turbine is exposed to
during its service life may vary significantly between continents, from country to country,
from site to site and for some locations within a wind farm its@fven the restrictions
imposed through many planning processes with respect to siting wind farms at an agreeable
distance from builup or residential areas, maoypshorewind farms are located in remote
and exposed locations where the environmental conditionsl teudescribedis hostile;
however,suchlocations may also be advantageous with regards to wind resdbffshore

wind farms are inherently completely exposedhmelements and hostilities of the offshore
environment but again may benefit from a etrg wind resourceSome of the most
prominent and likely environmental factors to which an onshark offshorewind turbine

blademay be exposed to throughout its service life are:

1 Extreme gusts& turbulence - Particularly on exposed and/or hilly terraivhere
the turbine is fully exposed to strong winds and the turbulent effects induced by the
topology of the surrounding landscape and foliage/forestry

T Sunlight - All wind farm locations will be exposed to sunlight during their service
life; however thiswill differ in both duration andhtensitybetween sites.

1 Temperature extremes - Some locations may experience extremes in temperatures
and may also be subject to large swings in tempesatumeanhourly, daily and/or
seasonal basis.

1 Rain i Almost allwind farm sites will be exposed to some degree of rainfall, again
this will vary in frequency and intensity between sites.

1 Hailstonesi Some locations may experience hailstorm events, again differing in
both frequency and intensity.

Icing T In colder climaes, icing on the blades can routinely oddid].

Dust, dirt, sand & other particulates i Many locatiors will be exposed to general
dust dirt and particulate matter. In arid, desert and/or coastal locations, sand
impingementmay also be another factdvlost onshoresites will also play host to
varied wildlife which mayinclude insects, birds or bats, all of which may come into
contact with the blades

I Sea spray & salt crystals/deposit$ In the offshore environment, spresipped up
from the water surface may come into contact with blade surfedditionally, salt

crystals carried in the wind may also be deposited on the blade surface.



This list is obviously not exclusive or exhaustive but represents perhaps the mostncommo
environmental factors aboth on and offshordocations. As stated the frequency and
intensty of each variable may diffesignificantly between sites (and in some cases turbines).
However, it is clear that for any given wind turbine, exposure to a andevaried range of
environmental variabkmay be possibleAdditionally, most blades will likely commonly be
exposed to a combination of these variables acting together (i.e. strong wirtts|stahes

in storm conditions) to create uniquely hostile ditions. The significance of these
potentially hostile conditions is made starker when considering the 20+ year proposed
service life of many blade/turbine designs, during which the blade will be exposed to such
conditions. In addition, during this timengpection and maintenance (scheduled or
otherwise) has to be kept a minimum in order to reduce costs and limit turbine down time.
Therefore, a great deal of confidence in the performance of the blade materials with respect

to environmental resilience isgeiredin order to fulfil these requirements.

1.3 Purpose ofCurrent ResearchProject

It is clear then that the increased magnitude of both typical blade lengths and blade tip
speeds, coupled with a commonly hostile operating environment, present unique and
challenging issues with regard to both the proper operation of wind turbines and the

performance of the blades themselves.

Very little has beemublished or understood with regards to the wear and impact resistance
of blade tip leadingedge material technlogies (paints,coatings etc.and the erosive and
impact damaging effects imposed by airborne particulates such as rain droplets or hailstones.
Even less is known about the mechanisms through which leading edge damage is induced
through rain and hailstonienpact and the effects this damage may have on the material

integrity of the blade leading edge in a wider sense.

In light of such shortcomings in knowledge and understanding on the issues discussed, the
following research topic was initially proposed a result ofindustrial consultation and

interaction

filnvestigate the effects of erosion on the leading edge of wind turbine blades in the offshore

environmento

The effet of rain and hailstone induced erosiand impact damagas the primary
concern.In addition, although the conditions offshore were potentially more hostile, any

researchwork undertakenmay also be applicable to the onshore environment, and



consequently the effects onshore were not discounted the final research programme. It

was al® believedthat in order to investigate the effects of damage induced through rain and
hailstone impact, a stronger understanding of the impact phenomena and the potential
damage mechanisms was requirédlimerical modellingand simulatiorwork could aid m

this endeavour; supplemented by a suitablexperimental verification programme

Subsequently the reseambrk proposed can be summarised as:

il nv e st effgcstoferaintahdehailstoneerosionand impact damagen the leading
edge of wind turbineblades and establish aobustunderstanding of the respective impact
phenomena and the damage mechani sms induced.

The keyresearclobjectives werédentified as follows

1. Literature Review 1 A wide spanning literature review was identified as an
essentiakarly research activity, looking to review the issue of leading edgeggama
ranging from the fundamental physics/olved to documented casesd proposed
solutions This would entail developingnaunderstanding of such things as: blade
design, blade matials, wind turbine operation, the nature of rain and hailstone
weather events and the phenomena of rain and hailsiopact Through
understanding these fundameraapectsand additionally reviewing the occurrence
of real life leading edge damage aneitreffects on turbine performance, the real
significance of leading edge damage could then be put into cor@agh an
endeavour was considered essential as it would both represent a first in the area of
research, as well as set the agenda for furtioek.

2. Establishment of Appropriate Impact Modelling Techniquesi It was established
early on, that in order to better understandréspectivémpact phenomena and the
associated blade material responsemerical simulatiosiof both rain droplet and
hailsbbne impactshould be carried out. It was thought that such modelling efforts
could provide detailed and useful insight into the impact phenomena and shed light
on the potential damage mechanisms. Thereforewa#i as conducting a wide
spanning review ofhie issueof blade leading edge damage more asserted and
refined review of the potential numerical impact modelling techniguoesd also be
required. Such a review would then allow for the establishment of appropriate
impact modelling approaches for hatin and hailstone impadthis process would
also assist in creating a working familiarity with such techniques and develop the

skills required to implement them correctly; using the respective software.



3. Rain and Hailstone Numerical Impact Studies The establishment of appropriate
modelling techniques would subsequently grant the freedom to begin impact studies
addressing the impact of rain droplets and hailstones on typical wind turbine blade
materials and leading edge profiles. The aim of suctkkwauld be to investigate
forces and pressure exerted by such impact bodies, and the stresses, strains and
importantly the damge created through such impact in the blade materials.

4. Experimental Impact Studiesi Experimental investigatisof both rain ad
hailstone impact on blade samplg¢hrough appropriate techniques and approaches
were targetedo both validate the numerical modelling findings and compliment and

further the develop the understanding of such findings.

These four core activities walltherefore bring about greater level of understanding
required with regards to leading edge impact and erosion damage on wind turbineliblades.
addition,suwch a body of work could act as tf@indation forawider research programme in
this field.



2. Literature Review

2.1 History of Wind Turbine Technology

Wind mills have been historically used for agricultural purposes for several thousand years
[11], however for most of the early 2@entury they were used only in a limiteapacity for
electricity generationfor purposes such as charging batteriegptiwer in remote dwellings

(away from grid access).

The prevalence and abundance of fossil fuel resources, coupled with an absence in carbon
emission concerns, meant that thevere no strong economic or societal drivers for the
research and development of wind turbine electrical generdionghout much of the 90
century However there are several examples of pioneering wind turbine development from
individual institutiors and individuals- as reviewed by Burton et dll1] - such as the
1250kw SmithPutnam wind turbin§l2] constructed in the USA in 1941.

The significant rise in oil prices in 1973 resulted in agh&ined interest in exploring and
developing the techniques and technologies associated with extracting power fromathe win
[11]; often heavily backed with funding from governments. In the USA a series of prototype
turbine degins were createdstarting withthe 38m diameter 100kW Me@dlin 1975 and
ending with the 97.5m diameter 2.5MW M&@& in 1987[11]. Several other governments

also conducted their own programmes to research and develop theiwindrturbine
technologies. Such efforts and their outcomes provided a more robust and enhanced
understanding of the science of extracting power from the wind; with respect to both
understanding the resource and the required technologies and devices. tHtvezeestill
remained a certain level of ambiguity and difference of opinion between different bodies as
to which type of wind turbine architecture and design was the most effective, both in an
economic and technological sengealditionally, the challengs associated with running a
large unmanned meggatt turbine prototypes in hostile operating environments were often
underestimated, and as such, many of these early prototypes experienced failure and proved

unreliable.

However, at the same time as thesyelopments in large multhegawatt concepts and

designs, private companies (heavily supported by the state) were also developing much
smaller designs (approximately 100kW) for commercial sale. Such designs were employed
extensively i n oriiahwherd &r8ng Gnancial mcentheesisied for the

installation of wind energyl1]. Over time the O0Danishdé <conce

became the most prominent and established; a simple horizontal axis, three bladed, stall



regul ated wind turbine architecture. This
did not however reduin significant global uptake of the technology in the decade which
followed; however some countriesich as Denmayklid install significant amounts of wind
capacity. Ittook until about the turn of the century for a renewed and stronger government
interest in wind energy to f&merge, as a result of global concerns regarding carbon
emission and climate change (discussed previouskbis renewed interest has brought
about dramatic changes in the state of the art wind turbine technology, both irs tegduel

scale andhe performance of the turbines; as discussed in the folloseciipn

2.2 Wind Turbine Size and Performance
The desire for increased energy capture for a given wind turbine has resulted in the
requirement for an increase the swept areaf the blade. The power output for a given

wind turbine is given by:

ga . (2.1)

0
whered, is the power outpuf) is the power coefficient, is the density of the medium (air
in this casp 0 is theswept areaf the rotor andYis the incoming wind speed. The power
coefficient is a characteristic of the given wind turbiesignand represents the fraction of
the total power in the incoming wind captured by the turbimé has a maximumtheoretical
0 B et z aludofiOrG93fL1]. Therefore, besides improving the power coefficiém,only
other method of increasing the potential energy capture of a given turbine (at a given
location) is to increase thetor swept areaddowever, this assumption does not consider the
cost considerations associated with constructing large scale rotor, and therefore the optimum
design sizen relation to cost effectivenegsoften a matter of debatéor example, those in
favour of large designs claim that the economics of scale apply to wind turbine design,
however this can be countered by the fact that although the power output scales with the
square of the diameter, the mass of the rotor (and therefore cost) scdlescabe of the
diameter[11]. There is of course a traddf which will apply to specific wind turbine

designs and this may differ greatly between designs.

Irrespective of this debate, the rotor diameters of commercial scal® wibines have
grown dr amat i c a.lFiguge2-Eshaws tee trend i blad® 18nQtib growth (and

rated power) for utility scale wind turies over nearlthreedecades.
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Figure 2-1. Blade length and rated power trends for wind turbines. Sojir8:

This increase in blade length coupled with the operatetnaiegyof modern turbine designs
has resulted in an increase in the blade tip speeds exhibited by many degjgres2-2
plots the maximum blade tip speed against the associated rotor diameter for numerous utility

scale turbines from various manufacturéagken from a range of manufacturer literature
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Figure 2-2. Blade tipspeed vs. rotor diameter for various utility scale wind turbine models. Data sourced from
manufacturer literature

As shown, tip speeds in excess of 89tmare now commonplace for large wind tumin
designs. If operating at such tip speeds during a raiweshor hailstormthe potential for

high speed impact from raidropletsand haistoneson the blade leading edge becomes
apparent. Additionally, when considering the impact of ragroplets and (more so)
hailstones on the leading edge, the incoming freefalling velocity can further heighten the

potential impact velocities on the blade leading edigem reviewing thedatathere is an
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apparentrend in increasing tip speed with increasing raiameter; however the tip speed

is heavily dependent on turbine operational strategycamdrol. It should also beotedthat

these tip speeds only represent the maximum possible values for the given design. During
their operational lifetimes, the turlda may only operate at these speeds for a limited (but

significant) amount of time.

Indeed, it is important to note not only the magnitude of the tip speeds exhibited by the
blades, but also the total amount of operational hours the blade will compitstdifgtime.

A typical wind turbine may be expected to operate continuously for approximately 15 years
over its service life (this jsof course site and design sensitive), the significance of this
duration is highlighted further when considering thatstnmodern automobiles may only

ever operate continuously for around 9 mordhsng their service lifg14]. During these

years of continual operation, the materials of the blade are not only exposed to varied
environmental fetors, but are also sulgfeto constant fatigue loading as part of their
standard mode of operation. Furthermatering this period, the frequency of maintenance

and access to the blade has to be kept to minimum in order to reduce the production and

financial losses associated with turbine down time.

It is clear then that most wind turbine blades may be considered apdrighmance
components in engineering terms, with respect to both the operational loads imparted on
them and the environmental conditgowithin which they are typically placedlip speeds

around and in excess of 8&mh are now common in many turbine design, couple this with

an operational duration of 15 years continuously over a turbines service life, and the wear
and erosion challengg®sed to the leading edge (especially at the tips) becomes significant.
Therefore the design of wind turbine blades and the material technologies utilised within
them have been the subject of intense research and development as discussed in the

following section.

2.3 Blade Design

As a consequence of the desire to extract as much power as economically viable from the
wind resource for a given site, modern turbines can feature extremely large blades; in some
cases in excess of 70m long. These extreme lengthenprassignificant and complex
challenge with regards to the design and characteristics of modern blades. In reality, blade
designers have to make many tradtis in their designs in order to meet the many criteria of

the desired blade performance. Soméehef key areas of interest and focus in the design of

modern blades relate to the following:
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Blade Aerodynamics i The blades must of course meet the aerodynamic
performance requirements as set by the designer. This discipline requires the
specification of prameters such as: aerofoil type, chord, twist and thickness, all of
which typically vary along the length of the blade. In stall regulated designs it is
essential that the required aerodynamic stall is exhibited by the blade when
necessary.

Structural Performance - Sound structural performance igdalito the success of

any blade. This criterion relates to both the instantaneous and long term performance
of the blade, such as the blade response to extreme loads or fatigue loading
respectively.Additionally, many modern blade designs implement a smart blade
concept, whereby the aerodynarperformanceof the bladds optimised to work in
synergy with blade deflections. Therefore in such designs, the deflection
characteristics of the blade needw®well understood and alterable.

Blade Materials T The materials employed in the design of a blade are obviously
central to performance. The selection of appropriate materials in many cases may be
considered as an integral part of the structural degigoness;however material
selection can affect many of the other key areas of design as well, such as the
dynamics and the environmental robustness.

Blade Dynamicsi The blade dynamics are of great importance to the performance
of modern blades. The dynamiEsponse and behaviour of the blade needs to be well
understood and designed, in order to avoid undesirable ads and vibration
modes, which can have consequences throughout the turbine drive train.

Noise Generationi The noise generated by wind bire blades can in many cases

be extremely importdan such as when the turbines are sited near residences and
other built up areas. Given that the aerodynamic noise created by a blade can be
approximately proportional to the fifth power of the tip spdgdd], noise
considerations can significantly influence the design of some wind turbines.
Environmental Robustnessi The environmental robustness of any blade has to be
well considered andlesigned, given the many types of potangnvironmental
exposure

Manufacturing & Cost i Ultimately, any conceived or established blade design has
to be possible to build, furthenore, it must be possible to manufacture the blade

within certain time (and cost) requirements.
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These are only a fe of the most prominent design variables, considerations and areas of
focus in the context of wind turbine blade design. From reviewing these factors, it is clear
that many (if not all) of thenare interdependant and there will most likely lsemplex
relgions between a number of tliactors. To put these factors and their influence into
context the following sections look at the history of blade design and the typical designs now

implemented in modern commercial scale wind turbines

2.3.1 Historical Blade Design

Many of the earliest wind turbine prototypes featilsades made of metals and alloys, such

as the PutnarBmith turbine (detailed earlier) which featured steel spars and a stainless steel
skin; much like the topology of typical aircraft wings. NAS$#ototype turbingssuch as the
AVod-0§ initially feature blades made from aerospace grade aluminium, however structural
issues were quick to arise from the use of these matddigls owing to their poor
performance with rgpect to the fatigue, exacerbated by issues such as tower shatigiat

of this, many subsequent prototype turbines utilised gldidse and wood composite
materials in the blade structure, which were found to prdwatierperformance.

Although manyof the early largescale prototypes initially performed to requirements, most
ended in some form of failure after a short period t{mighin a year) mostly attributed to
targeting t@ large a step in both size and technology ovelna@ttime-scale[16]. It was the
smaller scale commercial designs (<100kW) created in the 198@igaily in Denmark),

which better stood the test of time, and which acted as a foundation for further research and
development as the market grewheBe designs featured composite material blades using
fibreglass and balsa wood composite8] which proved to be a reliable and robust material

choice

2.3.2 Modern Blade Design

It is clear froma review ofthe history of blad@lesigns that bladesare components which

have received extensive research and development, and consequently they are components
which are ever evolving and changirgpth with respect to design and material chogee

to higher demands for improved perfance & better outputs

Although blade designs can vamyidely between manufacturers (and modelfle blade
crosssection illustrated ifrigure 2-3 shows aconstruction that may be described as typical

in manycurrentmodern blade design.
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Figure 2-3. Typical blade cross section and matks. Original Image Sourc§l7]

The design features a thick sectdmoot which act as the connection point of the blade to

the hub; the thick section is required due to the large bending moments to which it will be
subjected. In order to provide stiffness in bending, most blade designs will incorporate some
form of strong central sparamber along the length of the blade. The edatailsof such

spars can vary greatly between different blade designs but are most commonly either box or
I-Beam sections. The shell of the blade, which forms its aerodynamic profile, is usually
rigidly attaded to this central spar along the length of the bladéa&ucoating and finishes

are alsaapplied to the blade shell to protect the composite substrate; as will be discussed. As
stated, this design is by no means standard, and designs between maarafacal models

can vary widely, however most blades incorporateetfi@sic design characteristics.

2.4 Blade Material Technology

2.4.1 Engineering Material Sekction

Wind turbine designers and blade manufacturers recognise the need for blades to possess a
high speific strength and stiffness in order to span the large distances required and deliver
sufficient strength and stiffness without generating large root bending moments that would
be aseciated with heavier material§he specific strength and specific sigbs of a
selection of engineering material classes are display&igure 2-4, including metals and

alloys, ceramics, composites, wood, polymerspiwand rubbers.
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Figure 2-4. Specific stiffness and strength of various engineering material classes. $b8jce:

FromFigure2-4 it is clear that composite materials such as carbon andfijasseinforced
plastics (CFRP and GFRP respectively) offer desirable specific strength and stiffness
properties when compared mostmetals andalloys. Such composite materials are only
outperformed in this respetly more expensive and brittleeramic materialsyhich are

unsuitable for such large structures.

These merits have been at the heart of the decision by almost@lbladg manufacturers to
feature both GFRP and CFRP composite material technologies as the main structural

material technology in their blades.

2.4.2 Fibre Reinforced Polymer Composites

The fundamentabprinciple offibre reinforced polymer composites is to combiextremely

stiff and strong fibrous materials with a more ductile polymer matrix, to create a new
material with engineering properties superior to that of the individual constitiégtse

2-5 shows a typified representation of the strgfsain behaviour othe typical composite
constituents (dibre and matrix resin) and the resultibghaviour of acomposite material

created upon their combinaticiibfe reinforcedplasticcomposite, FRP).
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Figure 2-5. Stressstrainbehaviourof a typifiedcompositematerialandits consituent compnents Source:[19]

As shown inFigure 2-5, although the reinforcindibre constituent possesses a very
favourable tensile strength it also exhibits very high stiffness (indicated by the steep slope)
which, although perhapslesirable in theorywould make itan impractical engineering
material for structures; given its brittleseeand failure under low straiAdditionally, the
strength and stiffness of a reinforcifigre is strongly directionally dependant along the
length of thefibre and offcentre loading will almost certainly result in breakage.
Conversely,the resinmateral exhibits a more ductile stressain response, allowing for

high levels of strain (deformatioir) any direction however offering limited tensile strength.
Through embedding thébres in the matrix material, a class of composite material is
createdwith thefibre reinforcement contributing high strength and stiffness and the matrix
material offering a degree of flexibility and also acting as a bonding mode of load transfer
between thdibres and throughout the material. Therefore, it is possibtedate a material
which, through adopting the beneficial properties of each constituent, possesses heightened
mechanical and engineering properties and exhibits the high specific strength and stiffness

values discussed (and illustratedrigure2-4).

The generalised rule of mixtures can provide insight into the probable mechanical properties
of a given composite material, based on the properties, atimtand mixture of its

constituents, as shown lguation2.2[20].

0 ——06 0O (2.2)
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where"Qanda subscripts refer to the reinforcirfipre and matrix respectivelyQis the
material property of interest, and— are constants to incorporate the influence of both
fibre length and orientation respectively asds the volume fraction of the respective

constituent.

It is clear then thathrough careful selection dfie constituent materials and the method by
which they are combimk that the material properties of FRP systems can be selected,
adopted and fine tuddn order to perform in a specified way. This flexibility allows for a
great deal of creativity and innovation in the application of composite materials in
engineering structuresind as such the technolotgnds itself well to the needs of wind

turbine blade designers and manufacturers.

2.4.3 Composite Material System Designhs

The methods by which reinforcindibres and polymer matrixnaterialsare combinedo
create composite systeymgith respect to factors suelsfibre-to-matrix volume raticor the
orientation and distribution of thfbres, are almost unlimitedThis freedomallows for
creation and implementation ahique material system configuratiomesigned to meet the

requirements of the component; or in this case the p2dd¢22].

2.4.3.1 Randomly orientatedibre composites

One of the simplest ways to creatéilkae reinforced plastic composite is impregnate the
desired polymer matrix with randomly orientated reinforciibges. This form of random
distribution in a bulk matrix form creates a qu@sitropic compsite material, with
improved material properties over the original matrix polymer.fiites may be chopped to
ashort length and then embedded or left in longer strardee of the most common
techniques is to chop thidres into lengths and then diditite them randomly in a thin layer
of the polymer matrix to create what is known as togped Strand Mat (CSM)Such
materials exhibit heightened strength and stiffness in the plane of the sheet and therefore
enhanced performance. However, due to the ohaié¢ure of thdibres within the polymer
(i.e. laid out in the irplane direction), the composite will exhibit much redupedormance

in the outof-plane direction; where the matrix will dominate the loading behaviour.

2.4.3.2 Unidirectional Plies

Although ramlomly orientatedfibre composites offer advantageous with regards to
enhancing thenechanical properties of polymer materials, due to the randomly orientated
nature of the reinforcementhe high strength characteristics of the reinforcement are not

fully utilised; as the strength and stiffness is exhibited alondilbhe length. As such, if
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higher performance and strength is requireda@omposite materiatomponenta more

measuredmplementation ofibre reinforcements required.

The simplest way t@chieve this is to create a composite whiehtdires a biasithe
orientation of the reinforcindibres, therefore creating a composite which exhibits high
strength and stiffness when loaded on the axifiboé orientation. Such composites are
commonly eferred to as unidirectional composite; a schematic diagram of the configuration

for such a composite is shownkigure2-6.

Figure 2-6. Unidirectionalfibre composite ply Source{23]

The schematic features continuous strands of reinforfibrg embedded in a polymer
matrix resin; however it is also possible to implement discontinuous lengtlibref
uniformly orientated. The ratio dibre-to-resin content in the composite can be varied to suit

the design needs and is central to the mechamiopkrties of the composite.

However, although such technologies provide excellent mechanical propertiesfiloréhe
direction, they are inherent directionally sensitive to loading and provide a fraction of the
strength when loaded eéixis. Figure2-7 plots calculated load to failure for a unidirectional
graphiteepoxy ply loaded with varyindgibre or i ent ati on f-planenand e

transvers@espectively.
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Figure 2-7. Variation of load to failure with changirfipre orientation, sourcg23]

As can be seen when loaded in the transverse direction the strengthcooithesite is
extremely poor as this is approximately equivalent to loading the matrix material alone, with
the fibres forming micrevoids in the loading directiorit can also be seen that slight
variance from loading @ ean result in a drastic redian in the bad bearing capacity of

the material.

There are very few engineering applications that would resukétusivelyunidirectional
loading and as suchnidirectional plies are often employed in a more sophisticated and
considered manngforming plies in larger multipkply laminate structures, shown Figure

2-8.

Material fiber

Ply

Figure 2-8. Multi-ply layup.Source:[24]
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Such configurations make it possible to then tailor the load bearing response of the material
to meet the specific nesddf the structure concerned. Through introducing multiple
orientations the swsitivity of the material to load direction as highlightedrigure 2-7 can

be lessenedAs a result of this flexibility in desigrsuchcomposite mierial configuratios

have been widely implemented in numerous engineering applications.

Howeversuchconfiguratiors also presents a unique set of engineering challenges in relation
to how the component can be manufactured (as will be discussed) and how the strength of
the interlaminar bond between the plies will perform in operation; as delaminbétwsen
pliesarehighly undesirable.

2.4.3.3 Fabric Weaves

An alternative to unidirectional composites are composites that fdatgeecinforcement in

more than one distinct direction, forming either a biaxial or triaxial composite. This can be
achieved through layering th@bres one onto another in alternating directions and
embedding them together the polymer matrix, creating a system similar to that shown in
Figure 2-8 but as one piecéAlternatively a fabric weave of reinforcing material can be
created, again with multipl&bre directions, and embedded in the matrix polynt@gure

2-9 shows an example ofday biaxialglassfibre weave.

Figure 2-9. Dry glassfibre biaxialweave, sourcg25]

The configuration of thdibre weave can be altered tequirementshowever a simple
biaxial or triaxial weave is most commonly employed. As with the laminate systems
previously discussed, the incorporation of multifilere orientatiors greatly reduces the

directional load sensitiytof the material. As such, this type of composite technology is well
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suited to components which undergo complex loading waidh also require very high

strength; such as the central spar or the blade root.

2.4.3.4 Sandwich

For some structural componsnthe useof the composite technologies described may
provide insufficientcross sectionathickness, particularly in areas susceptible to buckling
under compression. In such cases, thickening sandwich materials may be incorporated into
the material system. Such tesals are typically extremely light and therefore help to
maintain the lightweight nature of the material whilst adding thickness to the section

Figure 2-10 shows a typical sandwich constructisich features a honeycomb core with
face sheets adheatdo it. These face sheets may consist of a composite layup of some
description, featuring the technologies discussed. The sandwich material featbigdrén

2-10 is honeycomb structured (therefore lightweight), however in wind turbine blade
applications lightweight solid core materials suchalsa woodor polymer foamsare
commonly employeP6].
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Figure 2-10. Typical sandwich composite ofiguration with honeycomb cor&ource:[27]

As illustrated inFigure 2-3, and summarised by Thoms¢28], sandwich materialsre

utilised in many areas of a bladesign, such as the spar or trailing edge of the blade shell,
where thick sections are required to reduce the susceptibility of the design to buckling loads.
The extent of the use of sandwich materials varies between designs to suit requirements and
in paticularly large blade design they may feature more prominently to add much needed
thickness to the blade cressction.

2.4.4 Wind Turbine Blade Composites

The technologies and composite material system designs discussed represent the basic
technologies availabl and utilised by blade designers. However, it important not only to
select the correct type of composite system for implementation in a wind turbinealade

also to select the optimum constituent matemdigh form such systemshe pros and cons
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of the potential constituent material are discussed in the follog&otjons, as well as the

basis for selection for the most commonly employed materials.

2.4.4.1 Matrix Materials

In a wind turbine blade context when reference is made to aithes or carborfibre
reinforced plastic composit¢d &FRP andCFRPrespectively)jt is most commonly referring
to composites which employ a thermosetting polymer matrigst commonly epoxyr
polyester resinsThermosetting polymers have gained prominence as a result ofheath
tough material properties and ease of manufacture.

Thermoplastic resingffer an alternative to thermosets but are currently very limited in their
applicdion in wind turbine components, however research and development is-gfilran
[29] (as discussed latar Section2.4.4.).

Gurit [30] are prominent manufacturers of composite material technologies across numerous
industries, however they also manufacture an array of wind turbine blade material solutions.

They helpfully disseminate and publish a considerable amount of information on thei
products relating to their characteristics and performance and how they are prdd&$sed.

They examind the tensile strength and modulus of three commonly employed polymer

matrix materialsn many industriespolyester, vtylester and epoxykigure 2-11 compares

the valuesbtainedfor each resinusing tvo different curing approacheeay s at 20e C a
5 hours at 80eC)
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Figure 2-11. Comparison of Tensile Strength and Modulus of matrix resins, sqa@je:

From Figure 2-11 it is clear that the epoxy resin tested offers the highest strength and
stiffness of the three resin systems tested. The importance of employing the correct curing
process is also made appdr&éom the varying levels of strength and stiffnesseach given

material
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The high strength and stiffness of epoxy resin coupled with some manufacturing benefits
make it apopular choice for implementation in wind turbine blades for manufacturers such
as Siemen$31], Enercon[32] and Games&3]. However, polyester based composites are
also utilised by some manufacturers such as LM Wind P{8«gr

Although the implementation of thermosetting composites can deliver numerous benefits in
wind turbine blade design (relating to strength, stiffness etc.) there are some drawbacks also

associated with their use, such as:

1 Poor impact performance and damage tolerancé& Thermosetting composites are
typically stiffer and stronger than thermoplastic compo$88§ which is beneficial
in respect to structural load bearing. However, this high stiffness results in some
undesirable effects when the material is subjected to impact. Instead of absorbing the
impact through allowable surface deformation, brittle thernsosay instead absorb
the impact energy through mieovacking damage and subsurface damage such as
delaminations or laminate crackifi@6]. This type of damage manifestation is very
difficult to monitor as it requires thorougind detaiinspection of the blade surface
and subsurface.

1 Non-Recyclablei Thermosetting polymers cannot be melted down ancseel after
initial curing, therefore limiting the potential after service life usefulness. Most
thermosetting composites can lpnbe shredded to act as filler or partial
reinforcement in other compositiY].

i Limited Shelf Life © Thermosettingresins requirerefrigeration to prevent
premature curing during storage and typically only have a shelbiiferound 6
months[38].

When considering the durability of the blade leading edge, the shortconoihgs

thermosetting compositeis relation to impact and damage tolerance are of significant
consideration. To combat this impactinerability many manufacturers implement the use of
surface coating technologies, typically consisting of more impact resistive matavials,

protect the thermosetting composite substrdite(issedt lengthlaterin Section2.4.5.

As detailed, one proposed competitor or possible replacement for thermosetting composites
comes in the form of thermoplastic composites. Some of the many cited advantages of

thermoplastic matrix composite materials over their thermosetting counterpdBS8]are
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1 Thermoplastic polymers can be-meelted without loss of material properties and
thus can be readily recycled.

I This ability to melt and rset without loss of properties delivers numerous possible
manufacturing and repairing advantages, such as being able to heat weld
components together or repairs onto existing components.

1 Thermoplastic composites have superior impact properties and daolegmnde
when compared to thermosetting composites.

1 Unlimited shelf life and no requirement for cold storage (as with thermd46is)

However there are also some kegnd currentlyprohibitive - disadvantages of thermoplastic
composite, such asower static strength and stiffnepsopertiesand the requirement of

higher processing temperatures. Part of the strength problem relates the fact that the bond
created between the thermoplastic matnxl ¢he fibre is only mechanical (i.e. mechanical

and frictional grippingJ41] whereas thermoset composites create a chemical bond between

the matrix and reinforcement

However, there has been previous research aimed at grediiity scale thermoplastic
composite wind turbine blades, most prominently the GreenBlade prirct

2.4.4.2 Reinforcing Fibre Materials
As the main source of mechanical strength and stiffness of the composite material gselectin
the appropriate reinforcingbre material is critical to the performance of any composite

material.

Again Gurit[19] give insight into the key factofecting the contribution of a reinforcing

fibre to the performance of@mpositejdentifyingthem as follows:

1. The mechanical properties of tfilere
The nature of the interface between fibee and the matrix

3. TheFibreVolume Fraction (the volume dibre in the composite as a fraction of the
total composite volume)

4. The orientation of thébres.

Gurit [19] also give the mechanical properties of various reinforfiltmg technologies as
shown inTable2-1, detailing the same properties for other typical engineering materials as a

means of comparison.

24



Table 2-1. Mechanical properties of various reinforcifilgres and other engineering metals, souft8]

Material Type Tensile Str. Tensile Modulus Typical Density Specific
(MPa) (GPa) (o/ec) Modulus

Carbon HS 3500 160 - 270 1.8 90 - 150
Carbon IM 5300 270 -325 1.8 150-180
Carbon HM 3500 325 - 440 1.8 180- 240
Carblon UHM 2000 440+ 2.0 200+
Aramid LM 3600 60 145 40
Aramid HM 3100 120 145 80
Aramid UHM 3400 180 147 120
Glass - E glass 2400 69 25 27
Glass - 52 glass 3450 86 25 34
Glass - quartz 3700 69 2.2 3
Aluminium Alloy (7020) 400 1069 2.7 26
Titanium 950 110 45 24
Mild Steel (55 Grade) 450 205 7.8 26
Stainless Steel (A5-80) 800 196 7.8 25

HS Steel (17/4 HB00) 1241 197 7.8 25

From Table 2-1 it can be seen that the carbon, aramid and dibsss exfibit very high
tensile stress values in comparigomther engineering metals; carbfilores display some of
the highest tensile strength and modulus vallégure 2-12 displays thestressstrain
behaviour of diferent laminates with the vatisfibre reinforcemerg shownjn both tension

and compressiofi9].
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Figure 2-12. Stressstrain properties of numerous variare laminates in tension and compression, soyfc:
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It is clear from these plots that the heightened strength and stiffness of the filaré®n
translates into a strong antiftlaminate composite. Howevethe strength and stiffness
characteristics of theompositeare not the sole performance parameter under consideration.
For example, Eslass-although weakein relation to tensile strengthprovides improved
laminate impacperformanceowing to its lower stiffness (tensileadulus) and thus greater

ductility, as shown ifrigure2-13.
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Figure 2-13- ImpactStrength Perormance tfin laminate with variedibres, sourcef19]

Here it can be seen that gldéses and Aramid far outperform carbon in respect to impact.
As such, hybrid glass/carbon reinforcensesite sometimes employed in thin laminates to
bring about improved impact performans®iere necessary. With respect tbe impact d

the leadilg edge of a wind turbine bladiéjs apparenthat glass reinforcememay provide

improved impact performance over a carlibre reinforced equivalent.

Economic considerations are also a critical factor in engineering material selection and as
Figure2-14 shows there is a significant potential for cost saving through implementing glass

fibre in components; in placef carbon and aramid.
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Figure 2-14. Cost comparison of: A) woven fibre, B) unidirectional fibre, souft@}
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It is also important to note that when selecting composite systems and their constituents
there is never an optimum selection for all designs and different manufacturers will select
different materials which will meet their individual requirements for their own unique
design. For instance, as stafgdSection2.4.4.1, Enercon32] and Siemenf31] both male

use of their own versions of glafibre reinforcedepoxy in ther largest models, wheas
Vestas have developed an econaifyc viable method of creating a wood/carbfibre
reinforcedepoxy blade system[43] and Gamesa have also utitisboth carbon and glass
fibre reinforced epoxy composites in their bladé4d]; not only will the material choices

vary between manufacturers but als@ome casesetweermodel designs.

2.4.5 Blade Surface atings

2.4.5.1 Requirements

As the interface between the wind turbine blade and the given operatioviebnment,
surface coating material systems play a crucial role in the environmental proteatidn
therefore successful performancef the blade. The performance critical roles of the blade
surface coatingechnologiesre:

1. Light/UV Protection 7 The exterior surfaces of the wind turbine blade will be
exposed to light and therefore ultraviolet (Udjiationon a day to day basis. If the
surface coating on the blade material is not UV stable then damage can be done to
the coating through shrinkage acking and blistering45]. Damage to the surface
coating could then lead to loss of coverage of the composite substrate, resulting in
the degradation of the composite surface through both UV and other environmental
exposure.tlhas been found that UV exposure can degrade the mechanical properties
of Carbonfibre reinforced epoxywith the transverse tensile strength of the matrix
suffering up to a 29% reduction after only 1000 hours of cyclic UV exposure and
condensatiof46].

2. Moisture Protection i The effects of moisture ingress on composite materials can
cause significant problems through both adding significant mass to the material and
through degrading the mechanical properties of the compésiteinstance, Gurit
[19] states that a thin polyester laminate may retain only 65% of its interlaminar
shear strength following immersion in water for a one year period. Therefore it is
critical that the surface coatings empadyprotect the composite substrate below
from any atmospheric moisture

3. Substrate Impact Protectioni Perhaps most prudent to the purpose of this research

work, the surface coating must be able to withstand significant impact energies
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imparted by rain, hail and sepray impact and the wear and erosive effects of these
impact events over the lifetime of the turbine. If the coating is not robust enough (i.e.
damage is inflicted on the coating through material removal) then the sysliem wi
also fall short on the previous two performance criterion thus endangering the
structural integrity of the blade. Furthermore, some designs may additionally task the
coating system with not only being robust enougkridure such exposubeit also

to provide additional impact protectidar the composite substrate surface.

These are of course only a core selection of the key performance requirements of the coating
systems, and as discussed these will vary widely depending on circumstances. For instance,
in colder climates aniting and deicing may also be a critical factor in the performance to

the coating system, whereas extreme heat tolerance may be more applicable in warmer
climates.

2.4.5.2 Coatings

As is often the case with design and material selectiam édommerciacontext the exact
choices made by individual wind turbine blade manufacturers are often difficult to ascertain
as a result otommercial sensitivityHowever, it is suggested that there are two general
surface coating systems that are comimmemployed, either:

1 Gelcoati An epoxy or polyester based coating that can be applied in mould during
the manufacturing process if using polyester or painted on if using poxy

1 PolyurethangFlexible Coatingi Polyurethane based surface coatisgcan be
applied to the surface through sprayjdd].

In addition to these coating technologies, painted coatings are also commonly employed to

provide additional protections and performance; for instémpeotect from UV radiation.

Thermosetting polymer based gelcoat technologies have seen the most widespread use in
wind turbine blade designs, partly as a result of their proven track record in marine
applications; such as their application as coatingbdat hulls. Their ease of incorporation

into the blade manufacturing process has also pramadvantage, simplifying and reducing

the cost of applying a coating system.

However, many manufacturers, operators and repair & maintenance firms havehfaund
such gelcoat protection systems may not necessarily exhibit their desired or expected

durability.
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Consequently, there has been a widespreakamination of thee typical blade coating
systems within the wind industry, with many manufacturers optingxplore alternative
flexible coating systems, such a polyurethéased technologieEhe benefits of employing
(poly)urethane coatings are given as: high impact resistance, shape memory as a result of
high elasticity, resistant to gouging and abrasiod more[48] [49]. Enercon state in their
wind turbine product brochure that they employ a two component polyurethane coating
system[50], as do LM Wind when describing their ProBlade surface coffihpand 3M

when describing their leading edge protection systd68. However many other
manufacturers do not openly specify the miateutilised in their surface coatingsdeed,

there exists asignificant amount of ambiguity in the terminology associated with the
technologies and as such they are often bracketed under the common rage cofiat.
Additionally, many coating systemauch as the polyurethane based materials are also

commonly referred to as paints

The impact performance of both of these material technologies is the subject of extensive
investigation in the work of this research and will be explored and discussed htitelagér
sectionsHowever, for the avoidance of any further doubt or ambiguity, from now onwards,

the following coating terminology system shall be adhered to:

1. Gelcoati Refersto classical thermosetting polymer resin based coating technologies
(most typically epoxy or polyester base).

2. Flexible Coatingi Refersto the new and emerging highly flexible coating systems,
most commonly polyurethane based technologies; such as those manufactured by
3M [52], described previously. The are (most typically) applied as an integrated
coating component during blade manufacturing.

3. Tapesi Refers to commercially available highly flexible tapproducts (also
primarily polyurethane based), designed to be incorporated post blade manufacture
or applied to the blade when needed; to mitigate or prevent further surface

degradation.

2.4.5.3 Leading Edge Tapes

In locations where the threat of leading edge erosiomoissidered likely, or where
significant and problematic leading edge erosion has been obsdhedadditional

application of leading edge tapés commonly implemented3M is one of themost

prominent providers of such tapefs3], and claim that the tapesxhibit advantageous

impact, abrasion and wear properties, illustrated by the tested samples sogune2-15.
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Figure 2-15. Unprotected and leading edge tape protesaeaple tested in rainfall of one inch per hour at
500mph at the Rain Erosion Téscility, University of DaytonSource:[54]

Figure 2-15 compares the damage created ouprotected bare blade and a blade protected
by a Wind Protection Tap¢hrough accelerated rain erosion testing angfl®in a one inch

per hour simulated rain figlét the Rain Erosion Test Facility at the University of Dayton,
USA [55]. As shown the protected sample remains undamaged even after this rigorous
accelerated rain erosion processereas the unprotected sample shows extensive signs of
significant material erosion, stripping away the upper layers of the composite subteate.
performance of such protective coating systems are reviewed in heightened detail in later

sections.
2.5 Manufacturing

2.5.1 Material Handling and Application
Composite material systems can vary vastly in their design and makeup and consequently the
manner in which composites are created and the form in which they are then handled during

subsequent component manufaetoan also vary widely.

For examplea blade manufacturer may desire a large degree of composite material design
freedom and therefore may wish to create the component through combining the raw and
separate constituent materials during the manufacturing process. In such cases the
reinforcing fibre components may be sourcaddry roving and placedin the component
mould. Thefibres arethen infused with the specified polymer resin matrix maténiaditu

and cured irthe mould Such an approach enables the designer and manufacturer ty specif
the exactfibre content and orientation in the composite created, as weilrasding the
freedomto createa matrixcomponent through a bespoke chemical component mixing and
curing procedure with specified characteristics. However this approalsh requires both a

sound understanding of the structural requirements of the companena strong level of
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manufacturing expertise in order to createngsfied component free of flawsuch as areas

of dry (or unwetted) fibre.

Alternatively, many manudcturers prefer tesource their composite materials in a-pre
combined formaf56]. Many material manufacturers offer grepregnated or prepregi
composite materials, whereby the reinforcifilgres are preimpregnated in thelesired
matrix resin whth has not yet been fully cure8uch products are commonly supplied as
rolls of material which can be conveniently stored and which lend themselves well to certain
manufacturing processe$repregs also offer heightened confidensgh respect to
obtaining an even distribution of the matrix resin throughout the fibres, as the fibres-are pre
impregnatedHowever, due to the uncured nature of the product the prepreg material has to
be stored in a controlled environment, typically®t8 ¢56], in order to prevent premature

curing before manufacture.

2.5.2 Manufacturing Process

As a consequence of the variations in blade dedigtween product models and
manufacturers there are numerous manufacturing methgdoyed to creat¢he blade
componentand therefore it is difficult to categorise the manufacturing process with any
specific example. Howevexs alluded to in the previous discussion about material handling,
the two most prominent approaches to manufatglades are through prepreg application

or a resin infusion procesas summarised comprehensively by Brgndsted 66).and
discussed in the following sectionslthough these processes vary between manufacturers
and dsigns, as a result of the nature of thermosetting based composite materials, all large
blade manufacturing process require the application of heat and pressure to effectively create

a strong finished composite component.

2.5.2.1 Prepreg Manufacturing

As discussed previously, reinforcifigres can be sourdgfrom material manufacturers pre
impregnated in a matrix material of choice; most commonly on rolls. These prepreg sheets
canthen bdayered on top of one another to create a desired laminatee Ibefiog subjected

to heat and pressure to melt the resin amd the final composite laminati order to better
understand how this process works in reality, it is useful to consider an example of the use of
prepreg materials in a blade manufacturirantext. Wind turbine blade manufacturer
Gamesa, detatheir manufacturing process on their company weljdtg and some of the

process steps are illustratedHigure2-16.
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Figure 2-16. Gamesa blade manufacturing processirce:[44]

Both glasdepoxy andcarbon/@oxy prepreg clothes are appli@idom rolls) to a rotating

mould to first create the box beam spar geomeisyshown in image 1 &ligure2-16. After

the application of the prepregaterial a curing process is then conducted to consolidate the
spar(or beam) The two outer shells of the blade geometry are then created by first applying
paint to the mould (to act as the surface ioggtand then placing glag#bre epoxy prepregs

in the mould which are then cureGamesa do not specify how pressure is applied to the
mould during the curing process, however the most common method is to cover the
composite material in a polymer sheet, secured at the edges of the mould, forming an air
tight seal over the composite material. A vacuum is then created in the air gap causing the
atmospheric pressure to push down on the polymer sheet and subsequently on the composite
assembly, helping to osolidate the laminate assemiB6]. Following the creation and
curing of the blade shells, the beam and two blade halves are assembles to form the final
blade structure. This assembly is heated once more to form the whole blade structure (image
3 of Figure2-16). The constructed blade is then removed from the mould and transferred to a
finishing area where the trailing and leading edges are finished and the whole blade is
subjected to a final inspection.

Brgndsted et a[56] state that this approadf utilising prepreg material allows for easier
control and obtainability of constant material (and therefore blade) properties. It also allows

for the creation of blades with high#ore content, therefore resulting in a lighter blade with
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higher specific strength and stiffnes&ucha processalso offers a very clean method of
manufacturing, negating the necessity for extensive ventilatimmebre creating a better

working environment.

However some level of care is also obviously required to prevent the occurrence of flaws in
the structure when utilising prepreg materials. By the very nature of a prepreg layup, the
final strength and integrityfahe structure created relies heavily upon the quality of the bond
created between the layers. For instance a poorly cured bond between plies may prove weak
and could result in delamination between the plies occurring, resulting in the degradation of
the structural integrity of the blade created. In addition, air gaps between the plies as a result
of poor compression during curing or creasing/crimping of the prepreg material in the mould
may also result in a poor bond and thus reduced performance. Canbeqtiee
manufacturing process has to be both well understood and consideveger to avoid such
issues and continuous improvement methods must be esdphoyd encouraged to address
andsubsequently eradicate issues as and when they arrive.

2.5.2.2 Infusion Based Manufacturing

An alternative to utilising prepreg materials is to emplagsan infusion processyhereby

the specified reinforcingbre materials are laid owry in the blade moulénd sealed off to

form an airtight package (similarly to the pess detailed for prepreg materialjhe matrix

resin material ighenintroduced into the package in liquid foregnsequentlywetting-out
thefibres. The whole assembly can then be cured to create the daminpdsite component

The nature in which tkiprocess is carried out can differ greatly between manufacturer and

the description given merely gives a general overview of the typical process.

Again it is useful to consider the real manufacturing process employed by some
manufacturers to gain a bettenderstanding of how the approach is adopted. For instance,
Siemens have created their own uniqueanufacturing process which they call
IntegralBlade®[57]. This processays out glassibre between a fixed closed outer mould

and an expandable inner mould and then uses a vacuum infusion process to inject epoxy
resin into the mould to comingle with tHires. Upon completion of curing, the inner
expandable mould is collapsed and removhds resulting in a seamless ®piece outer

shell (as opposed to two fused shell components).

One of the biggest challenges presented by the processifinfusion is to ensure that the

fibres are sufficiently wetted by the resin system. Areas offithrgs in the material are
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highly undesirable,. Brgndsted et 6] detail some of the key areas of developments

focussed on addressing the issuélok wetting, as follows:

9 Fibresizing with increased wettability, to ensurefmiént wetting without the need
to manipulate thébre roving

Specialffibre fabric architectures that control the flow of the infused resin

Low viscosity resins (at room or moderate temperature) which enhance wettability

Resins which do not release villafgases when place in a vacuum

= =4 -4 -

Accessories which help control the resin flow patterns over large areas and through
thick laminates (special sandwich core etc.)

1 Specialised design of moulds with respect to resin inlet and outlet, which prevent
trapped aiin the mould and subsequently dityres

Sensors for monitoring the developing resin flow front

Computational tools to predict resin flow behaviour and optimise the flow pattern

for a given mould.

There are also many other challenges with regards tdrainéission approach, such as the
correct handling approach fébres (to minimise surface damage/ breakage ofitire) and

correct mixing and curing of the resin matrix.

2.5.3 Effect of Manufacturing Flaws on Impact Performance
Cairns et al[58] review some of the common issues relating to potential manufacturing

flaws in wind turbine compaosite materials, citisgme ofthe following exampls:

Porosity

Debonding

Delaminations
Improperfibre/matrix distribution
Fibremisalignment
Improperfibre/resin ratio
Bonding defects

Foreign inclusions

Incompletely cured matrix

= =4 -4 -4 A -8 -8 -8 -2 -2

Matrix cracking

Many of these efects and flaws in blade production may compromise not only the structural

integrity of the blade, but also the performance and respafrige bladeto surface impact
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events such as rain and hailstone impact. Such defects and their effects are disctissed

that follow.

2.5.3.1 Improper Curing

As discussed previouslyn Section2.4.4.1and shown inFigure 2-11 the curing time for

resins can play a strong role in the final strength and stiffneb® @omponent. Therefore it

is apparent that improper curing, as a result of insufficient cure time or incorrect cure
temperature, can greatly affect the properties of both the blade surface coating technologies
and the composite substrate.

If employing athermosetting polymer such as epoxy on polyester as a gelcoat surface
coating then proper curing of the gelcoat is essential in order to provide a surface coating
with optimum material properties. Any reduction in the strength or modulus of the gelcoat
will greatly affect its impact performance and wear characteristics and may result in the

eventual degradation of the gelcoat; through pressksscribed in later chapters

With respect to the impact fibre reinforced composites in the direction nornmathefibres

(i.e. matrix dominated) the strength and stiffness of the polymer matrix plays a significant
role in the composites response and robustridssefore any reduction in the strength of
the matrix may significantly weaken the composite in i@ato impact response; this Wi

also be discussed later.

2.5.3.2 Air Gaps in Laminate

Any air gapgor delaminationshbetween the layers of a laminate the composite substrate

and surface coating as a result of either improper application of prepreg layensfiicient

fibre resin wetting may also have a detrimental effect on the impact response and
performance of the blade materials. Air gaps constitute a weakness or weak point in the
contact between the layers of a composite/surface coating system. &lalesses may act

as a seeding point for the initiation and propagation of delamination between material layers,

exacerbated through impact from rain and hailstone.

2.6 Summary

It is clear that as an engineering component, wind turbine blades are compléffieuititd
accuragly characterise or standardigeying to their variable design requirements and the
diversity of their potential material configuration. The constant and pressing demand for
larger blade sizes has brought about significant changesragregs in the areas of blade

design, material science and manufacturing processes. However, of relevance to the current
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research programme, are the effects of these ever evolving and advancing design
requirements in the context of leading edge erosiomegssit has been shown that with
increasing blade length, increased maximum blade tip speeds are also generatealueg to
around and in excess o0®-s®. These speeds, coupled with the signifigamengthy
required service life, may create extremledstile and/or damaging operating conditions for

the materials at the leading edged of the blade tip. Such operating conditions may stretch or
overcome the wear performance of the blade materials, therefore bringing about the onset of
leading edge erosion.
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3. Blade Leading Edge Eosion

There isvery little published informatioron leading edge erosion and impact damage of
wind turbine bladesother than the contributions of the research described in this[@@jrk

[60] [61]. However there are a handful of docunegihtasesand discussiaon the topic
(discussed throughout this chaptencluding test results from rain erosion tests performed
by blade manfacturers. In this chaptethese cases are figtreviewed in order to
contextualise the issue of leading edge erosion and impact damage of wind turbine leading
edge materialsThe wind turbine performance altering effects of such leading edge damage
are then reviewedalong withthe related maitenance and repair challengd&e threats
posed specifically by rain and hailstone impact on the leading adgthenevaluatedby
establishing the projectile characteristics of each and analytically deterrtieirenergies,
pressures and forcémparted by such impact phenomena. The significance of these impact
conditions with respect to the response of typical wimdbine blade materials am@so

examined
3.1 Significance in Industry

3.1.1 Documented Cases dfeading Edge Damage

Detailed and thoroughly documented examples of leading edge erosion on wind turbine
blades are sparsely available in the publicly available literature. However, the occurrence of
leading edge erosion is stated as a challenge and an issuenfdaabarers and operators in
many articles in industrial magazines and periodice¥®od[62] states that some operators

have found that leading edge erosion can become an issue aftéwonigars of turbine
operation; much sooner than expectede span (10+ yearsYhis early onset of energy
capture altering leading edge erosion has prompted some manufacturers to begin to address
the issue in the design stage byploring new protective ctiag options.Wood [62] also

draws on the experiences of operators, manufacturers and inspection & repair companies to
emphasize the need for effective inspection & maintenance to ensure satisfactory
performance of the bladertughout its service life. In the early years of the North American
wind industry, Rempel[63] statel there was an expectation that once blades were in
operation, routine inspection and maintenance would not be necessarye Axdtistry
matured it became clear that the issue of leading edge erosion was significant and that
maintenance would be essential if the blades were to reach their expected design life.
Rempel[63] explainedthat careful handtg of the blade during manufacture, transport and
installation is also essential to avoid small tears or scratches which may act as a seeding

point for further wear and erosiorShe also states that leading edge erosion on an
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unprotected blade may occuitex only three years, with the tip being most susceptible to

wear, but with erosion also exhibited on the more inboard portions of the blade.

The issue of leading edge erosion is citedatselection obervice & repair companig62]
[63] [64] [65]and although these sources and the previous two articles dis¢G2F¢613]
are basednostly on firsthand experience and anecdotal accountsetleferences to the
issue and the supporting images given, such as tikaguime3-1, emphasize the real dangers

posed by erosion to the leading edge.

Figure 3-1. Example of leading edge erosion. Sou{6&]

A significant issue with these sources is that they seldom give any real detail on the cause or
mechanisms of damage. They therefore do not shed a great deal of light on the main causes

of leading edge esbon, nor the mannén which the process evolves and progresses.

Dalili et al. [10] investigated a wide range of surface engineering issues in relation to the
performance of wind turbine blades, focussing primarily however, on the problems@desen

by icing in Nordic climatesShe states that paricle or droplet laden winds can erode the
leading edge of the wind turbine blade and for some aerofoils this may lead to a reduction in
the aerodynamic efficiency of the blade. Methods of improving béadsion resistance are

also discussed, highlighting the proposed benefits of appblaggomericmaterials to the

leading edge (i.e. leading edge tapes), but also stating that tapes must be replaced frequently
as they become worn down. Innovations inemats and design, with a view to improving
erosion resistance are also discussed, making reference to the development of large
thermoplastic based composite blade designs which would in theory provide superior impact

and erosive resistancR9]. The development of adding nasized reinforcement to
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elastomers to create a new nanocomposite material for leading edge application is also
detailed. In a similar field of nano research, Karmouch and é$ropose a method of
embedding silica nanoparticles in an epoxy paint to act as a hydrophobic barrier on wind
turbine blade surfaces. They have found that this simple method creates a water repellent
surface, forcing water to run off. There is littleaission however with regard to how these

surfaces would perform with regards to erosion.

Sayer et al[67] detailed an investigation of the material properties of an 11.6m length
DEBRA-25 wind turbine blade (100kw rating), @fthaving completed almost 20 years of
operation. They note that although the blade still exhibited good mechanical properties, there
was significant evidence of rain erosion effects exhibited at the blade tips. The tip speed of
the DEBRA?25 is stated asding 65.4ms? [68], which is comparatively low compared to

that of modern, larger scale turbines, as showRigure 2-2. The region of operation in
southern Germany is alsorelatively dryclimatecompared to many other regions in Europe
[69] (as will be showrFigure3-13). Given this comparatively low tip speed and dry climate,

it is interesting to note that the issue of rain erosion at the blade tips waigsificant

Although cases of blade leading edge erosion are rarely well documented (or reported), as a
result of the increased recognition of the issue, many manufacturers, operators and
maintenance & repair companies are now actively monitoring and documenting the
occurrence of such damage on blades. For instance, the service company Global Energy
Service (GES])70] are developing a database to record damage type and frequency on a
portfolio of over 1000 blades in operatipfil], recordingdefects such as erosion, spalling,
cracks, lightning damage etc. Such a database may prove invaluable to interested
stakeholders in quantifying not only the risks posed by leading edge erosion, but also
numerous other potaat forms of damageSimilarly, made known through industrial
interaction[72], the blademanufacturer LM Wind Power ialso developing a similar
database, to identify any correlation between leading edge erosion and the local

meteorological conditions.

3.1.2 Leading Edge Protection Material Solutions and Developments

As part of an effort to tackle and prevent leading edge @rpsilade manufacturers are
researching and developing new material systems for their blade leading edgefsHaag

detailed the development process behind the creatiamew advanced coating technology

for LM Wind blades,n a me d ProBl adeE, in a presentation
Conference, 2013. The technology, developed in partnership with their suppliers, comprises

of a fAhi glkdmpondnt selventlrdedV s i st ant pol yurethane
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was developa to improve the erosion performance of blades with Polyester based substrates.
It offers minimum aerodynamic influence and less noise generation than tape[SHphag
showedthe extent of the damage created on the leading edgeblade sample, protected

only by a typical Polyester gelcoat, after being subjectezinoilated rairat 30-35mmh*
(varying along the sample length) at impact velocity ranging frorh23-157ms? for 60
minutes The testing was conducted through wéeswirling arm rain erosion apparatus
(discussed later in Sectioh2.5, resulting in the variation in test @aneters along the
sample lengthperformed by Pgtech[73].
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Figure 3-2. Blade sample with polyester gelcoat, tested atlZAns?, in a30-35mm-* simulated rairfield for
60 minutes. Sourcés1]

The sample showim Figure3-2, exhibits a significant amount of leading edge erosion of the
Polyester gelcoatonsequentlyexposing the compositgubstrate. Although brought about
through an accelerated process, the damage created highlights the potentially harmful effects
of rain induced leading edge erosion on wind turbine blades. It is also interesting to note that
erosion occurs along the whdength of the blade sample, even moderately so in the lower
velocity inboard section; where the test velocity is 123mTEhe effectiveness of the
developedPr o Bl adeE technology is compared to t
Figure3-3.

40

h a



ProBlade™ Collision Barrier

Figure 3-3. Samples tested under liquid droplet impact at3@8rs?in 30-35mmh! simulated rain fieldor 6
hours. Topto-bottom: polyurethane tape protectiono UV-A exposure, polyurethane tap&000hrs of UVA
exposure and ProBladeE Col |l i si ®expBBae. Soureg61] pr ot ecti on

As shownin Figure 3-3, after 6 hours of rain erosion testing at 15©hwith a rain rate of

30mmh?, the ProBladeE coating s yrifitatrerosom cces s f
effects. In the absence of any WV exposure, the polyurethane tape also successfully
provided sacrificial protection to the leading edge, however the degradation of the tape
would result in the requirement for replacement. It would appdarat t he Pr oBl adeE
delivers further advantages with regards to-R\éxposure when compared to a standard
polyurethane tape, as from inspecting the middle sample, it is clear that the introduction of

UV-A exposure to the polyurethane tape protecaohple resulted in significant leading

edge degradation. Whereas, even with 4 ti mes

shows very little evidence of significant erosion.

As well as manufacturing leading edge tapeé4], 3M have also developed a coating
technology for wind turbine applications, named WA4§B8]; designed to protect against
leading edge erosion. Powglb] showed the effects that leading edge ierosan have over
several years of operation, as showfigure 3-4.
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1 year in service 2 years in service

10 years in service 10+ years in service

Figure 3-4. Examples of leading edge erosion in the field across a range of years in service.[35lrce:

As shown, after onlpneyear in service, leading edge erosion may become an issue, with
evidence of significant ling erosiorexhibited after teryears in service. As part of their
product development and analysis, 3M also conducted rain erosion testing of samples with
and without their coating technologig%]. Figure3-5 shows the results of their rain erosion
testing, featuring samples protected by both leading edge tape and an early prototype surface
coating[53], comparing them against the results of competitive codénpnologies. The

testing was conducted at the Rain Erosion Test Facility at the University of Q@gipmt

an impact velocity of 134rg™.

Tape W8607 Competitive Coatings

Prototype Coating

885 min 420 min 70 min 100min

Figure 3-5. 3M results from rain erosion testing at 134 for samples protected by: leading edge tape, a
prototype surface coating and competitor coatings. SolisE:
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As shown, the protectiviechnologies were deemed successful in preventing leading edge
erosion, when compared to competitor technologies. Significant leading edge erosion can be
observed on the samples protected by competitive coatings, ghityndj the potentially
extremedamagng effects of rain erosion on blades with stibndard protection. The further
damaging effects of rain erosion with respect to eroding the composite substrate (following

the removal of the coating) are also visible, with numerous layers of the comphsiteite
stripped away in one of t he Agaiamip hotallethei t h a
although no current generation blade design is likely to be subjecéeditgpact velocity of

134ms?, some may experience impaatlocitiesin excess ofl0OOms? (Figure 2-2) and

therefore over a longer period similar damage may be seen on actual wind turbine blades.

Claus[77] (also of 3M), presented further information on the rain erosion performance of
3M W8607 Wind Tapes and W4600 CoatifiR] through comparing their rain erosion
properties to other competitor coatings #ypical wind turbineblade coatings and gelcoats
Figure 3-6 shows the results from rain erosion testing ofasiety of wind turbineblade
coatings, including the 3M thoologies, conducted using the Polytd@B] facility. The
samples were tested at 158 with a droplet size of-Pmmand rain rate of 235mmh,

over several hourdzigure 3-6 plots the total eroded surface area anshmpleghroughout

the test duration.
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Figure 3-6. Rain erosion test resaltor various wind turbine blade coating technologies, testing conducted by
Polytech[73], on behalf of 3M. Samples were tested at 150mwith a droplet size of-2mm and rain rate of 25
35mmh-L. Both 3M products, W8607 and W4600 are highlighted. So(irzg:
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The polyurethane based 3M products, W8607 and W4600, displayed significantly improved
rain erosion performance over other typical coating technologies; witt/#&90 coating

system exhibihg almost no significant erosion

The use of highly deformable polyurethane based coatings seems to provide enhanced rain
erosion performance for wind turbine blade leading edgesiever, Claug77] also makes

clear the degrading effects of UV exposure on the properties of the coating mateagiaks.

3-7 shows the time to rain erosion material breakthrough for the W4600 surface coating,
with and without UV exposure ageing.

Rain Erosion Test Results after Accelerated UV Exposure
Tested at 134 m/s at UDRI

14,0 - WAs|s

12,0 1 EUVA-1500

10,0
8,0 4
6,0
4,0 -

Hrs to Breakthrough

2,0 -

W4600
Initial vs 1500h UV Exposure

Figure 3-7. Time tomaterial breakthrough from rain erosion testing for W4600 surface coating, with and without
1500 hours equivalent UV exposure. Souféé]

FromFigure3-7, the accelerating effects of UV exposure on the rain erosion process for the
W4600 coating material is evident, resulting in an appreciable decrease in the time required

for erosion breakthragh.

Although the test results shovinereinarenot examples of erosion occurring operational

wind turbines, they do show tk@gnificant leading edge damage brought about through only
water droplet impact. Showing that over the lifetime of a bladegleogt alonemay not
guarantee protection from leading edge erosion. The results also highlight the effectiveness
of applying highly elastic materials such as polyurethane to the leading edge, in order to
absorb the impact energy imposed by rain dropleairth The importance of considering the
damaging effects of multiple environmental factors acting together, such as rain and UV
exposure, is also highlighted.

It is possible also to examired comparéhe literature for exampéeof leading edge erosion
studies in the context of aviation applicatipasid the solution derived thereMeigel[78]
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discussed the importance of utilising an effective leading edge erosion protection system on
helicopter rotor devices as well as désiag the creation of a new advanced protection
system. In order to select an appropriate leading edge protection material, the study evaluates
the protection characteristics of a wide range of materials in relation to parameters such as
rain and sand eram resistance (using the Rain Erosion Test Facility at the University of
Dayton Research Institutfr6]) as well as performance under hydrolysis, impact, UV
exposure and salt fog exposure. Weiyd] identifies that elastomeric materials, such as
polyurethanes, can provide superior resistance to solid particle erosion (such as sand) in
comparison to metals, and are only outperformed with regards to rain erosion by metals; as a
result of poorer pguurethane performance at direct impact angles. Gohafé@hprovided

an indepth review of erosion aspects in aviation applications, addressing both the
fundamental physics of liquid and solid particulate impact as welleatetthnique$ both
experimental and numericaldeveloped to better understand the phenomenaosioer He

finds that the phenomena of erosion and the efforts to analytically model and understand it
using classical approaches can prove complex and tighlsialised, and recognises that the
introduction of high performance composite materials (as also utilised in wind turbine
blades) may further complicate such analytical efforts in future. Gohafd@intherefore
highlights the requirements for both experimental and numerical analysis of the issue in
future applications, whilst also recognising the added complexity of numerically modelling
the response of advanced composite materials. The complexity of such modellingeis furth
emphasised by GoharddT9] by identifying the requirements in some cases to model on

the microscopic, mesoscopic and macroscopic scales when considering composite materials.

3.1.3 The Role of Polyurethane Based Materials for Leding Edge Protection
From reviewing and discussing tharrent state of the art and next generation leading edge
coating material technologies, there is a clear trend towards adopting or developing highly

flexible, (most commonly) polyurethane based materials.

The successful implementation of such material systems in aviation applications gives
credence to their proposed application to leading edges of wind turbine blades, in order to
prevent erosionHowever, givertheir limited application at the time of this research and the
uncertainty and degrading influence associated with UV exposure, it is clear that although
such coating can provide enhanced erosion protection (in comparison to standard gelcoats)
they cannoyet be considered a fyfiroof solution to the issue of wind turbine blade leading

edge erosion.
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3.1.2 Effects of Leading Edge Erosion on Wind Turbine Performance

In order to understand the significance of leading edge erosion on wind turbine blades, it is
important to consider the effects that such erosion will have on the performance and lifetime
performancef the blade.

It is apparent that one of the most important characteristics of a wind turbine blade is its
aerodynamic performance. If leading edge erosiogs occur, then it may pose a threat to

this aerodynamic performance as a result of roughening the blade surface. For instance,
Dalili [10] states that debris from insects on the blade alone can result in a 50% reduction in
the power output of turbines; this would prove a critical blow to the profitability of any wind
turbine. However, through careful aerofoil selection, blade design and operational strategy
selection, the sensitivity of blades to surface roughness/contamniretn be significantly
reduced[80]. Sareen et a[81] found that leading edge erosion on a wind turbine aerofoil
can produce significant aerodynamic performance degradation. In the study,-{Ot186
aerofoils with varying severity and types of leading edge erosion were tested to evaluate the
effects of the erosion on performance, finding that such effects resulted in a large increase in
the drag of the aerofoil and an earlier onset of stalldi.kawer angles of attack). The results

from the study showed an increase in drag-606% due to varying levels of leading edge
erosion (lightto-heavy). Further analysis predicted that an 80% increase in drag could lead
to approximately a 5% reductioim annual energy production. Additionally, in related
research, Chinmaj82] also found that implementing leading edge tapes on such aerofoils
resulted in a drag increase ranging froh3%6 - depending on placement and are& siand
although this may not result in a measurable difference in annual energy production, research
would be required to determine the optimum method of application to minimise any

detrimental aerodynamic effedg2].

To ewaluate the benefits of their leading edge protection products, 3M investigated the effect
that leading edge erosion can have on the power output of a wind t[#5]rj83] working

in conjunction with Sareeet al.[81]. It should be noted that there is a degree of evues
between the results discussed previously from Sareen@tand the results shown by 3M

in Figure3-8.

This shows the calculate Annual Energy Production (AEP) over a period of 5 years, for

turbines employing the 3 following leading edge protection cordignns:

1. Protected by 3M wind protection tape

2. Unprotected and assuming moderate leading edge erosion
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3. Unprotected and assuming worst case erosion.

The value of AEP was calculated by taking into account the aerodynamic effects (evaluated
experimentally) ofhe specific level of erosion (on lift and drag) and the effect this has on

energy production; assuming a 1.5MW rated turbine and a capacity factor of 30%.

4000

W AEP, MWh, 3M WPT
W AEP, MWh, Unprotected
W AEP, MWh, Warse Case

AEP (Annual Energy Produced) MWh

1 2 3 4 3
Years in Operation

Year 1 Year 2 Year 3 Year 4 Year 5
NoDamage  A2-Moderate Pitting A2-Moderate Pitting  B3-Pits & Gouges  B3-Pits & Gouges

Year 1 Year 2 Year 3 Year 4 Year 5
A2- Moderate pitting B3-Pits & Gouges B3-Pits & Gouges C4-Gouges & Delam C4-Gouges & Delam

Figure 3-8. Calculated effects of varying levels of leading edge erosion on the Annual Energy Production of a
1.5MW wind turbine. Sourcg75]

From this, it is clear that even moderate levels of leading edge erosion canpudestilly
significant effect on the energy output of a wind turbine, with even only moderate pitting
resulting in substantial losses. Such findings further highlight the real need for developers,
manufactures and operators to develop and establish a more thoralggstamding of the

issue of leading edge erosion; in order to prevent any potential reductions in both energy
capture and consequently profitability.

LM Wind Poweralso examined the effects of leading edge roughness and erosion on the
power performance o&n installed wind turbineFigure 3-9 shows the effects of such
roughness on the power curve of thgerational wind turbine and shows the improvements
brought about through repairing and restoring the leading edge.
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Figure 3-9. Effects of leading edge roughness on the power curve of a tuhiniage courtesy diM Wind
Power Source{84]

The exact source of the data is not fully apparent (with respesite, model etc.), but is
most likely from a turbine with either tHaM34.0 or LM37.3LM Wind Power blades. As
shown, the presence of erosion or surface roughness on the leddiegnay result in a
decrease in the rated power of a turbine of up to 8% for this given turbine at this loastion
shown by the green and dark blue data. &ish a significant decrease in rated power would
have a dramatic effect on both turbine energypouand the subsequent profitability of the
installation; again highlighting the need for an enhanced understanding of the isghe and

need for new solutions.

Additionally, it is possible to examine studies into the effects of erosion on the performance
helicopter rotors to draw lessons applicable to wind turbine blades. Calveli8&i atilised

a Computational Fluid Dynamics approach (CFD) to study the effects of typical surface
deformation (from the impact of sand emsi on the aerodynamic profile of a NACA-63

414 aerofoil. It was found that the introduction of surface deformation resulted in detrimental
effects on the aerodynamic performance of the profile, such as an earlier onset of stall (and
therefore reduction imaximum lift), an increase in drag and a reduction in thrust. However,

it must be noted that the study considered surface deformation of the upper and lower

surfaces of the profile; not the leading edge.
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Reductions in aerodynamic and power efficiencyrarethe only concerns with regards to
leading edge erosion, as the material integrity of the blade is also an important consideration.
As briefly discussed previously, the exposure of the composite substrate to moisture and UV
light could have seriously demental effec$ on its material properties and performance.

The potential effects of UV exposure on the performance of the coating systems was shown
in Figure 3-3, however the composite substrate is also based on polymer materials and
therefore it is also susceptible to the influence of UV exposure. Shokrieh & [Bfjat
showed that through accelerated UV exposure, polyester resin exhibited a decrease of 15%
in average failure strain, a decrease of 30% in ultimate strength and an 18% decrease in
tensile modulus. When looking at a gldikse reinforced polyester unidirectiahcomposite

under the same exposure, it was found that the shear modulus of the composite decreased by
about 20% as a result of such exposure. Kumar ¢84dl.showed that UV exposure of a
carbon reinforced epoxy compositsulted in the reduction of matrix dominated properties,
namely a 29% reduction in transverse tensile strength. These studies show the effects that
UV exposure can have on the materiadgerties of the polymer materials and composites

with large reductins in material strength exhibited; predominantly in the transv@nse

impact)direction (i.e. the directions in which tfieres do not bear load).

The exposure of the composite substrate to water could also pose significant threats to the
performance othe blade. Primarily, the removal of any surface coating will mean that the
substrate itself will be exposed to further erosion; as previously exhibitédure3-5. This

would have obvious structural implications for the blade, and in the result of through
thickness erosion could result in water and particulate ingress to the internal blade structure.
Generally speaking, epoxy resins exhibit good resistance to watgadation, whereas
Polyester and Vinylester are more prone to water degradation. A report from the materials
manufacturer Guri{30] states that a thin polyester laminate may retain only 65% of its
interlaminar shear strengfbllowing immersion in water for a one year period, whereas, an
epoxy laminate may retain around 90%. This effect however, is heavily dependent on the
chemical nature of the matrix materials employed, but highlights the possible sensitivities of

the substate to such exposure.

3.1.3 Repair and Maintenance

The occurrence of damage on the leading edge presents not only issues associated to power
production losses and blade material property degradation, but also aofahgdenges in

relation to the subsequergpair of such damage amdsociategreventative maintenance.

By nature of their design, the tips of wind turbine blades are extremely difficult to access in
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situ, particularly so in the offshore environment where wave and weather conditions dictate
acces windows.However, the costly and risky nature of blade removal aridstallation

means that this approach is seldom adopted for the purposes of blade repair, and as such, the
blade must be inspected and repaired in situ.

Some of the most commadblade access methodemployed,involve using rope access
technicians, cherrpickers (for low height onshore blades) and custom descending modules;

asillustrated inFigure3-10.

[ — u

Rope Acccess Cherry Picker

Blade Access Module

Figure 3-10. Blade access techniquedource[88]

Each access method will provide different advantages and challenges with respect to the
effective maintenance amépair of the wind turbine blade. For instance, a qualified rope
technician can quickly access the area of interest and make assessments of the blade
condition usually in relatively wide window of weather conditionsowéver making

repairs whilst suspeed from ropes obviously presents a unique set of challergesnay

not guarantee and acceptable level of qualigonversely, te other methods will take

longer to set ouand most likely result in higher costsut will subsequently provide a more
suiteble working environment with respect to makiegairs and inspecting the blade.

Blade access methods amely one factor in the proper management of blade mainten

and repair; access windowslictated by factors suds wave and weather conditionaso
imposemany restrictions. In the offshore environment, these factors will greatly influence
the accessibility andase of repaiof the bladeFurther to this, with respect fgerforming
repairs tathe blade, many repainaterialproductmanufacturergof fillers, patches etc.) can
only guarantee the performance of such materials when applied in very specific
environmental conditions, as set out byewant standards. For instance, mamypair
companies work to the repair standard set by Germaniscbgd [89] which states that
repairs to composite materials should be executed in conditions betw&eBCgand a

maximum relative humidity of 70%90]; in order to guarantee effective curing/drying
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Obviously these conditions will be rare in the offshore environment and in some locations
the onshore enviranent also, but repairs madatwith these conditions are less likely to be

as robust and in some commercial agreements will not be covered yrmnyf guarantee
however new materiglhnd techniques are constantly being developed to enable repairs to be
made outwith these conditiorj84]. In colder climatesthese standards for repait@0]
present a significant challenge with respeciraking repairs all year roundsAuch novel

repair techniques have to be devised to create controlled environmental conditions at the
blade surface during repair. One example of this is to effectivelgtera fully enclosed
access module which completely surrounds and envelops the area of the blade com&erned
shown inFigure3-11. Thisshows a rig created by Blefiénce[91] which allows for climate

control conditions within the modylt dictate the air temperature and the relative humidity.

Figure 3-11 Climate controlled blade access module. SoJBA:

Given appropriate access and environmental conditions, the subsequent repair of leading
edge damage is most commonly achieved through the simple application of puttylsnateria
which are applied tthe damage area, smoothed over, and then cured to create a new flat and
smooth surface finished to the effected blade {8da If applying tapes for preventative
efforts, then the relevant tape prodwétl be applied following the product manufacturer

guidance.

The challenges and issues discussed in relation to maintenance and repair are only a small
snapshot of the overalthallenge. However they serve to highlight theextremely
challenging and divee nature of repair and maintenance requiremeititsrespect to wind

turbine bladesNaturally, many of the techniques and challenges discussed will also have an
associated cost, either directly or indirectly, and this further empbd#sésthreat to bt the

performance and profitability of a wind turbirmosed by blade leading edge erosion.
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3.2 Rain Erosion

There is a need to look atleetter understamag of the nature and threat posed by the
phenomenon of rain droplet impact on the surface of wind turbine blappsaching the
issue from first principlesThe probability and conditions for rain droplet impact on wind
turbine blades are first considerefdllowed by an investigation of th@hysics of water
droplet impact on solid surfaces atii potential damage modes induced by such impact.
The nature of liquid dq@et impingement erosion ihen further exploredalong with the

current rain erosion experantal technigues and associate testing standards.

3.2.1 Exposure

As with all environmental factorgor any given wind turbine, the frequency and severity of
rain exposure will vary widelyHowever, if considering European locations, most sites will
be exposediotsome level of annual rainfall, and for most it will likely occur more frequently

than other forms of precipitation.

Looking specifically at the UKFigure3-12 shows a map of the average annual rainfall for

the period running from 1982010.
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Figure 3-12 Map of the annual average total rainfall in the UK for the period -P98D. Source92]
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FromFigure3-12it is clear that in the UK the expected average annual rainfall varies vastly
between differentegions. Some areas in the southeast may see less than 600mm of rainfall
over a year whereas in the northwest, totals of up to and greater than 3000mm have bee
observed. Given that the Polyester gelcoat protected sample tested and skhmunei@-2

was subjected to an approximate rainfall total of336hmh* over 60 minutes, it is clear

that a rainfall amount of 3000mm may be considered significant with regards to rain induced
leading edge erosioover the lifetime of the bladéJsing information such as that shown in
Figure 3-12 may then be considered useful when assessing the threat posed by rain erosion

for a given site.

It is possible also to examine a wider geographical scale, encompassing fHosbpd, as

shown inFigure3-13.
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Figure 3-13. European average annual precipitation for the period of-1996. Original image sourcp89]

Looking at the precipitation levels in Europe, it is clear that in some mainland areas such as
central Spain, Sweden and many eastEuropean countries, the threat posed by rain
induced leading edge erosion may be minimal to none; as a consequence of very little
rainfall. However, in Alpine regions andoastal regionsthe level of rainfall may be
considered significant enougbuchthat the issue of rain induced leading edge erosion may
need to be investigated and designed against. As with the map of the UK, where significant
rain fall is observed in the westerly regions, this further highlights the necessity in
understanding the peritial range of meteorological conditions at any proposed wind turbine

site.
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3.2.2 Rain dropletsas a projectile

To understand the nature of rain induced leading edge erosion, the physical nature of rain
droplets and their characteristics as a projectile should first be consi@ératportance to

these characteristics are: the size and topology of typical raifethophe freefalling
behaviour of water droplets and the likely impact conditions at the blade surface.

The diameter of a given raindrop varies with respect to the climatic conditions under which
they are formed and the conditions of transport in the Hdawever, typical raindrop
diameters are commonly cited as ranging from 0.5mm to $88h At and above this
maximum diameteof approximately 5mmthe droplet geometry may become unstable and
fragment[94]. Kubilay et al.[95] produced a plot for the probability density for rain droplet
diameters, as shown Figure3-14, using the equations derived by BEXi].

1.4 T T T T I
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1.2+ N I s —— 1 mmlhr
/ \ : : ——2 mm/hr
Lol AR T | s e |
{." i\ ‘ i 10 mm/hr
/ 5 : i —— 20 mm/hr

probability density of raindrop size, fh(d)

0 1 2 3 4 5 6
raindrop diameter, d (mm)

Figure 3-14. Probability density of raidropet size. Image sourc€d5]. Using equations fronj96]

From the probability density plot it is clear that for mild to moderate rain rates, rain droplet
diameters ranging from 0:Zmm are most common; it is only during more extreme rain rates

that droplet diameters in excess3ofim are exhibited.

The terminal velocity of my given falling rain dropwill be heavily influenced by the
climatic conditions and thereforis difficult to typify. However, Gunn & Kinzef97]
conducted a measurement campaign to ascertain the terminal free fall velocity of varying
water droplet sizes through stagnant air. The results of their findings are shéiguie

3-15.
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Terminal Velocity of Falling Water Droplets Through Stagnant
Air

Terminal Velocity (ms™)

0 1 2 3 4 5 6
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Figure 3-15. Free fall terminal velocity of water droplets through stagnant air for a range of stable droplet
diameters. Data sourc@7]

FromFigure3-15, it can be seen that the maximum free falling terminal velocity levels out at

around 9ms? for diameters in excess of about 3.5mm.

In the context of wind turbine blade leading edge erosion, the freefalling terminal velocity of
the rain droplet plays only a minor role in thetentialmagnitude of the impact velocity
when compared to the blade tip speeds. It is possible through apafceimple velocity
vector calculations to establish an approximate value of potential impact védetigen
incoming raindrops and the blgdat a given rotor position whereby in the upright
position the blade is at— 71 and pointing downwardssiat— p Y;mand assuming
clockwise rotationThe blade tangential tip speed, , can be broken into its horizontal and
vertical in-plane componentsw and @ respectively, as described #quation 3.1 and

Equation3.2

©w o Al-O (3.1)

@ w OB+ (3.2)
Taking a rain droplet of terminal velocityy, , fully entrained in a completely horizontal
free streanwind with velocity, Y , (i.e. assuming that the droplet is also tranglit this

speed horizontally) it is possible to perform velocity vector analysis to ascertain the impact

velocity magnitude , at a given blade positioas shown irEquaton 3.3,

&) w w w Y (3.3)

It is possible themo calculate the impact velocity through a full rotor sweep (T° o @)t

for a given set of rain conditions and turbiogerating parameterg§or example, taking a
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rain droplet with a terminal velocity of 8st, fully entrained in a horizontal 208t wind,
striking a blade with a 90rs? tangential tip speed, it is possible to calculate the potential
impact velocity magrude for a full rotor sweep. Plotting these calculated potential impact
velocity values against their respective rotor position gives the plot showigure 3-16;

which also shows the tip speed with a dotted line

Rain Drop Impact Velocity

——Impact Velocity

“““ Tip Speed

0 90 180 270 360
Blade Position (deg)

Figure 3-16. Rain dropet impact velocity at the blade tipt positions through a full rotor sweep. Rain drop
terminal velocity of 8ns?, fully entrained in a 20rs* horizontal wind, striking a blade tip with a 96sn tip
speed. The tip speed has also been plotted for reference.

The values shown iRigure 3-16 are derived from a fairlyjudimentary approach that makes

the following assumptions:

1 Full droplet entrainment i As stated previously, the droplet is assumed to possess
a horizontal velocity amponent equal to that of the prevailing wind speed. In reality
this may not be likelyand would in fact the exact freefalling nature would be
difficult to ascertain or typify howeverit forms an appropriately conservative
approach with regards to congiithg) the worst case scenario.

1 No aerodynamic considerationd Wind turbine induced aerodynamic effects such
as induction and boundary layer effects are not considered. As such, the approach
assumes that these effects do not greatly alter the impact yelbaihay be that
induction effect may reduce or increase the incoming droplet velocity or that an

aerodynamic boundary layer over the blade surface may act as a barrier or cushion to

rain droplet impact
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1 Impact angles not considered The impact angle beten the incoming droplets
and the blade surface are not considered in this approach and as such it only informs

on the potential magnitude of impact velocities.

Irrespective of these assumptions and simplificatitnis approach does well to both

highlight the potential magnitude of impact velocity values and to act as an aid to
understanding the nature of impact on the blade. For instance, it illustrates that even when

the blade is rotating in a downward directiorl(¥ 9 ¢ posi ti on) ,nificarg a r es
tip speed, the impact velocity between the rain and blade does not drop beles#;80m
therefore the terminal velocity of the rain acts only to slightly lessen the impact velocity.
Conversely, when looking at the impact velocity at the rotor ipasih o f 270¢e¢, wh €
blade and rain drop trajectories are exactly opposed to one another, the additive effects of the
terminal velocity to the blade tip velocity can be observeti@péak in the impact velocity.

It can be seen then that for a turbinighva tip speed of 90rg?, impact velocities of nearly

100ms?! may still be possible as a result of the nature of impact at a rotor positien of

G X°m

3.2.3 Liquid impact p henomena

The previous section contextualised and quantified the range of pdssitalet conditions

with respect to rain droplet impact on the leading edge of a wind turbine blade. However, it
is also important to understand what the magnitudes of these impact velocities mean in the
context of liquid droplet impact on a solid surface.

Gohardani[79] detailed the nature of liquid droplet impact on a flat solid surface, as shown

in Figure3-17.

COMPRESSED g
LIQUID ---\___.-/ \ RAYLEIGH WAVE

1 COMPRESSIONAL
WAVE

REFLECTED WAVE

Figure 3-17. Liquid dropletsolid surface impact interaction, showing shockwave behaviour in both the droplet
and target. Source: adapted fror9]

Figure 3-17 shows that upon impact an initial compressional wave is created in the solid

target body, which is then propagatautwards from the initial locus of impact. Shortly after
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the formation ofthese compressional wasyeas the droplet/surface contact area increases,
shear waves are also created in the target; which also propagate through the material, away
from the impact zonelhe interaction of these waves can be complex and will depend upon
impact conditions and material properties. A Rayleigh veagatedon (and confined to) the

target surface is also generated and propagate away from the impadtharereation of a
compressed liquid wave front in the droplet itsslfalso illustrated, ravelling upwards

through the droplet bodyThis compressed liquid wave frortehaviour is crucial to
understanding the nature of the impact phenomenon, as after a short duratipaatf the

wave front spreadgdowards and past the contact periphery ketwthe droplet and the

surface. After this pointl at er al jetting (or 6spl ashingd)

commences.

To predict the pressure exerted on the surface by the liquid droplet during the initial phases
of contact(until the onset ofateral jetting) the waterhammer equation has historically been
employed [98]. The waerhammer equation is shown quation 3.4, where0 is the
waterhammer pressure created during impacis the undisturbed density of ehfluid

(water in this case}p is the speed of sound in the undisturbed liquid @nig the impact

velocity.
AR (3.4)

This simple equation was first developed to calculate the waterhapressure present in
piping systems and is therefore based on the following assumptions:

1. The impact is a one dimensional event

2. The target surface is perfectly rigid

3. The water density remains constant during the impact event
4

The speed of sound remains camstduring the impact event.

Although these are quite restrictiassumptions, the expression can still be used as a good
indicator of the magnitudes of impact pressure that may be expected for a given impact
event. Dear & Field99] proposed a modified waterhammer equation, which takes into
consideration not only the propagation of pressure through the liquid during impact, but also
the target body; as shown Eguation3.5, whereD is the modified waterhammer pressure
impartedduring impactwis the impact velocity, is densityis the speed of sound, and

the subscript&iandi refer to the liquid and solid bodies respectively.
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(3.5)

The expressions shown can be useful in approximating the impact pressure exerted, however
they only predict the pressures created during the initial phases of contact. They do not apply

to conditions after the onset of droplet lateral jetting acrassatiget surface.

Indeed, the transition to and onset of latggtling in no way signifies the end of significant

or noteworthy impact mechanisms in water droplet imgastead, e spreading behaviour
acts to greatly accelerate the velocity of theewan the lateral directioacross the given
target surfaceBartolo et al.[100] showed that when water droplets gently impact a
hydrophobic surface, the resulting lateral jet can exhibit a velocity up to 40 times the original
impact speedThe additional significant impact mechanism imposed by this high velocity
droplet spreading behaviour is the creation of extremely high pressures at the droplet
spreading wave frontieymann[98] found analyticaly that the pressure generated at this
wave front can exceed the original waterhammer pressure by a factompio3ed locally at

the wave frontSubsequent experimental investigations by Field dtLall] verified these
findings. Li et al. [102] also observedthrough a numerical volume of fluid methdtht the
highest pressuris generated at the expanding wave front, at the time of transition to lateral
jetting.

The creation bthese pressure spikesveeping outwards across the target surface are
suspeatdto have a significant influence on the damage created through first damaging the
material and then subsequently jet washing and furthering eroding the surface.

An instantaneos approximation of the impact force imparted through liquid droplet impact
has also been proposed in previous studi@3] [104], as shown irfEquation3.6, whereF is
the impact forcem andd arethe mass and diameter of the droplet respectivelWaritle
impact velocity.
aw
0 — 3.6
9 (3.6)

The force exerted will obviously vary over the duration of the impact event; however this
expression agaiserves as a good tool to approximate the magnitude of impact forces

imparted.

It is interesting hereforeto examinewhat these expressions can reveal abouptiential

magnitudes of the pressures and forces exerted blade surface through rain diep
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impact. Assuming a water density of 1000kgand a speed of sound in water of 1508m
[105] for the waterhammer equatiokquation3.4) and a droplet diameter of 2mm for the
instantaneous force equatidaguation3.6), boh expressions can be calculated and plotted
against a range of potential impact velocities, as showigure3-18.
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Figure 3-18 Waterhammer pressure and instantaneous impact force from a 2mm diameter liquid droplet impact
over a range of potential impact velocities.

As shown inFigure 3-18, the potentialimpact pressures credtéhroughrain dropet impact

can be considered significant in the context of leading edge impact. At a common tip speed
of around 80mns? (Figure 2-2) pressures of up to 120MPa could be imparted on the blade
surface through rain droplet impact

The impact energy is also an important consideration with regards to impact studies and for
rain dropet impact it is simply equated to the kinetic energy of the impacting droplet
(Equation3.7).

b0 ga & 3.7)

wherev Qs the impact energynis the droplet mass andis the impact velocity. Plotting
the kinetic energy given by this equation for a range of droplet diameter across the potential

range of impact velocities, gives the values showFignre3-19.
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Figure 3-19. Water Droplet impact energy for a range of droplet diameters at various impact velocities, assuming
a water density of 1000kg.

As shown, the droplet diameter plays a significant role in the impact energy associated to a
given rain drop. The squaring effect of the impact velocity also has a strong influence on the
impact energy. The energies shown may not be deemed significaminy engineering

disciplines, however, given the significant duration of the exposure of the blades to these
conditions and factoring in the other hostile environmental conditions, the energies take on

greater significance.

3.2.4 Rain droplet impingement induced damage

The potential magnitudeof forces and pressures exerted by rain droplet impact on the
leading edge of wind turbine bladaee significant. It is prudent therefore to also examine
the potential mechanisms by which damage can be created inagjéds through liquid

droplet impingement.

Exposure to liquid droplet impact is common to many engineering applications and as such,
although there is limited research in the context of wind turbine blades, the phenomenon has
been the centre of many preus research studies in other industries; namely aviatibich
Gohardani79] reviewed in depthAs discussed previously, these studies can be reviewed
and examined to ascertain their relevance to the work of this regeardh a wind turbine

blade context), and therefore provide further information and insight into liquid droplet

impingement induced damage.

The way in which damage is created on a surface due to liquid droplet impact depends on

both the nature of the imapt (impact velocity and inclination) and the target matefigure
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3-20 shows the typical damage formation caused by repeated liquid tiropaa duatile

target material.

Figure 3-20. Ductile surface exposed to repetitive droplet impact, showing the formation of damage, source:
[106].

From the initial impact events begto create small indented craters on the surface and this

is subsequently deepened through further exposure to impact. This topological change then
begins to influence the shock wave behaviour in the impacting droplet and consequently the
loading pattern exted on the surfagavith the lateral jetting process playing a critical role

in the evolution of the damagi turn this results in stress concentrations in the material
worsening the damage process and removing mataliabugh any damage in a compmnt

is typically undesirable, there are some applications in which this high level of deformation
in response to impact may be desirable. For instance if the given component requires
frequent examination and damage assessment, it may be possible (alé of the high

levels of deformation) to visually identify damage with the naked eye; negating the need for
more complex inspection apparatus such as ultrasound scanners. This in turn makes it
simpler to catalogue and monitor damage of the surface wasdbr proactive mitigation.

With stiffer brittle materials, as discussed in the following, this simple method of inspection
may not be suitable, as such materials typically respond to impact with little observable
deformation; instead manifesting damadlerough microscopic cracking and other

mechanisms.
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Adler and Hookef107] investigated the rain erosion characteristics of brittle glass material

through experimental meanslassifying the rain erosion process in such brittle materials
through the schematic shownkigure3-21.
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Figure 3-21 Schematic of damage modes due to rain erosion. SquAA:

From this schematic it can be seen that the mechanism of rain erosion in brittle materials
differ to that of ductile materials. Brittle materials fail through the creation of cracking on the

surface or through cavitation created; as opposed to high lefvdeformation with ductile
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materialsFigure 3-20. The occurrence of cracking and cavitation acts as a nucleation point

for further damage and materaggradation.

Gorham et aJ108] conducted experimental water jet impact testing on a range of polymers
and polymer based composites to evaluate the effects of rain droplet impact induced damage
erosion; citing that water jeests provide good agreement with comparative water droplet
impact testsFigure 3-22 shows the result of water jet impact testofga MY778 epoxy at
550m-st and 860n-stin A and B respectively.
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Figure 3-22. Surface damage created during a water jet test on a MY778 epoxy impacteda0m-st and Bi
860m-st. Source{108].

Although the impact velocities tested by Gorham et[HD8] far exceed those under
consideration in this research, it is interesting to note the nature of the damage created on the
surface of the epoxy as a result of liquidpawt. The spreading behaviour and subsequent
high pressure creatiofas discussed previousin Section3.2.3 appears to greatly the
influence the nature in which damage on the surface is createdndaaminglike area of
damage around the impact centhiefurther highlights the complexities assated with

liquid on surface impact and the nature in which damage is manifested as a result.

Gohardani[79] states that in aviation studies a parameter often utilised for evaluating the
erosion performance of materials untiguid impingement is the damage threshold velocity
(DTV). This value is simply the lowest impact velocity at which damage in the target
material is observed. The exact classification of such damage is not established, with some
defining it as a loss ofpdical transmission or mass and others basing it on the occurrence of

fracture[79]. Evans et al[109] defined a theoretical expression for the DTV given by
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where @ is the DTV,0 is the fracture toughness of the target matecalis the
Rayleigh wave velocity of the target materfal,andc are the density of the water and
compressional wave speed in the water respectivelyGanis the droplet diameter.
Gohardani[79] describes that the Rayleigh wave is created (and confined) on the target
surface and is respeible forapproximately2/3 of the impact energy. The Rayleigh wave

velocity in a solid is given bji110]

1

mWocppt O 7 (39)
p cp

where® is the Rayleigh wave velocity,i s t he Poi ssonds Qisathei o of

materialY oungds modul us.

Using boththese equationdt is possible to evaluate an approximate DTV for a typical wind
turbine blade epoxy based coating. The materialpgrties of typical epoxy gel coat
technologies vary vastly between products and manufacturers, however assuming a typical
Youngb6s modul us of 3. 2GPa, a Poi s’Emguaiios r at i o
3.9¢gives a Rayleigh wave speed of appnoaiely 942ms?. This value can then hesed in
Equation3.8to derive the theoretical approximate for the DT a range of rain droplet
diameters; assuming a water density ofGkgdr3and a compressional wave speed in water

of 1490ms?. However, theracture toughness properties of epoxy material systems can vary
widely from low values of 0.5 to higher values of 1.5MP&.M11]. Therefore, the values

of DTV across a range of rain drop diameters can be calculated usiiffgrént fracture
toughness values of 0.5, 1 & 1.5 MP#2mThe DTV values obtained across a range of
potential rain drop diameters (and for the three toughness values) are sHiguré3-23.
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Figure 3-23. Damage Threshold Velocity for rain diepimpact on an epoxy target across a range of droplet
diameters and for different epoxy fracture toughness values

This plot highlights the importance of employing a surface coating technology with
heightened fracture toughness. For low values of fracture toughness, the DTV value could
potentially be as low as 5081 for larger droplet sizes. However, it is also to possibol

observe that even for tougher values, the DTV value can still be lower thanst0iom

large droplet sizes. This approach assumes normal impact angles and therefore represents the
worst case scenario for liquid droplet impact, but it is prudentte that the ranges of DTV

values are not far removed or significantly higher than some of the tip speed values
discussed previously. Additionally, the DTV value predicts the minimum required impact
energy to induce instantaneous damage; therefore imphtities slightly below the DTV

values may still induce damage over a longer period or after repeated impact.

3.2.5 Experimental rain erosion evaluation

In the absence of suitable rain erosion testing staadaittin the wind sectotthe industry

has insteadoloked to the aerospace sector where eadsion testing techniques have been

well developed and established [25]; in light of the need for rain resistive airframe and
helicopter rotor components. The eaASTRIbIl i she
G73i10 Standard Test Method for Liquid I mping
[112], which is utilised to evaluate the erosion resistance of materials. Most testing
approaches utilise a swirling arm type apparatusreftyea sample is attached to the end of

a rotating arm mounted on a motor. The sample is then rotated through a simulated rain field

of a given intensity over a period of several hours, therefore exposing the sample to an

accelerated life cycle process.
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Onre of the longest serving and most established facilities is the Rain Erosion Test Facility,
hosted at the University of Dayton Research Institute (UDRI), (8%h which has been in
operation on both an academic and commetusis for 35 years and claims to be the
national and international standard for testing the rain erosion resistance of aerospace

materials. The testing apparatus and associated support equipment are $figueBi24.
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Figure 3-24.UDRI Rain Erosion Test Facility. Sourdé13]

The facility features a 2.5m diameter rotatargn upon which the test sampkre mounted

on the tips, the arm is driven by a 400hp motor through a gear box which can deliver a
maximum tip speed of 4008t (excessive for the purpose of this stufiyd3]. The rain fall

is simulatedvia an aluminium pipe annulus moeatabove the swept path of the rotating

arm and fitted with 96 equally spaced hypodermic needles calibrated to deliver a rainfall rate

of 25.4mmh%, with a droplet diameter in the range of-2fmm. This type @ testing utilising

a swirling arm apparatus i s c¢ o mmdéaalityylsor ef er r
utilises high speed photography equipment to record the impact events on the sample
surface. Although the facility has historically been most momly utilised to rate the

erosion resistance of aerospace materials and components, the rain erosion testing described

by Powell[75] and shown irFigure3-5 were carried out using this facility.
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A similar facility is also currently under development at the Composites Research Centre at
the University of Limerici{114], namel the Whirling Arm Rain Erosion Rig (WARER) as
detailed by Tobin et 4lL15] [116], and shown ifrigure3-25.
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Figure 3-25. Rain erosion test apparatus, university of limerick, sojidés]

This apparatus works on a similar principle to that of the UfaRlility, using a spinning
600mm diameter arm sample mount passing through a series of spray heads with a rain fall
rate of 25.4mnh™* and an impact speed of up to 128t

The testing conducted by Hafifl] and Powell[75], as previously discussed, also utilised
this swirling arm technique to evaluate the performance of different blade material
configurations and a new material technology. Howgtrerse tests wereonducted using

the apparus hosted by Polyted@3], currently one of the only independent blade coating
test companies, adopting the ASTM standard discussed and a swirling arm apparatus.

An alternative to the Helicopter style testing is to instedits@ita high velocity water jet,
targeted at the intended target, whilst interrupting the flow using a rotating disc with a hole
to create a more puldike (or dropletlike) impact event. Such an apparatus, named the
Pulsating Jet Erosion Test (or PJE%)hiosted by EAD$117] as shown schematically in
Figure3-26.
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Figure 3-26. PJET rain erosion methodology. Sourde:6]

In round robin testing trials conducted by Tobin efHL6], this jet impact testing method
was found to provide results agreeable with those obtéinedthe more popular helicopter

tests.

The ASTM G7310 standard112] and associated testirigchniguesdiscusseccan prove

helpful in rating therain erosion resistance of materials and characterising the damage
createdHowe ver the ASTM standard has been adopte
for rain erosion testing and requirements, and as such there are many elements of the
standard which are not well fitted to wind turbine applicati@msl areas of interest to the
industry which are not covered. From reviewing the documented rain erosion test results
(discussed previously) shown by both LM Wind Poy&t] (Figure 3-3) and 3M[77] [75],

the effects that UV exposure can have on worsening or accelerating leading edge erosion
were made clear. Therefore, it would seem appropribtdé such effects should be
incorporated into anyind turbine bladeain erosion testingtandardas LM Wind Power

and 3M do), resulting in a more robust and more importantly representative rain erosion
testing procedure. In light of such shortfalls dahe need for more bespoke and appropriate
standards, there is currentlyy O standard committetESO/TC 35/SC 9/WG 33118]

working on thedevelopnent ofappropriate coating testing standards for wind turbind (an

tidal strean blade materialsThe scope of the committee is wide and far reaching, however
the primary focus is to develop standards for representative rain erosion testing and
secondarily to address hailstone impact and erosion and other factors (such as icing,

lightning strike, dirt retentioetc).
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3.3 Hailstone Impact & Erosion

Thee is a serious threat to the performance of a wind turbine systs®d by the
phenomenon of hailstorimpact on thdeading edgesurface ofthe blade.The probability

and conditiongor hailstoneimpact on wind turbine blades are first discussed, followed by
an investigation of the basic physio$ hail impact on solid surfaces and the potential
damage modes induced by such impaotoverview of the variousxperimentalapproaches

of assessing hailstone impagtlsopresented

3.3.1 Exposure

Wind turbine blade exposure to hailstone impact is a very site specific easeran{ore so

than rain). As with the rain fall maps shown previousligre 3-12) it is also possible to

use climatic maps to examine the likelihood of hailstorm events across the UK, through the

use of the map shown Figure3-27.
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Figure 3-27. Days of hail, annual average from 192000. Source92]
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The map plots the annual average total days withelvaihtsin the UK using data ceering

the period of 1972 0 0 O . However, the definition of a
therefore it must be assumed to represent even the shortest dufatiaitstorm events.

From the map it is clear that even within the relatively small geographical area of UK, there

is a wide variability in the frequency of days with hail. In south eastern and central regions
of England and around the Greater London ateapccurrence of hailstorms are somewhat

rare; occurring on less than 10 days ovemanualperiod. It could therefore be said that in

these regions, the threat posed by hailstone impact damage to the blade leading edge may be
minimal. However, there ditimay be a threat posed by freak hailstorm events, as the maps
say nothing of the magnitude or the intensity of the hailstorm gwehén and if they do

occur It is clear though that in north eastern regions, specifically in Scotland, the frequency
of halstorm events is much higher, with some areas in the Highlands and Western Isles
experiencing more than 30 days with hail in a year. In these regions, it may indeed be critical
to consider the effects of hail impact and erosion on the blade leading®dgigle the UK,

the same degree of variability in the frequency of hailstorm events can also be observed. For
example, reviewing data from the Irish Meteorological Serjdd®] it can be seen that in

some locations such as MaHead in the North of Ireland there may be up to 48 days with

hail events in a year (averaged over 30 years), whereas in other sites such as Roches Point, in
the South of the country, Cork, the total average only comes to 8 days with hail in a year.
Again, this highlights the necessity for a thorough understanding of the typical
meteorological conditions for any proposed (or operational) site.

3.3.2 Hailstones characteristics & material properties

Convention states that a hailstone has a diameter of atSkeest120], whereas smaller
particles are referred to as ice pellets or snow pellets. Hailstones are formed in
cumulonimbus clouds (thunder clouds), especially those with a strong updraft, large liquid
content, large verticaldight and large cloudrop sizeg§121]. In these thunderclouds, drops

of water rise up througthe cloud and begin to freeze, up@achingaccumulatinga certain

mass the ice particle will descend through the cloud. Someesétite particles are then
again caught in the updraft and acquire an additional layer of ice and this process of updraft
and downfall can recur several times for any giirgtial particle. Through each cycle the
particle will acquire an additional layef ice until the thundercloud can no longer support

its weight and it falls to earth as hail. It is this cyclic layering process that gives hail its onion

like formation, as shown by the cross section of a large hailstdfigtine3-28.
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Figure 3-28. Cross section of a large hailstone, showing the elik@nayered formation. Sourcgt22]

The average size of hailstones is dependent on site location and established average values
are difficult to accurately ascertain. The only certain way to establish the likely average size
of hail at any given site woulde through measurement on location. In the UK, some of the
largest ever recorded hailstone sizes are in the range-@¥r6th[123], however these are
considered freak event3he density of hail ice can vary widely between tmoss and

storms. Field et al124] state that for hail sizes smaller than 20mm in diameter, densities
can range widely from 50 to 890kgmbut for larger sizes higher densities in the range of

810 to 915kgni are observed. For the purposes of hail threat standardisation (for aerospace
applications), they establish that it is reasonable to assume a worst case density 0ff917kgm

(solid ice) for hailstones.

Ice is a complex and highly variable material with regao its material characteristics and
properties and as such is widely considered as a class of material rather a single type. It has
13 different crystal structures, two amorphous states and its engineering properties are
dependant and influenced by nemous other variables. As hailstones form under ambient
conditions they form as polycrystalline iéhg known as ordinary or terrestrial i§£25].

Almost all ice in the natural environment forms as ordinaryi2é], therefore it is the only

type considered in the research discussed and is therefore hereafter simply referred to as ice.

Schulson[127] states that ice may exhibit two types of inelastic behaviour whadet!

under compression. When loaded at low strain rates ice behaves in a ductile manner,
however with increasing strain rate it begins to behave in a more brittle manner, as indicated
by Figure3-29.
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Figure 3-29. Schematic diagram showing the ductile to brittle transition in the behaviour of ice under increasing
strain r atnmarksthetheoeetical pojnt oftransition. Souft&7]

From Figure 3-29 it can be seen that as the strain rate increases the ices material begins to
behave in a more brittle manner with a more linear ssam curve and decrease in plastic
deformation. The &msition from ductile to brittle behaviour is reported to occur at a strain

rate of the order of 1®?!, under uniaxial compression (gt 0 e C) . This phenon
shown by Schulsorf127] in Figure 3-30 which shows the relationship between the

compressive failure stress and strain rate using data from various studies.
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Figure 3-30. Relationship between compressive failure stress and strain rate, $b2rde:
The peak in the curve marks the duetdebrittle transition of the material. The plot shows

good crossstudy agreement on the compressisgength of ice and displays the

strengthening effect of increased strain rates.
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Carney et al[128] summarized that polycrystalline and single crystal ice exhibit strain rate
sensitivity from 1@s? to 10°s! and that single crystal ice has also been shown to be rate
sensitive in the range afpproximatelyl®® to 1(s. This strain sensitivity of single crystal

ice at high strain rates was established through plotting data from tests conducted by Shazly
et al [129] and fitting it to a trend using a static strength of 14.8MPa, as shown in figure 24
[128].
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Figure 3-31 Strain rate sensitivity of single crystal ice under compression. SqUa&3:

The variability of the material properties of ice highlight the challenges in confidently
predicting the forces and stress imparted on the blade & potential hailstone strik€he

strain sensitive nature of ice makes it impractical to establish an analytical approximation
(through Hertziancontacttheory [130] or otherwise)of the predicted impact force from

hailstones.

However,for the purposes of numerically modelling hailstone impact (as discussethlater
Section5.2.]) it should be acceptable to establish an approximatfahe likdy hailstone

ice material properties. As although it is important to both understand and aim to replicate an
accurate represgation of hail ice behaviour during impact, the key area of interest from

modelling results is the material response of the blade target.

3.3.3 Hailstones as an impact projectile

In the context of impact consideratioribe large diameters of hailstones (speally in
comparison to rain drop impact) plan important factor in two ways. Firstly, with an
increase in diameter there is an increase in the hailstones mass and therefore an increase in

its impactenergy, as described by Equati®r7. Additionally, with increased diameter the
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terminal velocity also increases according to the relationship sholguation3.10 where
Vi is the terminal velocityg is the gravitational acceleratio@,is the drag coefficient (0.5 for
a sphere)} i is the air density rad A, is the cross sectional area of the hail stone in the

direction of trave[131].

R —_— (3.10
0" 0

This equation is derived from balancing the gravitatidoedes pulling on the falling body

with the aerodynamic drag forces acting to slow the fall. Although not applicable to all
hailstone impact events, it acts as a useful guide to the range of possible terminal velocities.
Using this equation, assuming andity of 900kgm for the hailstone (this value varies
widely, as will be discussed) and 1.29kg for air, and assuming a perfectly spherical
hailstone shape and thus a drag coefficient of 0.5, it is possible to plot the theoretical

terminal velocity fo a range of hailstone diameters, as showfigare3-32.

Terminal Velocity of Free Falling Hailstone

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Hailstone Diameter (mm)

Figure 3-32 Terminal velocity of free falling hailstone of varying diameter, accordiriggtaation3.10
Assuming: Ice density of 900kgfair density of 1.29kgrhand a drag coefficient of 0.5.

Figure 3-32 shows the effects of the increased diameter and mass of the hailstomes
comparison to rairi on their theoretical terminal velocity. Adopting the same vector
analysis as previously implemted to evaluate the impact velocity of rain drops on a wind
turbine blade Kigure 3-16); it is also possible to evaluate the possible maximum baést

blade impact velocityFigure 3-33 shows the maximum calculated impact velocity of both a
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15mm and 30mm diameter hailstone, impacting a bladeitipa tip speed of 90rg?, in a
20ms?! wind field. The previous results obtained for rain drops in these conditions are also

shown for comparison; as is the constant tip speed for reference.

Hailstone & Rain Drop Impact Velocity
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Figure 3-33. Hailstone impact velocity for a 15mm and 30mm diameter hailstone, fully entrained in20m
horizontal wind, striking a blade tip with a 9" tip speed. The tip speed has also been plotted for reference, as
has the impact velocity for the rain ditepshown previously ifrigure3-16.

It is clear fromFigure 3-33 that as expected, the increased terminal velocity of hailstones
(compaed to rain drolet) results in higher maximum impact velocities during the upswing
phase of blade rotation (106 0e ) ; and a reduction in the mi.]

As with rain impact, it is again useful to quantify the potential ranges of impact energies
associated with hailstone impad&ior example a hailstone ice density of 850Kyt is
possible to calculate (usiri§guation3.7) the impact energy for a range of diameters, across

a range of potential impact velocities, as showRigure 3-34. From this, it is apparent just

how important the diameter (and therefore the mass) of the hailstone is in determining the

potential impacenergy that it may impart during impact.
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Hailstone Impact Energy
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Figure 3-34. Hailstone impact energy for a set of hailstone diameters (5, 10, 15, 20mm) across a range of impact
velocities, determinedsingEquation3.7.

It is also clear, through comparison to the impact energy values for rain drop impact shown
in Figure 3-19, that the potential impact energies associated kil impact ardar greater

than that of rain impact.

3.3.4 Experimental Hailstone Impact Evaluation

Given the threats posed by hailstone impact in aerospace applications, there have been
extensive efforts from many organisations and research pr@]@8k[132] with regards to
experimentally replicating the phenomenon. Given the difficulties associated with the
manufacture and subsequent handling of ice based projectiles, most experimental apparatus
are developed for the purpose of investigating single (i.e. low frequency) impact events. This
configuration has mostly met the needs of aerospace research, as hailstone and ice impact
events occur only in very particular time windows, such as the ascestitlestage of
aircraft, or the lift off process for space rockets. As such, high frequency hailstone/ice impact
has been of reduced significance, evident by the lack of development of apparatus in the

literature.

Most commonly, such single impact event esimental rigs function through a compressed
gas powered cannon mechanism. For instance, Kim [@i38l] [132] utilised the hail impact
rig design shown schematically iRigure 3-35 as part of a combined numerical

experimental studies investigating hailstone impact induced damage in composite materials.
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Two Target Configurations:
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Figure 3-35. Schematic of a hailstone impact rig, as develop by Kim et al. Sqa83:

As shown the basic set up consists of a compressed gas reservoir attached to a long barrel,
through which the ice projectile is fired, through releasing the gas from the reservoir. The
schematic also shows the inclusion of data logging equipment, as svelhaiographic
imaging apparatus. Carney et[a28] (in a similar study) utilised a similar experimental rig,
opting however to create vacuum conditions around the impact event, to produce a more
controllable impact event witclearer data output. The work of both studies will be explored

in further detail in later sections; however it is clear that historically the most popular
approach to experimentally replicating hailstone impact has been through the use of such gas

fired cannon systems.

With respect to the experimental investigation of repetitive hailstone impact, there is very
little published research or work on such an endeavour. As noted previously, there are
obvious challenges with respect neanufacturing, handlingna firing bulk quantities of
hailstones at a target. A compromise may be to use a substitute projectile with similar impact
properties to hailstones, such as small polymer beads or woetsnicballs. Through such

an approach a similar impact rig to theirling arm apparatugsed in rain erosion studies
(discussed previously) could be set up with a hopper feed configuration for the substitute
projectiles. However as statdtiere is little published research in this field and substantial

work would be rquired to explore such an option.

3.4 Other Environmental Influences

Although the focus of the research presented here focusses primarily on the mechanisms of
damage induced through rain and hailstone impact on the leading edge of the blade, there are
of course numerous other types of environmental variables to whicheaviil&typically be

exposed to during its operational lifetimglthough some of these variables may pose a
limited threat in isolation with respect to damaging the blade leading edgeinfluence

may enhance or accelerate the potential damage caused by other factors such a rain and
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hailstone impact. Some of the other key environmental variables are discussed in the

following sections and their threat to the leading edge summarised.

3.4.1 Ultraviolet light

As shown previouslyHigure 3-3 and Figure 3-7), the effects of UV exposure can act to
dramatically alter and degrade the erosion performance of blade coating maldrials.
importance of including such UV exposure effects in the development of industrial testing
standards have been ndteind reasoned previously. With respect to the long term
performance of coating materials, out with the direct impact mechanisms, UV exposure
poses the biggest ongoing threat to the material integrity of the blade surface. However, as
the aim of this reseeh is to establish the base damage mechanisms associated with rain
droplet and hailstone impact, the effects and finer details of UV exposure have not been

more fully explored.

3.4.2 Sea spray

For offshore wind turbines the issue of impact on the blade froay sghipped up from the

sea surface may present a threat to the leading edge of the blades. The nature of sea spray
impact on the blade will most likely be very similar to that of rain with respect to the forces
and pressures exerted and the developmemddfidual impact events. However in some
situations, larger volumes of sea spray water may impact the blade instantaneously. Another
consideration with regards to particulate impact on the blade, when considering sea spray,
relates to the transport of ssalt crystals in the sea spray. Airborne sea salt crystals can be
an issue in many offshore applications, leading primarily to accumulation on components,
which is cited as an issue from many sourdé®!] [135] [136]. Therefore, salt crystals
through accumulation on the blade leading edigenay lead to degradation in the
aerodynamic performance of the blade; rather than any erosive effect and possibly lead to
corrosive damage also. However, to date, there has been little research on this topic.
Additionally, with sea water containing-35% NaCl typically[137], corrosion may be a

significant issue for any metallic constituents.

3.4.3 Sand, dustand other particulate matter

In warm and arid climates, sand and dust may be a common type of airborne particulate and
therefore may pose leading edge erosion problems, whereas in wetter, greener habitats the
problem may be neaxistent. Likewise, at near shore locations, the is$isamd erosion

may be a considerable threat.
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Finite element modelling techniques can be employed to better understand the nature and
potential effects of sand and dust impingement on a blade leading edge. Numerous studies
have looked at modelling solid pigulate impact and erosion on solid target bodies across a
variety of research fields and using both commercial and purpose made M88¢[439]

[140] [141] [142]. As with rain and hail modelling, these approaches could be utilised as
both a design and evaluation tool for the blade leading edge.

Experimental approaches to evaluating the effect of sand ercsionalso be adopted
through use of simple sand blasting techniques. However as with rain erosion testing, this
approach will only act to inform on the potential resulting damage modes and the erosive
resistance of certain materials, but will reveal lilleout individual impact development;

this may be explained by the numerical approaches discussed.
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3.5 Impact Performance of Polymer Matrix Composites

Damage through erosion and surface degradation is not the sole possible form of leading
edge damage on windurbine blades. Given sufficient impact energy and material
conditions, damage to the composite substrate may also be possible; certainly so if the
coating technologies are partially or wholly eroded. Given sufficient impact energy,

composite materials naexhibit damage in a number of ways, some of the most common

being:
1. Fibre-Matrix debonding
2. Matrix material cracking
3. Fibrebreakage
4. Delaminations

Prayogo et al[143] investigated the fatigue damage effects of repeated raimdtbgions

on CSM glassfibre reinforced epoxy composite laminates. Using 4mm diameter nylon beads

to represent raindrops, the samples were subjected to repeated impact and systematically
inspected for signs of damage. Through this approach it was mossistablish the number

of impact events required for the onset of material damage in the composite laminates, as

shown inFigure 3-36.

£t @ 3-laminatespecimen {curve-1

L sd-laminatespecimen {curve-2)
&5

taminatespecimen (curve-;

Incident Impact Energy (J)

9'4 .........
02
1 10 100 1000
| Number of Impacts (N)

Figure 3-36. Impact fatigue damage in chopped strand mat dillassepoxy composite laminates of varying ply
numbers. Showing the numberiofpact events at specified impact energies required for the onset of material
damage. Sourc§l43]
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The work states that for each sample, internal damage was the first to take place in the form
of interface debonding betwedahe polymer matrixmaterial and reinforcingfibre. The
damage then progressed to the surfaces in the form of star cracking on the rear of the
samples and ring cracking on the front face of the samples, leading eventually to
delamination of the plies. Debdimg between thdibre and matrix is attributed to tensile
stress waves during impact and microvoid nucleation, growth and coalescence is attributed to
the occurrence of delamination; in which shear stress is deemed to play a significant role
[143]. It is prudent to note that the impact energies considerejime 3-36 are well within

the range of the hailstone impact energies detaildtguare 3-34 and although the samples
considered by Prayogo et §1.43] were unprotected bare laminates of CSMhich are
typically weaker than that of unidirectional or weaved reinforced compositésghlights

the threat posed by such impact energies.

The damage mechanisms described are not mutually exclusive andaee few of the

possible types of damage. It may be the case that a combination of many failure mechanisms
may manifest as a result of either single or repetitive hailstone impact. Damage induced
through impact has been shown to reduce both the staticessg144] and tensilg145]

strength of composite materials. However, impact damage may not only affect the static
structural properties of the composite substrate, but may also greatly delgeatizad

bearing fatigue properties of the material. Many studies have shown that transverse impact
can markedly reduce the fatigue life properties of diidss reinforced composite materials

in a load bearing capacifi45] [146]. Yuanjian & Isaad145] studied the tensietension

fatigue behaviour of glas§ibre reinforced polyester composite laminates after being
subjected to low velocity transverse impact at varyawgls of energy. The study found that

the ply orientations of the laminate strongly influenced the post impact tensile properties. For
exampl e, the tensil e aanlamindteavele geticislypmparpdeat t i e s
relatively low impactengry | evel s, w h g lam@nats, thé tensile propérttes 9 0 e ]
(and consequently the fatigue )ifenly began to degrade abovecrtical impact energy.
Figure3-37 shows the post mpact f at i g u glaminaté sampted, fortvangng [ N4 5 e
levels of impact energy. It shows that for impact energies & tety little effect on the

fatigue propertiesvere observed (compared to 0J). However igihbr impact energies the

effects on the fatigue performance are substantial.
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Figure 3-37. SN fatigue data for a glasibrer ei nf or ced p ol y eszdnfiguratibnafolowmat e o f
impact at 0, 1.4, 5 & 10J. Source: [69]

It is important to note that the impact energies considered by Yuanjian &l1gddare not
outwith the proposed range of potential impact energies imparted by hailstone impact, as
shown in Figure 3-34. Such reductions in the fatigue strength of dviturbine blade
composites would prove very damaging to the material and lifetime performance of the

blade; made worse by the very fact that blades undergo almost constant cyclic loading.

3.6 Summary of Threat

It is clear from reviewing the documented caseleading edge erosion, the damage created
through rain erosion testing and the impact energies imparted by rain and hailstone impact
that raindropletand hailstone exposure may pose a significant threat to the material integrity

of a given wind turbindlade leading edge.

The erosion damage created through rain exposure, as sh&iguie 3-2, Figure 3-3 and
Figure3-5, highlight the potential surface wearing effects of rain impact otetiuéng edge.

These images also make clear the importance of utilising effective and robust surface coating
technologies as a means of protecting the leading edge. Although the impact energies
associated with rain droplet impact may not pose a signifiegatvith regards to immediate

or short term sulsurface damage such as delaminations or composite failure (matrix
cracking,fibre breakage etc.Yhe midto-long term surface damaging effects such as erosion

or material plasticity may be significant.
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The increased potential violence of hailstone impact presents numerous challenges with
respect to maintaining the material integrity of the blade leading edge. As with rain impact,
hailstone impact may pose an erosive risk to the leading edge by both we@asngand
breaking down the surface coating materials. Additionally, it weglem that as a result of

the impact energies associated with hailstone impact, significansatiice damge may

also be induced through hailstone impact. This may take the &frmelaminations,
composite damage and resultantly a reduction in both the static and fatigue strength of the
material (as shown byigure3-36 andFigure3-37).

The potential damage discussed has been proposed based on the experimental evidence
reviewed, documented cases and from considering thacimgnergies imparted and the

likely material response from such impact events. However, in order to get a clearer idea of
the characteristics of rain and hailstone impact on the leading edge and the potential damage
mechanisms induced, more informationnseded.Experimental techniques can provide
useful information with regards to the impact resistive properties of a given
material/component; however they offer limited insight into the fundamental nature of such
impact events and the response of the ri@teddditionally, such experimental methods can
prove both costly and time consuming, limiting the flexibility and creativity of the designer

or manufacturer to explore the components impact response or propose new material systems
and layup designs. MWvas from this understanding the proposition to conduct numerical
modelling of such impact events wadevised It was intended that numerical
modellingsimulation would deliver additional insight, and in turn provide a@uicker,
inexpensive and dixible means by which to understarnile impact response of blade

components.
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4. Rain Droplet and Hailstone Impact Numerical Modelling

Techniques

Numerically modelling raindropletand hailstone impact on the leading edge of a wind
turbine blade presents numerousalkenges.Both rain droplets and hailstones are not
classical or typical engineering components and neither have straightforward or easily
characterigble material properties. Upon impact, both types of projectile are susceptible to
rapid and large geortré&c deformation and material failures; as well as internal shock effects.
Additionally, the blade component target is made entirely of neat polymer resins and
polymer composite technologies, which also present numerous modelling challenges.
Polymer resinmaterials can be difficult to classify with classic engineering material
properties and can exhibit uniqgue pgEld behaviour The anisotropic material
characteristics of composite materials are also a challenge to accurately represent and are an
area & on-going and developing research in engineering, as is the interlaminar behaviour

between composite plies.

The aim isto resolve and overcome these impact modelling challenges, through reviewing
and discussing a selection of proposed methods in thatlite; before they are tested and

assesselhter.

4.1 Modelling Approaches & Software

Numerical modelling of impact events can be carried out in many ways depending on
requirements, for simple rigid body impat may be possible to develgemianalytical

codes to determine impact forces and stresses created, similarly to the work of that of
Heymann[98]. However, with increasing impacbndition and material complexity such
custom made numerical approaches become more impractical and more arduous to develop
effectively. In such cases, it may then be more productive to employ commercially available
finite elementmodellingsoftware. These softwaprackages boast the advantages of having
been built upon years (or in some cases decades) of cmundinuork, research and
development. As such, they already posggssentools and solutions with regards to

modelling complex impact scenarios

Therefore it was decided that the modelling would bedertaken usinggommercially
available finite element softwardNSYS [147], which feature numerous modelling toals
As the impact events considered wdesignatedigh velocity, tansientand nondlinear, an

explicit dynamics approach, utilising explitime integration, would be employed
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The version of ANSYS availabl@d3), offersthreesolver environments capable of carrying

out such explicit dynamic analyses

1. Explicit Dynamics STR(uctural) [148] 71 This approach uses the ANSYS Autodyn
solver, but using a fully embedded approach whereby the solver is fully integrated
into the ANSYS Workbench Environmeft49]. The Workbench Environment
offers a wide range of pre and post processing tools, as well as the ability to integrate
the model inputs and output into other analyses.

2. ANSYS Autodyn [150] 1 As well as utilising the Autodyn solver as embedded
tool in the workbench environment, the separate Autodyn solver and its pre/post
processing suitcould also be utilised.

3. ANSYSLS-DYNA [151]7 The ANSYS software suite also features thel@¥ANA
solver [152], which can either be utilise as an integrated component within the
Workbench Environmendr on a standalone solver basis. If utilised as a standalone
solver, the pre and post processing software toolPte0s{153] can be utilised
for model creation and result analysis

Thetoolsdiscussed ere all identified as potentialuitablefor modelling the impact events
concernedHowever, in order t@elect the most appropriate tool and moreover to implement
them as effectively as possible, a thorough literature review of previous modelling studies,
which utilise these tools, was regd.

4.1.1 Computer System Used
For all modelling discussed, a Dell Pison M4600 laptop with an Intel Core-2720QM
CPU @ 2.20GHz and 12GB of installed RAM was used for all processes in the setup,

running and posprocessing.

4.1.2 LS-DYNA Terminology

For the purpose of clarity throughout the discussion to follow, it is usefuatily some of

the terminology used to describe the setup ofDYINA models and the way in which

models are created. LSY NA i nput files take the form of

of a range of variougnput6 c ar ds 6, whi ch eleed/define a mhitioulard u al |y
characteristic of the model created. For instance, one important card class is the

6* CONTROLG®6 <card, which can be used to cont
simulations such as the timestep used (*CONTROL_TIMEST&ERhe cotact modelling
(*CONTROL_CONTACT). However, there are numerous classes of cards available-for LS

DYNA keywords, which candescribe the model make up in relation to inputs such as
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materials, element types, contact, damping and so on. Therefore, whestesistt & placed
in front of a word when describing the model setup, this is an indication that and input card

is being referred to.

The LSPrePost software used to createdBNA models (and pogprocess results) is
merely a graphical user interface édskeyword compiler, used to create a keyword

comprising of all the necessary input cards.

4.1.3 Explicit Dynamics

The LSDYNA explicit dynamic approachis similar in many ways to classical implicit
finite element approaches, whereby the structural bodieserned are discretid into
elements, collectively representing the whole body. However, the approach utilises an
explicit (rather than iterative) method to solve #tandardequatios of motion Equation

4.1).

~

ad w ™M Q (4.1)

Wheret is the given time step, and the premise of the solving process is to determine the
displacementQ , at timeo [154]. Jensen[154] describesthat conceptually the

difference between Explicit and Implicit dynamic solutions can be written as

Explicit: 'Q Mo K b B (4.2)

where all these terms are known atthistst‘se6 n6 and t herefore can
Whereas, for an implicit approach the solution depends on unknown nodal velocities and

accelerations at state o6n+16:
Implicit: 'Q M hk KB (4.3)

Jensen154] also summarises the explicit dynamics solution process with the flow chart

shown inFigure4-1.
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Figure 4-1. LS-DYNA Explicit solution procedure flow chart. Sourd&54]

As shownthe velocities and displacements are calculated for n+1, based ondhessethe

internal and external forces can then be calcdlaebsequently the accelerations can then

be determined. These acceleration values can then be fed back into the equations for the next
time step; therefore initiating the next series of catauta.

This flow chart represents the basic work flow of an explicit dynamic simulation within LS
DYNA; however additions and alterations to this process may also be incorporated for
different simulation types. Additionally, the method by which a simuiatiody (projectile,

target, structure etc.) is discretised and represented can also vary, as discussed in the

following sections.

4.1.4 Classical Lagrangian Finite Element Method

The classical approach to discretising bodies of interest in finite element anayse
represent the body with a number of smaller elements, defined by a number of nodes. The
interactions and relations defined between these adjoining nodes (and elements) are what

constitute the material behaviour of the structure as a whole.
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Elements can take many shapes and forms and can be represented by varying numbers of
nodes. The two most common forms of elements utilised are hexahedral and tetrahedral

(Figure4-2); for three dimensional simulations

Hexahedral Tetrahedral
Figure 4-2. Common element types in ESYNA, Hexahedral and Tetrahedral. Sourfdéi5]

This form of geometrydiscretisation is well practised and thoroughly establish in both
implicit and exflicit simulation work. However where abody is likely to experience
extremelevels of deformation during a simulation, the effectiveness and efficiency of this
approach cabe limited as a result of element skewing and shdgterioration High levels

of deformation can consequently results in the skewing and stretching of typical hexahedral
and tetrahedral elements. Such skewing can drastically reduce the accuracy afetiegno

and additionally significantly increase the required computational power andla@k In

light of these drawbacks and limitations, alternative methods of discretising and representing

high deformation bodies in simatlons have been ddeped.

4.1.5 Eulerian

Eulerian modelling approaches originate from computational fluid dynamic methods of
modelling multiphas and liquidsolid interactions; however it has also seen increasing use
in structural impact simulationghrough oupling it with classical finite element methods.
Unlike classic Lagrangian meshing methods whereby a mesh is attributed to the geometry of
a body an Eulerian meshing approach applies a mesh to a specified domain; within which
the body of interest will bgresent (either stationary or moving). The body within the
domain is therefore not represented by a fixed mesh applied to its geometry, ratiwtythe
adopts the nodes within the domain as it moves or deforms within it. This means that when
the bodymoves and deforms, the mesh which represents the geometry can be altered either
by changing to different nodes or altering the shape of the domain mesh. Different

approaches to the method can make use of either or both of these techniques, however the
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resulting benefit is that the mesh representing the body does not urederggsive stretching

or skewing; therefore avoiding the drawback associated with these effects.

The Eulerian method will be discussed further whescdbingthe application of the method

to model rain droplet impact.

4.1.6 Smooth Particle Hydrodynamics

The SPHmethod is a meshless approach to representing bodies in finite element analyses.
The technique was originally developed for the purpose of modelling impact events in
astrophysical studidd57] and has seen extensive use in fluid flow problems. However, the
method is also gaining recognition with respect to its application to solid body impact
mechanic$158].

The central differencedtiween SPH methods and classical approaches is the absence of any
grid or mesh. Instead the body of interest in represented by a collection of nodes (or
particles)through which the governing equations are reso[t&8]. As these particles form

the basis of the computational framework a new approach to modelling calculation methods
are required and implemextt as detailed at length by Hallquidt59] and Lacomg157].

Each particle is assigned part of the mass of the whole body and represents an interpolation
point for the material properties and characteristic during modelling. The particles are not
directly connectedrather they are the basis of an interpolatziieme which uses a kernel

function to determine the material behavifiLB6].

The implementation and practise of utilisiag SPH methodhre discussed in later sections

in relation to the impact modelling work of this reséarc

4.2 Modelling Rain Droplet Impact

Exposure of components to high velocity water droplet impact has been a historicat and on
going concern indation applications and studies. This has led to the establishment of rain
erosion testing facilities, such as tRain Erosion Test Facility previously discussed and
illustrated inFigure 3-24, in order to evaluate the damage risk posed by rain impact on
exposed omponents and the respective components resistance to such drusi@ver,

with the increased availability and continuing advances in computational technology,
techniques to model the impact of wapepjectilesbegan development in such industries.

As suchthe techniques developed and establisteedbe reviewed and assessed in order to
select or develop an appropriate water droplet impact modelling method within the context

of impact on the leading edge of a wind turbine blade.
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It is important tofirst review the developments and established methods with regards to
modelling liquid impingement on solid surfaces, and reviews their strengths, weaknesses and
applicability to the context ahe current workSubsequently, the mostitable approaches

are then selected and their applicability detailed.

4.2.1 Previous Work in Literature

Previous research has been conducted with respect to investigating the nature of liquid
impact on rigid surfaces through use of computatidhad dynamis (CFD) techniques

[102] [160]; using Eulerian methas as previously describedhese approaches casveal

the compressible response of the droplet during impact and the forces and pressure exerted
on the target surface

Li et al. [102] utilised a two phase Euleridgulerian approach to modelta&o dimensional
high velocity single water droplet impact on a rigid surfdéigure 4-3 shows the@mpact
progression of a 4mm diameter droplet impacting a rigid target at -S60rshowing
contours of pressure to illustrate the compressible response within the droplet.

2 GPa

dis ne b 2.08 ps C s ns

&1 GPa

Figure 4-3. 2D Impact ofa4mm diameter watetdroplet at 500ns? on a rigid surface, showing contours of
pressure during impact. Sour¢202]

As shown, the modelling accurately predicts the shockwave response of the droplet during
impact, capturing the initial pressure shockwave and the subsequent lateral jetting upon the
shockwave reaching the contact area periphery. Li ¢1@2] then show that thpressure
exerted in the modelling compare well to an analytical expression given by Heya&nn

which is a 2D approximation of the watarhmer equationgquation3.4). Although the
approach agrees well with 2D analytical expression, Li ef18R] recognise that liquid
impact is inherently a three dimensional issue and as such any numerical approach should

aim to adopt a three dimensional approach.
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As stated, omputational fluid dynamic approaches can provide useful insight into the impact
response of the droplet, however in order to predict the impact response of thestaget
approaches need to be coupled with a finite element modelling method

Alternatively, a method which utilises a finite element method to model both the target
geometry and the water droplet may be employed. Adlét] conducted some of the
earliest work concerned with the three dimensional miogdetf rain droplet impact on a

solid target, utilising a wholly finite element modelling approddtilising the DYNA3D
solver[162] (the pre@cessor to L®YNA) Adler modelledboth the water droplet and the
target geometries ith finite elements to model impact contact between thEne study
details a number of preliminary uses of the approach and the results it can provides, such a
that shown inFigure 4-4, which shows the pressure distribution in a 2mm diameter water
droplet impacting a zinc sulphide target at 308ms

11}

53

Figure 4-4. 2mm diametewater droplet striking zinc sulphide target at 305msi me: (a) 0. 20s, ( b)
1.1us.Source:[161]

As shown, the modelling approach captures the shockwave propagation behaviour through
the water droplet and target geetry, as well as the droplet spreading and lateral jetting
phenomena. However, it is also possible to observe the significant deformation and

stretching of the finite elements of the droplet geometry in the areas of lateral jetting.
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Although Adler [161] states that the simulations remain stable until this point, further

spreading may result in instability, a loss of accuracy and an increase in computational time.

However the benefit of such a finite element approach is thastthes evolution in the
targeted solid can also be determined, as shown by AtbBdj in a plot of tensile radial

stress in the zinc sulphide material during impact, as showigime4-5.
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Figure 4-5. Tensile radial stress in zinc sulphide when impacted by 2mm diameter water drop a'30&m
0.4ps, (b) 0.6us. Sourcgt61]

The plot shows the propagation of stress downwards through the target material as a wave
front as well as lateral stress wave near the surfebih agres well with the theoretical

impact behaviour as described Bphadani [79] and shown previously ifrigure 3-17.
Additionally, the formation of high stress at the contact periphery is observaBigure

4-5(b), again a phenomenon commonly associated with water droplet ifaghct

Adler [161] describé the usefulness the modelling approach with regards to obtaining
information on the impacaesponse and robustness of the target mateitiabut the need for
extensive testing; given the condition that the computational costs (presently much reduced
in comparison to the time of publication) agtably low

As stateda classical Lagrangian edfinite element approach offers good insight into the
impact response of the target material but may encoisdees with regards to the large
deformation of the water droplet. As such (and as previously alluded to), a combined
EulerianLagrangian apmach may offer an approach to capture the detailed response of
both the water droplet and the target bodiiereby the droplet is modelled with an Eulerian

mesh approach and the target with a Lagrangian approach.

Salman and/ é | d[&68]énplemented an Arbitrary Eulerian Lagrangi@LE) method to

model the impact ofwater jes on silica float glass plate@nodeled with a Lagrangian
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approach) using L®YNA software.The approach models the behavioumater using the
material modefMAT _NULL and equation of stat&OS_GRUNEISEN Figure4-6 shows
the impact of a 2mm diameter water jet impacting the target at-$30showing signs of
damage in the 1mm thickness plate.

LS-DYNA user input

Time = 0.0089262

Figure 4-6. 2mm diameter water jet impact at 15@&on a 2mm silica float glass plate target. Water jet
modelled with Arbitrary Eulerian Lagrangian technique. Soyi&3]

As shown, theALE method captures the fluid nature and spreading behaviour of the
impacting water geomstrand effectively couples the interaction between the water and the
target material. The study compares the numerically determined pressure exerted during the
water jet impact simulation to the values predicted by the waterhafqetion3.4. He

finds tha although the initial peak in impact pressures for impact velocities of 250 &
150ms? are both approximately 1.6 the magnitude of the waterhammer value, the values of
pressure quickly reduce and remain at the waterhammer value for a duration longieatthan

of the peak value.

The work detailed by Salman and € | d §L63f nses a similar approach to that
implemented by the author in previous wdB9], whereby an Eulerian approach was
utilised tomodel water drplet impact on a polymer target.

An alternative teemploying arEulerian approach for the water geometry may be to employ

a smooth particle hydrodynamics approaldiere has been extensive use of SPH methods in
the literature with respect tmodelling the landing and crash dynamics of structures into
bodies of wate[164] [165] [166]. Many of these studigsising LSDYNA) compare the use

of SPH meshless rieds to that of Eulerian methodalidating the results against
experimental resultsnostly finding that the results are comparable and bteastitability of

the approachedepends upon their specific application. SPH approaches are commonly less

compuationally expensive to implemetihan Eulerian method$owever therds limited
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published research on the use of SPH methods with respect to the modelling of rain droplet

impacton solid target surfaces.

4.2.2 Selection of Modelling Approaches

From reviewing the previouwater dropletjet impact modelling techniques, there are a
number of potential approaches to modelling such phenorhkveever, through assessing
techniques discussgthe apparent advantages of both the Eulerian and SmoofhkldPart
Hydrodynamic approaches have been made clear. Both approaches can model the large
deformations associated with the droplet geometry during impact, due to the unique meshing
methodologiesimplementig these methodologies withinfmite element analys allows

for the transfer of the momentum loading of the droplet into the target material, therefore
providing information on the impact response of the target material.

For thisreason it was decided thdibr the purposes of this research, both metlagies
would be employed and trialled in order to assess the usefulness and applicability of both
approaches for the purposgfamodeling impact on the leading edg
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4.3 Modelling Hailstone Impact

4.3.1 Previous Work in Literature

Although little research withrespect to hailstone impact on wind turbine components has
been publishedother than the authors wofk0]), the threat posed by ice and hailstone
impact on aerospace componehts resulted in considerable development and research
[156] [167] [128] [133] on the specific issue of modelling ice impaadditionally, in the
context of these applications the target mates often composite materiglsimilar to that

of wind), therefore it is possible to review these studies and draw lessons and insight from
them. The following sections review some of the most prominproposed modelling

approaches and models.

4.3.1.1 Study 1- Kim & Kedward

Kim & Kedward[133] published one of the earliest studasiing toimplement a numerical
method to simulated hail ice impacts on a composite structurepdpie features the details

of their numerical model and uses experimental results to validate the model outcomes. The
modelling work was carried out using the DYNA3D® finite element code which was the
precursor to current LBYNA® code[162)].

The work represents the ice material through use of duiln DYNA3D material model
named 60Mat -PLl&8stHIlcaswi th F aiDYNAr i dow wdmea h [
*MAT_ISOTROPIC_EIASTIC_FAILURE or numbered a$VAT_13 [168]. The following
material propertiesT@able4-1) were assigned for the material model, based on values found
in literature and through tuningf the modelin light of experimental comparisqas will be

discussed):

Table 4-1. *MAT_13 ElasticPlagic with Failure input values.dairce: [16]

Property Value

Density (kg-m™) 846
Elastic Shear Modulus (GPa) 3.46
Yield Strength (MPa) 10.3
Hardening modulus (GPa) 6.89
Bulk Modulus (GPa) 8.99
Plastic failure strain (%) 0.35
Tensile Failure Pressure (MPa) -4

This material model was employed as it allowed for hardening plastic behaviour as exhibited
in their experimental results through mianack evolution just prior to changing to a

crushed powder/fluidike state. The values for shear and bulk modulus wbtained from
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literature[169] [170] [171], however the values for hardening modulus, plastic failure strain
and failure pressure were parametrically determined thrélugltcomparison of numerical

and experimental data. The value for density was an average of the directly recorded density
from the manufactured hailstones used in testing.

The material modelvas desigad to perform in such a way that when the plastic failur
strain value is readud all shear stress components in the hailstone are relaxed to zero.
Additionally, upon reaching the tensile failure pressure value the material is then capable
only of carrying hydrostatic load; therefore behaving like a fllildey acknowledgehat the
material model is a simplification of real ice, as it does not take into account strain rate
strengthening nor the nonlinear pressuskime characteristics of ice.

In order to validate and tune the numerical model for the haikicegime of hail impact
experiments were conducted using a gas powered cannon to fire manufactured hail ice
spheres at a sefrigid force measurement transducer system (FMT) to record the force and
duration of different impact scenarioShis semirigid behaviour is of importance when

trying to replicate the tests numerically, &g target willreact with oscillations, therefore

the impact force arenot strictly instanneousThe experiments were carried out using two

hail configurations, a monolithic écsphere and a layered ice sphere construction; in an
attempt to replicate the layered characteristics of a hailskigere 4-7 shows a 42.7mm
diameer layered hailstone 182us after impacting the FMT at 7&5m

-2

Figure 4-7. 42.7mm diameter layered hailstone at 73$n182us after impact with FMTSource:[133]

The modelling work utilisel a wholly Lagrangian mesh approach for both the hailstone and
the target. The impact conditions featuredrigure 4-7 were repicated by the developed

model, and the simulated impact event is shown by the deformation pliguire4-8.
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Figure 4-8. 42.7mm diameter hailstone at 73.5h182ps after impact with FMTSource:[133]

From Figure 4-8 it can be said that at model is successful in portraying the spatial and
temporal aspects of the impact event, capturing the squashing and powdering phenomena of
the hailstone contact areaowever, it is also possible to observe the stretching of the
Lagrangian mesh attributed to the hailstone as a result of its large geometric deformation
during impact. This stretching behaviour is undesirable as it both increases computational
time and redces the model accuracy. The experimental and numerical results were
compared across a range of impact velocities and the material inputs tuned to create
agreement between the two. With the model tuned and the experimental work conducted, the
results obtaiad through both methods are compared in order to validate the numerical work.

Figure 4-9 compares the numerical and experimental results for the foeed created
against the projectiles kinetic energy.
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Figure 4-9. Numerical and Experimental Comparis@ource:[133]

The reference to monolithic and layered hailstones describes the nature by which the

hailstone was manufactured. In an effort to replicate the dikerlayered characteristic of
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hailstones, some of the samples were created through creatimgntallayers of ice in the
mould (i.e. freezing a layer, then adding an extra layer of water and allowing that to;freeze)

the monolithic samples were simply create from one fillsd mould.

For the given test and ice material conditioitscan be said that gdoagreement was
achieved between the numerical and experimental work, however it is prudere thatat

level of material property tuning was required to achieve thisan also be seen that the
resuls obtained for both the monolithic and layered pl®s show no apparent signs of
difference, perhaps indicating that a layered construction (horizontally in this case) makes
little difference to the impact forces imparted

4.3.1.2 Study 2- Anghileri et al.
Anghileri et al.[156] conducted a study to investigate the merits of three different hail

modelling approaches using:

1. A Lagrangian based meshing process, as utilised by Kim & Kedagd
2. An Eulerian modelling approach or Arbitrary Eulerlaagrangian (ALE)
3. A Smooth Particle Hydrodynamics approach (SPH)

The studyusedthe LSDYNA code and relid heavily on the work of Kim & KedwarflL33]

in that for both the Lagrangian and Eulerian approaches the same congtiativial model

(*MAT _13) and the same material properti€al{le 4-1) were implemented. However, as

the *MAT _13 material model was not developed foe SPH approach a different material
modelling approach was required and was subsequently developed. It instead utilised the
material model entitled MAT_ELASTIC_PLASTIC_HYDRO or*MAT _10 with material
property values based on those quotedafle 4-1 but modified to match experimental
result obtained in other studi€br2][173]. The material properties used foMAT 10 are

shown inTable 4-2. *MAT _10 also requires an equation of state (EOS), so a Polynomial
EOS for water was usgii74].

Table 4-2. * MAT _10 material properties for icource:[156]

Property Value

Density (kg-m'g) 846
Elastic Shear Modulus (GPa) 3.46
Yield Strength (MPa) 10.3
Hardening modulus (GPa) 6.89
Tensile Failure Pressure (MPa) -4

The study utilised the three approaches to simulate experimental work carried out by the

British Royal Aircraft Establishmenfl75], which considered the impact of a 25.4mm

99



diameter hailstone against a plate of 2084aluminiun alloy, at an initial impact velocity

of 192ms?. The plate was a square panel with a thickness of 0.91mm and 305rredgide

with the edges at the boundaries fixed with rivets so as to create a free square target surface
with 200mm side=dge, as showin Figure4-10.
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Figure 4-10. Experimental test plat&ource:[156]

The plastic strain in the plate was observed after impact along the section plane labelled A
A, shown in  Figure 4-10, this was used as the referencghwwhich to compare the

numerical results.

Figure4-11 shows the results of the numerical simulation at 150pus into the impact event and
compares the umerically obtained values of maximum deflection in the plate to the

experimentally stated values.

100



I
'
I
|
|
——-1--=
|
I
+
I
I

1 1 1
i ' i
| L !
1
1 1 1
1 1 1
-TTrTTAaT T rT T
I 1 I
1 1 1
| +
1 1 1
1 1 1

Deflection [mm)]
tn
i
1
_—t e - =
1
'
[}
1
1
1

-1 1 L L 1 1 1 1 1 1
100 110 120 130 140 150 160 170 180 190 200
Position [mm]

(a) —— Experimental Data ¢ Mumerical Results (FE model)

Deflection [mm]
in

(I NN AP

T T
' ] 1

I I I

1

1 1 1

1 1

1 1 1
[T~ @ T~ IT- - r~—1"~~""17-7" T
1 1 I

1 1

+ I

1 1

1 1

1 1

PR N [,

100 110 120 130 140 150 160 170 180 190 200
Position [mm)]

(]_)) —Experimental Data ¢ Numerical Results (ALE model)

..-- - ; O'_:_o"
: :

r / : s

+ g : T

r | : I

— | . e
: :

-_--\____-_._-1_._// S I

-15 :
100 110 120 130 140 150 160 170 180 190 200
Position [mm]

(c} |—Experimental Data # Mumerical Resulis (SPH model)|

Figure 4-11 Hail impact at t=150us and numerieatperimental comparison. (a) Lagrangian; (b) ALE; (c) SPH
Source:[156]

From the images and plotg can be senthat agreement between the numerical and
experimentalapproachesvas obtained, with respect to the displacement on the plate.
However, the paper states that the experimental displacement was taken from the
measurement of plastic strain after the impact event but it does not clearly state at which
point in the simulatio the value of displacement was taken from; e.g. at 150us into the
simulation or after the completion of the impact event. Regardless of this ambiguity, the
magnitude of the modelled displacement is clearly comparable to thia¢ @xperimental

work and he threemodelling approaches produce consistent and comparable resulgs. The
statethat of thethreeapproaches adopted, the SPH method produced the most qualitatively
agreeable results with regards to capturing the behaviour of the ice hail matema duri
impact. The SPH also required the least amount of computational time to complete the

analysis when compared to the other two methods.viidik then goes on to use the three
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methods to simulate hail impact on a jet engine intake and again finds thepSidch to

be the most useful and computationally efficient.

The work is useful in the context of exploring the different meshing/modelling approaches
available for modelling hailstone impact and in coming to the conclusion that the SPH
approach is compabnly the best method of hailstone impact modelling. However, with
respect to the constitutive material model used for the ice/hail, the apgseatipted still

require tuning to match the experimental work and makes the same fundamental assumptions
and sinplifications as those in the Kim & Kedward wofk33]. These assumptions and
tuning requirements are practical and acceptable when considering a specific type of impact
event where the conditions are known or predictable (fschmpact speed/angle and
hailstone characteristics). However this approach does not represent a universally applicable
modelling approach which truly considers the governing properties and mechanical
behaviour of ice.

4.3.1.3 Study 3- Tippmann

Tippmann [176] presentedthe latest revisiori with previous revisions and alterations
proposed by Kueng77] and Parf178] - of the model presented by Kim & KedwdB3].

In this he discusses the developments and then compares numerical results of impact

modelling with a comprehesive series of experimental studies

The modelling work uses the Abaqus/Explicit finite element solver and improves on the
previows work [133] through the addition of strain rate dependant material parameters. The
ice is represented in Abaqus as a simple elp$distic material with failure criterion based

on tensile hydrostatic pressure. The plastic yield stress features the strain rate mdgpende
using dynamic compressive strain data reported in literature. The elastic and mass properties

are shown inmable4-3.

Table 4-3. Elastic and rass properties used by Tippmaource:[176]

Property Value

Density (kg-m'g) 900
Young's Modulus (GPa) 9.38
Poisson's Ratio 0.33
Tensile Failure Pressure (kPa) 517
Yield Stress (MPa) 5.2
Rate Dependant Yield Stress Tabular

The value of 900kgrhfor the density was considered representative of the hailstones used in

the experimental work. The elastic properties were taken from the values published by
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Petrenko and Whitwortfil79] and those subsequently used in thevipies revision$l77]
[178] of the model.

The improvement on the previous Abaqus mdd@&B] is stated as the inclusion of a strain

rate dependant yield strengthlue In the previous modelshe value for yield strength had

to be tuned between 17 to 55MPa, depending on the size and velocity of the hailstone
considered. The introduction of this strain rate sensitivity feature meant that different regions

within the hailstone could possess different values of yield strength based on the local strain

rate of the individual elements. The yield stress for the study is based on the compressive
strength versus strain relationship. Once the plastic strain increases abowastiodimiit,

the stress remains constant at the specific yield stress at which it began to yield. The tensile
failure pressure shown ifable4-3 was bund through a parametric study

Figure 4-12 shows previous expienental data citedfor the relationship between the

compressive yield stress and sireate for ice.
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Figure 4-12. Experimental data for Compressive Strength ag&train Rate for ice materialo8rce:[176]

Three trend lines are fitted to the data to bind the upper and lower limits for the compressive
strength over the range of strain rates and to also show the average value of compressive
strength.Table 4-4 shows the calculated stress ratio required to scale the nominal yield
strength Table4-3) acress the range of strain rates considered, based on the average fitted

trend inFigure4-12.
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Table 4-4. Tabular data for Stress Ratio and Strain R&beirce:[176]

Stress Ratio Strain Rate (5’1}
1 0
1.01 0.1
1.495577759 0.5
1.709011483 1
2.204589242 5
2.418022966 10
2.913600725 50
3.127034445 100
3.622612208 500
3.836045932 1000
4.331623691 5000
4.545057415 10000
5.040635174 50000
5.254068897 100000
5.749646657 500000
5.96308038 1000000

The modelling work utilises an all Lagrangian approach to simulate hailstone impact on a
flat plate and uses previous experimental work by Kim ¢1aR], several other contributors

at Purdue University and new additional tests (conducted in a similar mamperkim &
Kedward [133]) as a basis for numericakperimental comparison and validat The

wealth of experimental data meant that a wide range of impact energies could be examined
through the modelling work to understand the flexibility and performance of the model.
Figure 4-13 shows the impact peak force against the kinetic energy of the hailstone for the
experimental data, labelled DS1 (Kim et HI32]) and DS2 (Tippmanil76]), and the

Lower, Average and Upper Yield Stress/Strain Rate relationship trends.
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Figure 4-13. Peak Force v Kinetic Energy for numerical and experimental v&mkrce:[176]
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It can be seen that good agreement has been achieved between the numerical and
experimental work with regards to the quantitative value for peak force across a wide range
of impact energiedzigure4-14 gives amore detailed view ahe values and trends at impact
energies lower than 400J.
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Figure 4-14. Peak Force v Kinetic Energy for numetiead experimental work below 400J, soufd&'6]

Zooming in on this region show the values for the experimental work more clearly and
although there is a degree of scatter in the experimental data, it can be said that overall
through the lower to upper bound trends that numeexpérimental quantitative agreement

was achieved.

Through high speed photographic imagiitgwas possible for the study to examine the
qualitative aspect of the experimental impact evefkigure 4-15 shows the impact
progression of a 50.8mm diameter manufactured hailstone impacting the target as50.6m
(114J) it also displays the associated actpforce time history with the markers relating to

the image times.

105



Z 10
C 1
8 8
2
4'—?'
2;.!‘
031425364758 91 135 223 300

Time (us)

-
(e)t=47 ps

(l)t=22ps

(g)t=91ps (h)t=135ps

Figure 4-15. 50.8mm diameter manufactured hailstone with impact velocity of 686(h14J). $urce:[176]

In this, hediscusses how upon the onset of impact longitudinal cracks develop in the ice,
starting near the impact contact area and spreading back through the ice, terminating just
before the rear surface. Additional intermediate cracks then form in detthe initial

cracks, after which the hailstone begins to lose its spherical shape. After 58us the value of
impact force begins to decrease, corresponding to the onset of transverse cracking and thus
the transformation from a single homogenous projettila fragmented collection of ice
sections. This region therefore marks the transition from an efsiictural impact

interaction to a simpler momentum impingement on the target from the fragmented ice.
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Figure4-16 shows the simulation of the same impact conditions as display&dure4-15

and dsplays the deformation of a cylindrically patterned view of a quastemetric
simulation. The associated force history is also shown, again with markers corresponding to
the imaged.
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Figure 4-16. Simulated impact of 50.8mm diameter manufactured hailstone with impact velocity of §0.6m
(1143). ®urce:[176]

Failed elements in the model are removed from visual display in order to show the cracking
and failure behaviour, this was achieved by setting the software to only show elements with
a nonzero shear stress component therefore omitting failed elementsathaixceeded the
cut-off pressure. However, it is important to note that although they are removed from view,
they are not removed from the actual model; therefore preserving the overall momentum of
the model. Therefore, fom Figure 4-15 and Figure 4-16 can be said that the model

developed captures the experimentally observeckitra phenomenon; featured kigure
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4-15. The initial onset and spread of longitudinal cracking can be observed, followed by
additional intermediaterack formationHe concludeshat although this onset of cracking in

the early stage of the impact (up until the peak force) is well captoogveverthe model

does not fully capture the transverse cracking and break down of the hailstone in the lateral
stages of impact-urthermorethe model is therefore better suited for predicting early-time
scale events but not the later splashing/powder developments.

4.3.1.4 Juntikka & Olssen

Juntikka & Olsserj180] presented the results from a joint numerical/experimental ice ball
impact study on composite targets. The werkployedboth an experimental gas gun
cannon and an SPH based modelling approach to investigate the ice ball impact of composite
materials; withvarying ice ball diameters.

The modelling work waperformed using L®YNA and utilised an SPH approach to model

the ice ball. Through numerical simulations, the material properties of the ice were
calibrated, which then allowed for the subsequent cortg@aspact analyses. Through this
approach, a damage velocity threshold curve for the range of ice balls diameters tested and
simulated was establish (for the given composiiaterial system); obtaininggreement

between the numerical and experimental tssul

Figure4-17 shows the simulated pressure wave behaviour in a 48mm diameter hailstone, as

modelled through an SPH based approach by Juntikka & OJ$86h whilst impacting a

compositeplate.

Figure 4-17. Pressure wave distribution in a simulated 48mm diameter hailstone, impacting a composite plate
target. Modelled using an SPH based approach. SJagf:(velocity and fringe scale not detailed).
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Figure4-17 showsthe pressure wave and ice material failure behaviour obtained through the
SPH based modelling approach employed by Juntikka & OIEE®0], giving a strong
agreement with the results detailedTgpmann[176]. A high pressure shockwave is shown

to travel through the hailstone bqdwdially away from the initial impact site, resulting in
subsequent failure and relaxatiohtbe material. On the surface of the ice ball, claw like
material failure distributions can be observed; as also showippynannin (Figure4-16).

4.3.1.5Carney et al.

Carney et al[128] is considered tdvave developed a comprehensmaterial model for ice
impact analysisgueto its considerations of the fundantal material behaviour of ice under
impad loading As such,this model is reviewed and tHendamental relationships that
define the model.

As part of the returto-flight requirements for the Space Shuttléssionon July 26, 2005,
modelling of high elocity ice impact was required as part of the safety calculations.
Thereforea researchprogrammebegan at the NASA Glenn Research Centre to tackle the
issue of ice impact, as documented in a paper by Carney{E28]l. Thework identified that

ice is not a common structural material and therefore commercial finite element programs do
not have any appropriate material models. Therefore, in the absence of such appropriate
models, work was carried out to develop a phenomeraabgiodel with failure based on
experimental ballistic tests.

Carney et al[128] acknowledgehe work and contribution of the paper by Kim & Kedward
[133] but recognises the need to develop a model which takes into considenaticatet
sensitive nature of ice. As with other hail modelling wdaHe model was developed for use
within the LSDYNA software package, however, unlike previous studies an Enmleria
mesh/modelling approach waslopted as opposed to Lagrangian. The materiadel
developeds now available for use ithe commercial version dfS-DYNA and is namd
*MAT_PLASTICITY_COMPRESSION_TENSION_EOS

As the modelling was to be utilised for safegiculations which are naturally conservative,
the ice model detailed was developed to represent strong ice with repeatable material
properties. However, the modehnbe usedor weaker ice types by using an appropriate

value for compressive strength.

Atemperatureofl 0 e C i s a common value at which mate

ice and therefore this is the temperature at which the model bases its madnesThe
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Carney model also assumes a constant temperature during impact due to thdobigh ve

nature of the impact events considered.

The Carney model uses tabular data and interpolation between specific-positsad of
analytical functions- to define the dependency of the flow stress on the strain rate and
pressure. This approach renesvthe time consuming step of fitting the experimental data to
the analytical expressions (as practiced in earlier ice models) and eliminates the error
between the measured response and the analytical rel&lmmey et al[128] presens the
modeling approactygiving in-depth detail on the processes amelchanisms ofhe material
model. As such, it is possible to review the inner workings of the material model as detailed
in the following.

To identify the tabular functions,caret (&) will be placed over them.

Following yield, he flow stres®f thematerialmodelhas a product form,

. iHrdd Q9 7T (44)

wher e ,a scéing fundionand, , is the plasticity function which is a tabular function
dependant on plastic strair,. Thisscaling function is composed of two tabular functions of
the strain rategrs at a specified pressure, P. The scaling functioaveuatedthrough

interpolation between them based on the pressure,

itrdD  OObsrs  p TQ JdHlsys (4.9)
where,
0 1 ElpH Agio—2

where subscripts T and C represent tension @mpression respectively aagitand d-U
represent tabular functions of the values of strain at the constant préssamdd |,

respectively

Two different norms for the strain rate are evaluated imtbdel; the first is based on the

deviatoriccomponenbf the deformation rat&) o

sre 2rdr (4.7)

(o)
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The second is the Euclidian norm»f

sfs MODO (4.8)
Carney et al[128] state thathe pressure is evaluated usthg followingtabulated equation

of state with compaction,

0 O f rYj O (4.9)
] T‘b 4.10
T o (4.10)

wherew is the reference specific volun®js the internal energy per reference volume,
is the volumetric strairg and”Yare tabular functiomand| is the Gruneisen coefficient; set
to zero. Unloading and reloading occurs linearly with the bulk modulus at the peak

volumetric strain. The pressure in tension is limited in magnitude by a pressof€ cut

0 T AG D (4.12)
where,
0 i BU (4.12)
and0 is the gatic pressure cwdff, which areevaluated both in tensior) () and
compression{( ). 0 is set to zermnce the material has failedithough the scaling
functi on, E, is a funct i tuated dsingt h.eThecpaperr e n t p

states that although the pressures in the ice undeideosiion were below the shock
pressure where a nonlinear response would be expected and the ice/water is volumetrically
elastic, the introduction of the compaction feature of the equation of atateed the
matching of the numerical and experimentaluliss The feature is stated to minimise
pressure oscillaticwhich were observed in the damaged ice when usingearly elastic
equation of statea feature not exhibited in ballistic testingigure 4-18 shows the
heuristically developed | relationship as described by the equation of statgition

4.9.
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Figure 4-18. Equation of stee withloading and unloading.dbirce:[128]
Two failure models are implemented in the material model. The final stress is given by
a QoM 2a ok (4.13)

whereQ andQ are the damage variable associated to the plastic strain and pressure failure

respectively. The plastic strain failure criterion is given as

moea (419
ph ¢£®i 0Q Q
The pressure failure criterion is given by
Q Th Q® o € v (4.15

ph &¢®i 0Qi Q
The pressure cff terms, elastic properseand other model parameteitilised by Carney
et al.[128] arecitedin

Table4-5. The compressive strain rate behaviour of the model is shown in tabulated form in
Table 4-6 and the variables for the equation of state discussed are givieabli@4-7. The
parameters listed in these three tables are all obtainablggthdirect material testing and
represent the only required inputs for @&rney icanaterial modelThe model assumes that

the tensile strength strain rate sensitivity is constant and the plasticity function is assumed to
have linear hardening with défent initial values for compression and tensidowever,
Carney et al[128] acknowledge that strain rate sensitivity in tension could be included given

the appropriate experimentally obtained data.
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Table 4-5. Carney Model material properties for strong icelab eSBurce:[128]

Property Value
Density (kg-m?) 897.6
Young's Modulus (GPa) 9.31
Poisson's Ratio 0.33
Initial compressive flow stress, &fc (MPa) 172.4
Initial tensile flow stress, ﬁfT (MPa) 17.24
Plastic Tangent Modulus, h (MPa) 6.89
) . Single Crystal - 4.93

P t-off , Pc(MP

ressure cut-off in compression, Pc(MPa) Polycrystal - 3.0
Pressure cut-off in tension, Pr (MPa) 0.433

Table 4-6. Compressive strengthrain rate sensitivity of ice.dirce:[128]

Strain Rate (5'1) Stress Scale Factor
1 1
10 1.2566
100 1.5132
200 1.59044
300 1.63562
400 1.66768
500 1.69255
600 1.71287
700 1.73005
800 1.74493
900 1.75805
1000 1.76979
1100 1.78042
1500 1.81498
10000 2.02639

Table4-7. Equation of state loading parameterausce:[128]

. . Pressure Bulk Modulus (psi)/Stated
In Volumetric Strain - .
(psi) (MPa) (psi) Stated
0 0 0 1.3x 10° 8.96 GPa
-7.69x 103 10¢ 68.9 1.3x 10° 8.96 GPa
-3.13x 102 104 68.9 3.2x10° 2.2 GPa
-10 104 68.9 1.0x 103 6.89 MPa

Carney et al[128] also details two additional features added to the developing model which
were excluded from the final safety calculations due to an absence of data with which to
calibrate them. Howevethey state that given such data and calibration, the features would

further improve the model accuracy.
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Carney et al[128] gives a detailed explanation of his methodololyis level of descriptive
detail is absent in most other papers, but the clarity and transparency it presents is very
helpful when it comes to implementingcdua model

The ice material model was implemented using an Eulerian approachfY N8 and was

used to simulate a series of experimental tests conducted with the use of a gas fired gun and
a vacuum test chamber. Thetelooked at the impact of cylindrical ice projectiles (single

and polycrystal) with a diameter of 17.46mm and length of 42.16mm, against a circular
steel target plate with a 63.5mm diameter and 19.05mm thickifiggsg4-20). The impact

velocity was varied between 91.44, 152.4 and 231.86and the impact angle between 0
and 45e.

Backup
Plate with
Bolt/Nut
Cutoul in
Back

Figure 4-19. Target plate andhd cell. $urce:[128]

As the target structure was noathematicallyrigid (i.e. the load cell and backup structure
have some degree of movement during impact) a modal survey was conducted on the test rig
apparatus, so that it could be confidently replicated in thd¥NA environment. The

results of the modal survey arepicted inFigure4-20.
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I 63.5 mm |

Steel Cylinder 19.05 mm
Kioad cel = 7E9 N/m Ky, = 2.35E9 N/m 19.05 mm
W =0.3538 kg
Kpackup = 0-823E9 N/m 25.4 mm
Determined by Modal Survey

Figure 4-20. Results from modal survey of target apgias (units converte Sl). Surce:[128]

The results from simulating a 152.4mhimpact at normal orientation are shown in the force
time history plot shown ifigure4-21.
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Figure 4-21. Force time history of impact at 1524 s* for experimentalkndanalyticalresults, normal impact
Source:[128]

It can be seen that good agreement was achieved between the experimental and numerical
results and this is also the case for the othertianson speed and impact anghowever,
it is recognised that the attenuatiamedo the inertia of the target plate made the matching of

the test and numerical data somewhat easier and that the actual bodily contact force between
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the two objects consists of a short and sharp force pulse. It is then said that although this
contact bblaviour is difficult to capture through experimental means, future experimental
efforts will be conducted to try and capture such a force history. A calculated force history of
pure contact loading is then also shown, as depictEdyure4-22.
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Figure 4-22. Calculded contact force at 152.4m/8ce:[128]

FromFigure4-22it is possible to observe the suggested sharp force pulse that acts between
the immediate contact faces. Due to the energy from impact beimgferred osr such a
shortduration the resultant force acting on the surface is just under double that experienced
by the load celligure4-21). This spikingphenomenon iapparent when also looking at the
photographic images of the impact; however it is still lacking in experimental validation; an
objective stipulated by Carney et[4P8].

4.3.2 Selection of Modelling Approaches

From reviewing previoussarious attemptso model ice impactit was clearthat the model
proposed by Carney et a]128] represented the most developadd comprehensive
approach.

Furthermore, from the review, it was apparent foathe purposes of modelling ice impact,
the most common software choice is the ILBYNA solver and that the most suitable
meshing methasifor ice projectiles are either an Eulerian approach or a SPH approach;

owing to their capability to effectively modigrge strains and deformation.
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For these reasoni was decided that for the purposes of modelling hailstone impact on the
leadingedge of a wind turbine bladihe LSDY NA solver would be employet implement

the Carney ice model. However, as a restithe benefits offered by the SPH approach, as
detailed by Anghileri et al156], the Carney model would be implemented using the SPH
approach. Such an approach would firstly require validation against the results already
obtained by Carney et dl128] (such as that shown Figure4-21) through replicating their
modelling/experimental process

4.4  Software Selection

From reviewing the literature on modelling techniques for both rain and hailstone impact and
assessing their suitability, many potential solvers have been identified and d#talekkar

that the most commonly employed solver with respect to modelling high velocity soft body
impact is LSDYNA [162]. For this reasor,S-DYNA (ANSYS 13 versionwould be used

for the modellingsection of this workudng it in standalone solvemode rather than in the
embedded version in the ANSYS Workbench environment. It was found that using it in a
standalone capacity and usiritg purpose made pre/pgstocessor(LS-PrePost[153])
provided clarity with regards to tHaal makeup of the simulationand allowed for the full

utilisation of all the simulation tookvailable to LSDYNA.

However for initial rain droplet impact modellingsing an Eulerian approadfe ANSYS

Explicit Dynamics environment was alssed

4.5 Modelling Target Materials - LS-DYNA Approach

There aremany potentially viable methods for numerically modelling the impact of rain
droplet and hailstone projectiles, identifying the-DSNA software package as the most
suitable tool for modelling such impact events. However it is also important to consider the
manner in which the material behaviour andooese of the target materials rizodelled
within LS-DYNA. Wind turbine blade leading edge componerstisch as highlyelastic
polymer coatings, gel coats afildre reinforced plasticshave complex physical responses
and can be difficulto model accurately, however in order to gain accurate and reliable
insight into the response of lead edge materials under impaittis imperative that they are

modeled as effectively as possible, with respect to their physical responses.

As such, itisimportant to review and evaluate the material models available-ioMIA in

the context of modelling the behaviour of such bladeeriels.
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45.1 Element Type

LS-DYNA is capable of modelling solid materials using an array of available element types,
such as: shells, thieghells, solid bricks, beams and SPH nodes. In the context of modelling
thin composite materials, the most prominent aachmonly used element types are shell,
thick-shells and solids.

In analyses featuring large scale composite components or structures, shell elements or thick
shell elements may be most suitable, as the structural response of the structure as a whole
may ke of interest, and therefore the through thickness behaviour in the material is not of
concern. However, in the context of examining the impact response of thin composite based
target materials, such as a blade leading edge, the through thickness re§pomseaterial

is of great interest and therefore shell elementisich model the material on a two
dimensional planenay not be suitable.

In order to capture the through thickness material behaviour of a given target structure, a
three dimensional appach to modelling the target is requirdtherefore it is most suitable

to model the targets using 3D solid brick elemgwofswhich there are many types and
configurations within LEDYNA [181]. Many of the material modelsithin LS-DYNA for

both polymers and compositeaterialsare compatible with solid type elemerdad as such,

these elements were identified as most suitable for the modeliirigofthis research.

45.2 Polymers
Effectively modelling theémpact responsef polymer based materials in a finite element
environnent presentsnany challengessome ofthe most important of these are that many

engineering polymers can exhibit

1. Highly unigue stresstrain behaviour as well as irregular or complex {yoeid
plasticbehavour.
Significant strain rate sensitivity

3. Varying strength between loading in compression or ter{§iora given polymer)

Any given polymer material may exhibit all these traits (and other complexities) or perhaps

only a few. The importance of sucharacteristics wijlof course depend upon the nature of

the finite element analysis required and it may be suitable in some situations to make
simplifying assumptions. For instance, if a steady strain rate is predicted in the analysis then
the effects bstrain rate sensitivity may be ignored; assuming that the sthegs behaviour

at such a constant strain rate is well understood. Additionally, if the compressive and tensile

behaviour of the material are comparatively similar or the analysis feaitinearily one
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type of loading (compression/tension), then it may be suitable to assume and assign identical

compressive/tensile behaviour.

However, it is clear that if such assumpsoocannot be made for a given polymer, the
constitutive material modelbf modelling the polymer in L®YNA will have to feature

capabilities to

1. Model complex posyield plasticity behaviour through either the input of suitable
material properties or experimental tabular data.
Incorporate the effects of the strain rate sarisitof a given polymer

Model compression and tension loading behaviour differently

The LSDYNA keyword manual[168] details and describes alie available constitutive
material models within L®YNA and additionally definesvhich material models are
suitable for modelling plasticsTable 4-8 details a list of available -BYNA material

models designated in the {L3BYNA keyword manual asuitable for modelling plasticS.he

table details the required inputs to describe the plasticity behaviour of the material and
consequently theature in which the respective magledpresenthe plasttity behaviour of

the material. T h meart ¢hatithg madel ireguires @rity Tassiple -post

yield tangent modulus to represent pgisid loading, therefore the pegield loading is

model | ed as a | inear rel ati onshi pield sikeBse r e a s
plastic strain behaviowan be input in tabular form; allowing for higher complexity (as will

be discussed). The &6Par apexpdrimentéllyodanalyticglly at i on
derived material parameters or characteristics are required for input. The other columns
indicate- with a Y(es) or N(o} if the respective material mode can incorporate strain rate

effects or failure and if the model handles compression loading differently to tension.
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Table 4-8. Available materials within L&YNA designated as suitable for modelling the material behaviour of
plastics. Detailing the available features associated with each material model, whereby Y & N indicate yes and no
respectivelySource 168]

Material Material Model Number and - . Strain Rate | Failure . Seperate .
L Plasticity Behaviour . | Tension/Compression
Number Description Effects |Criteria .
Behaviour

3 Plastic Kinematic ETAN Y Y N

24 Piecewise Linear Plasticity ETAN/Tabular Y Y N

81 Plasticity with Damage ETAN/Tabular Y Y N

89 Plasticity Polymer Tabular Y N Y

101 GE Plastic Strain Rate Tabular Y Y Y

106 Elastic Viscoplastic Thermal Tabular Y N N

112 Finite Elastic Strain Plasticity ETAN/Tabular Y N N

114 Layered Linear Plasticity ETAN/Tabular Y Y N

123 Modified Piecewise Linear Plasticity ETAN/Tabular Y Y N

124 Plasticity Compression Tension Tabular Y Y Y

141 Rate Sensitive Polymer Parameters Y N N

153 Damage 3 Tabular Y Y N

168 Polymer Parameters N N Y

187 Semi-Analytical Model for Polymers - 1 Tabular Y Y N

224 Tabulated Johnson Cook Tabular/Parameters Y Y Y

238 Piecewise linear plasticity (PERT) ETAN/Tabular Y Y N

As noted there are numerous available material models for plastics -DMIMA, all of

which feature varying capabilities. Most of the material models offer the option of including
strain rate effects and material failure criteria, howdaerfewer are capable of modelling
separate compression and tension behaviour. These variations in capabilities mean that some
material models will be suitable for certain materials and perhaps not others, as discussed in
the following.

The material modelwhi ch make use of the O6ETAM@NI nput

of modelling the stresstrain relationship of a material. Fexample, if the stresstrain

behaviour of a given material is known and exhibits relatively simple elalastic

behaviarr, such as that shown Figure 4-23, then it may be possible to approximate this
behaviour through s i(pigyield slape)mmdulug, yieldgtresshnela Yo u n g
tangent modulu6ETAN T postyield slopg value.
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Figure 4-23. ElasticPlastic material response

Although the perfectly linear elastptastic behaviour shown iRigure 4-23 may be rare,

many stresstrain curves for materials can be approximated by two slopes to represent the

el astic and plastic behaviour (Youngb6s and
approach may be applicable in many studies.

However, many engineering polymers exhibit far more complexypelst behaviour which

cannot be fully characterised by a simple tangent modulus. For exglylerethanes such
as that featured in protective coatings typically exhibit sts&sgn behawur as typified in

Figure4-24 (as indicated from manufacturer d§i&82] [77]).

Stress

Strain

Figure 4-24. Typical complex highldeformation plasticity as exhibited in some polymer materials such as
polyurethanes.
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The exact behaviour of the material is of course dependant on the properties of the material
however complex plastic behaviour such as this may not be adequately appabhiyrtwo

slopes. As such, when dealing with such materials it is more appropriate to adopt a material
model which allows for the input of tabular data relating to the plastic behaviour of the
material. Through this method such complex postd behaviar may be more accurately
modelled.

Althoughwithin LS-DYNA there are numerous material modedsich can be utilised to

model the material behaviour of plastics, very few of the models provide the capability to
model compressive and tensbehaviour differently. The ability to do so was considered
important owing to the nature of the impact simulations proposed, whereby the target
materials will be subject to strong compressive forces from impact and then subsequently
shear and tensile stees through dissipation of the impact energy. Additionally, many of the
target materials considered in the analyses of this study, such as epoxy resin, can exhibit
higher strength under compressithran tension This higher compressive strength may be
cental to therealresponse and performance of the material when under impact and therefore
should not be ignoreth analysespr assumed to be equal to a (potentially lower) tensile

strength value.

Table 4-8 showsthat material mode *MAT_PLASTICITY_COMPRESSION_TENSION

can model tensile and compressive behaviour differently, as well as incorporate strain rate
effects, failure and complex plastic behavi@hrough tabular input). It would seem that this
material would therefore be robust enough to model most plastic materials, given that the
appropriate material properties and data are availdlile.material modeldeveloped by
Carney et al. [128] for the purposes of modelling ice impact,
*MAT_PLASTICITY_COMPRESSION_TENSION_EQS, is based upon similar principles

to that of*MAT_PLASTICITY_COMPRESSION_TENSION. The material model models
elastieplastic kehaviour through the definith of a unique and separate yield stress versus
plastic strain curve for both compression and tenglé8]. Failure of the material can be
modelled based upon a plastic strain failure value or a minimum time step and s&ain ra
effects are modelled using a Cowy®monds strain rate modgl81] or by entering two

load curves which scale the stress values in compression or tension based on strain rates.

It is clear then that there are numerous material modelling options withHDYSIA for the
purposes of modelling polymer based materials and as such a number of these material

models may be suitable for th@delling work of tiis research
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45.3 Composites

Modelling the impact response of composite material technologies in a finite element
environment presents a significant challeng&he anisotropic material behaviour of
composite material technologies (and many of those employed in wind turbine blades)
requires careful andonsidered implementation finite element analysis. Additionally the
interlaminate interaction and response between plies in a composite laminate also has to be
carefully modelled in order to accurately captilmematerial response tfie composite.

Helpfully, the LSDYNA simulation environment has been used extensively in numerous
previous studied167] [133] [180] [183] regarding the impact response of composite
materials/laminates. As such, a great deal of development with regards to composite material
models has been performed, resulting in the availability of a wide range of potential
composite material modelling tedoes andools

The following review describeghe most suitable methods for the purposethefpresent
work with regardto modelling both the material behaviour and the interlaminate behaviour

in laminate constructions.

4.5.3.1 Composite Material Behaviour

Composite materialcan be manufactured in many forms and to numerous configurations for
any given application. As such, effectively modelling any given composite material
configuration in a finite element analysis can present many unigue challengesl ©ehta
effective modelling of any composite material is a strong understanding of the behaviour of
the composite technology concerned.-D¥NA has numerous material models for the
purpose of modelling composite materiathnologies; however each modeilll wossess
specific tools and features which, while appropriate for some technologies, may not be
suitable for all application. Therefgran evaluation of th@ppropriate material models
within LS-DYNA for the purpose of modelling wind turbine blade casites; such as

chopped strand mat materials and unidireaitweaved reinforced materials is presented

Most chopped strand mat (CSMiaterial technologies are manufactured as thin sheets
(stored on a roll) and are employed in blade applications as Eyeinin a larger laminate.
Due to the randomly orientated nature of the reinforéimige, and assuming it is uniformly
distributed, most thin CSM sheets can be assumed to eidabibpic material behaviour in
the plane of the sheet. However, the matgsroperties in the normal direction may differ
significantly and as such, in the contextnofrmalimpact simulationsgare must be taken if

assuming that the properties are isotropie such, it may be more suitable to model CSM
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materials with a starad composite material modiel LS-DYNA, whereby thdongitudinal

and transverse properties are identical and the properties specified in the normal direction are
lower. Deb et al.[184] employed such a method to investigate é&ffectiveness of a CSM
based GFRP tube under axial impact loading (relating to automotive safety structures) using
LS-DYNA and the material modéMAT_ENHANCED_COMPOSITE_DAMAGE Deb et

al. [184] validated the numerical modetlg with experimental results, obtaining good
correlation. The simulations featured primarily loading in theplane direction along the

axis of the CSM based tubes, and therefore the normal plane behaviour of the material was
not of primary concern.The material model is also designed only for shell elem@m®g]

and therefore would not be suitable for the work of this study. HowB®etr et al.[184]
validated the approach of modelling such CSihterials as a quassiotropic maerial and
therefore adopting such a technique with more suitable composite material models (for solid

elements) should provide satisfactory modelling performance.

LS-DYNA supports a large number of constitutive material models for composites.
However, many of the models are designed to be utilised with specific element types such as
shells, and therefore may not be applicablalt@lement typesAs such, b available solid
elemen compatiblecompositematerial moded in LS-DYNA, as documented in the LS
DYNA keyword manual[168] are reviewedTable 4-9 lists all suth compatible material
models and details some of their key features.

Table 4-9. Table showing material models for composite materials withiDIYSIA which are compatible with
solid elemerg. Showing featuresfahe model, indicated by a Y(es) or N(&purce{168]

Unique
Compression/Tension
Y

No. Material Model Name Strain Rate| Failure [Damage

22 Composite Damage

59 Compolisite Failure Solid Model

161 [Composite MSC (Additional License Required)

162 [Composite DMG MSC (Additional License Requirment)
221 |Orthotropic Simplified Damage

zZ=< =<2z 2
< < < < <
<~ <<z 2z
< < < =<

Table4-9 indicates whether the models incorporate strain rate, failure and/or damage effects
and whether the model handles tension differently to compression. As shown, all the possible
models incorpmate a failure mechanism, whereby upon reaching a certain criteria such as a
certain load or strain the material fails and the elements are eroded. Each model also models
compression effects in the material differently to tensidrich is an essential ctacteristic

for impact modelling. Materiainodels161 & 162 can additionally model both strain rate
effect and damage (i.e. progressive damage accumulation leading to faildiegting that

it may be the most advanced and developed model. However ttheseodels require the

use of an additional license from the creators and as such were not available for the work of
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this research. Therefore, the three material models numbered 22, 59 and 221 are the only
applicable models and there is little from firs$pection to differentiate between the models;
besides the damage modelling capabilities possessed by materidlo2@dtter understand

the nature of each model and their capabilities, each one is examined and dissussed

follows.

Material 22

Material 2 (*MAT_COMPOSITE_DAMAGEH is an orthotropic material model with an
option for brittle failue (detailed previously imable4-9). The model requires the input of
longitudinal, transverse and normal material propeifiedoth compression and tension)
and can predict the three following failure mechanisms in the mgtesgit

1. Tensile matrix mode
2. Compressive matrix mode

3. Tensilefibre mode

The failure option is &sed on the work of Chang and Ch4h85], as detailed in the LS
DYNA keyword manual168]. There are five material parameters used inthihee failure

criteria discussed, these are:

Longitudinal tensile strengthY
Transverse tensile strengthf
Shear strengthy

Transverse compressive strength

o B w0 DdPRE

Nonlinear shear stress paramgter

The first four parameters are obtained froresrgt h measur ement of the
is defined by materiathearstressstrain measurements (typically ranging betweeh 50

[168]). The stresstrain behaviour of the material is given by the following teffr&9]
(Equationst.16 4.178& 4.19.

- - ,) (4.16)

- — t,) 4.17)
p

G- FT | T (4.18
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where-,, andOar e the strain, stress and Youngds

longitudinal, transverse and shear planes; denotedifiscriptl, 2 and 12 respectively. The
terms’Oandt are the shear modulus and shear stress respectively, which can be utilised (if

known) to determine the nonlinear shear stress paraiméter,

Each of the three failure modes described are augmentediling anatrix shearing term as
shown inEquatior4.19[159].

I 9t
fr &2 T (4.19
Y O ~y
¢O T
Failure through matrix cracking is defined by the term shoviguation4.20
"0 . T (4.20

W

where failure is assumed whée > 1, at which the material constai@s O , ¥ and

T are set to zero.

The compressive matrix failure criterion is definecHguationd.21
O —_ —_— p— 1T (4.21)
Again, failure is assumed to occur whené@r > 1, at which the material constaiids

1 andt are set to zero.

The final failure mode, due to tensflbre breakage, is defined lyquation4.22

o) — 1T (4.22)

Once more, failure occur whé@ > 1, when the constan®,’O, O ,f andf are set

to zero.

The ability to model and capture such failure mechanisms adds great value to the usefulness
of the material model, adding extra insight into the impact response of the material; however
material 22 does not offer the capabilitynhmdelgradualdamageaccumulationleading to
eventual failure/breakageinpstead, it only models instant and complete failure upon reaching

a certain threshold.
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The modelalso does not incorporate strain rate effects in the material, this may be a
disadwantage for some studies, however in order to makeofistrain rate tools such as
those available in MAT 161 & 162 wealth of material data is required. In the absence of
such data these features may be sxte requirements of the work.

Gr i ¢ k eshal. [186] utiised material 22 to study the impact absorption characteristics of

a safety important honeycomb core sandwich structure; utilising it to model the facesheets of
the structure (and materia*RMMAT_PLASTIC_KINEMATIC for the honeycomb structure)

The study validates the modelling work in -C&NA with experimental data, and the
subsequently carries out parameter studies using the validated numerical approach.

Kumrungsie et al[187] also utilised material 22 to model the response aframidfibre
reinforced epoxy 5mm thick plate to ballistic impact; exploring the effects of utilising bi
directional fibre reinforcement in place of unidirectional reinforcement. Utilising such a
numerical approach allowed for thedepth analysis of stress propagation and failure within
the composite system.

It is clear then that for the appropriate impact studies, whegressivedamage or strain
rate effects are of little importance, that material 22 is a very capable material model for

composite material modelling.

Material 59
Material 590or *MAT_COMPOSITE_FAILURE_SOLID MODEL(detailed previously in
Table4-9) can simulate the thredimensional behaviour of orthotropic composite materials

and predict the onset tie followingthreemajor failure modeg188]:

1. Tensile failure
Transverse shear failure

Compressive failure

These failure modes are invoked through the prediction of four independent failure
parameters, which all contribute to the ultimate failure of a composite system. Cheng and
Hallquist [188] describe the model in detail, stating that toeastitutivemodel is based on

orthotropic material, as defined by the relations shown beldzgiration4.23
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where the subscripts a, b and c refer te kbngitudinal, transverse and normal material
directionsrespectively, andnce agaifO,tand, ar e t he Youngdés modul us
and stress propertiesspectively. Theéerms- and’ refer to the plane strain and shear strain

properties ofie material.

Tensile failuren the longitudinaléd directionoccurswhen the following criterion is met
— = A (4.24)
where® is the longitudinal tensile strength ail and™Y are the shear strength values in

the 6abd and oO6acbdb respectively.

When failure occurs the following terms are set to Zérg:all ¥ terms,all "‘Ovalues,,

” LIE1] andn

Tersile failure in the transverse material direction is based on an identical failure criterion,
with the alteration of appropriate terms based on the material direstebmesulting in the
zeroing of appropriate terms, as discussed in full by Cheng anguisJlL88].

Longitudinal through thickness shear failufeé a ¢ 6 ispinvakedeupon reaching the

following criteria:

— — 0 (4.25)

where the first term is considered only when > 0. Again, upon occurrence of this failure

mode the following terms are set to ze@; all ¥ terms, allOvalues,, ,, ,, and,
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Transverse through thickness failure is agaitemieined by the same criteria described in

Equationd.25 with the alteration of appropriate terms based on the material dir§t88)

Longitudinal compressive failure is invoked upon meeting the following criteria:
r_ p (4.26)

where® is the longitudinal compressive strength; and < 0. Again, when considering
longitudinal compressive failure, the same parameters as detailed for the previous two failure

mechanisms are again set to zero.

Transverse compressive failure occurs when the following condition is met:

” (I) ” ”

LI L 4.2
N N P o Y o P (4.27)

where® is the transverse compressive strength of the material, and0.

Through thickness compressive failure occurs when the following is met:

&
” > » 4.28
N Y Ny P o5 v ~ p (428

where @ is the normal comgssive strength of the material, gnd < 0.

Material 59 has been utilised in many studies to investigate the impact dynamics of
composite material systems. Menna et{E83] utilised the material model to simulate the
low-velocity impact of glass fabric reinforced epoxy laminates, implementing a solid
element method of modelling the composite plies. Through comparison to experimental
results,the study found that the simulations provided good agreement with respect to the
force-displacement curve during loading as well as the irreversibly absorbed impact energy.
The work also found that although the total modelled delaminatas generally grater

than that exhibitedni expenmentation the nature of the delaminations were similar and that
the difference may be attributed to interlaminar strengths assigned to the simulation which

were assumed to be independent of the reléitive orientations of each ply.

Nguyen et al[189] utilised material 59, with shell elements (foomputationalresource
requirements), to investigate and optimise the performance of a Kevlar 29 laminate under
ballistic impact. Theoptimisation process was performed using theQFsI [190] software,

which is a O0standal one design optimisation
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design to interface with L®YNA. The study looked to optimise theezgy absorption

characteristics of the plate and limit hlatedisplacement.

Peng et al[191] implemented material 59 to study the effects of patchwork repairs to
aerospace carbofibre reinforced composites on the tensilerfprmance of the repaired
material. The study uses experimental date to validate the modelling work, finding good

agreement between the two.

Material 59 was also utilised by LeBlanc and Shyk®2] to study the underwater shoc
loading behaviour of an-Blass/Epoxy composite material panel, utilising experimental data
for the purposes of validation. A high level of correlation was obtained between the
numerical and experimental findings, and the material model exhibited acdaatage

behaviour.

Material 221

Material 221 is an orthotropic material with an optional simplified damage and failure for
composite systemfl68]. The material model is only compatible with thdimensional

solid elements ahits elastic behaviour is the same as that described for material 22. The
model uses nine defined damage variables, applicalide ¥© , O (both in compression and
tension) andO ,"O and™O . Nine additional failure criteria are avdila based on strain

levels and when failure occurs thiéected elements are deleted.

The unigue feature of this material model is its capability to model damage in the material,
through altering the Youngds modublostheor she

specific material axis.

In spite of these attractive features, there ds yet very little supporting official
documentation on the material model and sparse examples of its use in the technical
literature. For these reasons, at the current time of this research the material model was
deemed not yet suitable for implementation. Hesve it would seem that from their
extensive use and validation in the literature both materials 22 and 59 are suitable for
modelling the impact response of wind turbine blade composites; based on three

dimensional solid elements.

4.5.3.2 Interlaminate Compositéehaviour
Effectively modelling the constitutive material behaviour of composite materials is only part
of the challenge when considering tmeimerical modelling of composite materials and

structures within a finite element environment. Critical also i®éhdeavour is the accurate
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modelling and representation of interlaminate material behaviour, i.e. how the individual
composite plies interact with one another and how loads are transferred between them.
Further to capturing the interaction and load tf@nbetween plies, it is also of great interest

in impact studies to effectively model failure of the connection between plies, and
subsequently, delaminations in the structurBe following discussion on delamination
modelling refers heavily to the worknd documentation created by the-DSNA
Aerospace Working Groupi93].

Delamination occurs as a result of material failure between composite plies due to normal
and sheastresses within the laminate. Laminate bonding azldndnation betweemplies

can be modelled in L®YNA using either an appropriate contact algorithm or cohesive
zone elementg 93].

Bonding between composite plies can be modelled using a contact algorithm such as
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK181], whereby the

plies are bondedogetherthrough 6 t y iadjageht nodes between the sobtements
representing each ply. However, implementing this tiebreak based contact option also allo
for the modelling of damage or failure of these ties, subsequently resulting in a breaking of
the bonds and therefore delamination. This delamination modelling capability can be
achieved through implementing the opsofy 9 or 11 within the contact atgithm. These
options use a fracture mechanics based separatiratadvas suclean require extensive
fracture toughness material datahich may not always be availablen such casesan
additional option number 6 may be used, which models failure lmaseadspecified normal

or shear stress. This can serve as a crude approximation for delamination, in the absence of

the required fracture toughness dda3].

Cohesive zone elements can also be used to define the interlaminate behaviour of
composites. These aren®de solid elements which possess the material properties of the
respective cohesive material employed, and act as a linking element between atiggent p
However, if the bonding layer within the composite is sufficiently thin (as it is in many
designs) there is no need for the mass of the bonding layer to be included; and therefore it is

common practise to instead use a tied contact option injgt@ap

The elastic/linear softening (bilinear) constitutive behaviour of the tie break contact
algorithm with options 7, 9, & 11, is illustrated Figure4-25.
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Figure 4-25. Bilinear constitutive model for delamination between composite plies (in tension, Mode ). The top
image shows the delamination of two plies, whilst the bottom image shows the correspondirggratress
behaviour at each poirsource{193]

Figure4-25 shows a gnah of the stresstrain behaviour ofhie contact definition (tiebreak
options7, 9 & 12), showing key points of the contact behaviods)1The top image shows

the varying corrgponding delamination behaviour at each ofkiepoints identified on the
stressstrain graph; for two plies undergoing delamination in tension (Mode [). Loading at
Point 1 represents elastic loading of the contact tie, which at unloading would folew th
same elastic line back towards zero. Point 2 represents the initiation of damage in the
contact, after this point all additional loading result in material softening and damage growth.
For example, if loaded to Point 3 and then unloadeld @&ssumed thathe contact (or
material) will unload on a straight line back to zero; meaning that the shaded area represents
energy irreversibly dissipated as damage in the bond. Therefore, the total area under the
triangle (0,2, 4) represents the energy requirediataminate the plies (at a given node), also
known as the fracture enerffy93]. Studies have shown that although the fracture energy of
the bond has to be accurate, the initial stiffness and peak stress value do not reeed to b
accurate[193], therefore an arbitrary stiffness value can be assigned and the peak stress

adjusted accordingly (to maintain correct fracture toughness

Although Figure4-25 and the accompanying description detail the tensile loading behaviour

of the constitutive law for bonding between plies, most applications require- three
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dimensional modelling of interlaminate behaviour. Therefore, the normal (Mode 1) and

tangenti al (Mode 1 1) di s pl-dneesoenbalysig®3.ed t o b

There are three relative displacements betwegntan plies] ,7 and] . The two

tangential displacements can be combined into one shear displacemda®&irm

) 1 1 (4.29

and Mode | is defined by norindisplacement:
T (4.30

The total mixed moel relative displacement can thiesm defined as:

9 1 1 (4.3))

and the mo6dmeeagdembyx it

f 11— (4.32)

The behaviour of a given bond under such mixed mode loading is illustrafégline 4-26
[193].

traction

A

separation

Figure 4-26. Mixed mode loading behaviour of a composite interlaminate bond as modelled through tiebreak
contact in LSDYNA, showing TractiorDisplacement behaviou$ and T represent maximum tractions in shear
and tension respectively.
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As shown, through the simplertes and relationships discussed the mixed mode loading of

the interlaminate bond can be effectively represented withiDYSA.

From reviaving the variousnethods and approaches to modelling the interlaminate bonds of
composites within LDYNA, it is clear that the software is capable of modelling complex
interlaminate composite behaviour. To ensure accuracy, it is desirable to possess the required
fracturetoughness material properties; however in their abseptien 6 within the tiebreak

based contact algorithms may be employed as an approximate for delamination modelling.

4.5.3.3 Summary of LSDYNA target modelling capabilities
From reviewing the literature argbftware documentation on the topics of modelling both
polymers and composite materials within-DSNA it is clear that LSDYNA can be

considered a powerful tool for both.

The flexibility and adaptability of the polymer based constitutive material matkas, that

with the appropriate material properties and data, most polymer materials can be effectively
modelled within LSDYNA. Additionally, the range of ojans with respect to modelling

both the constitutive material behaviour and interlaminate respmfnsomposite systems is

also a key strength.

The material models selected for the range of modelling campaigns of the research to be

presented, are detailed and discussed in the relevant sections later.
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5. Projectile Modelling Method: Assessment and Sed#ion

It is clear that there are mamiable methods for numerically modelling the impactwaiter

and ice based projectiles, each with particular strengths and weakngssefollowing
sections discuss the assessment process conducted for both raamdidogilstone impact
modellingtechniquesind establisksthe most suitable methgdshich were then adopted in

wind turbine blade material impact analysesdditionally, the establishment of a
characteristic wind turbine blade leading edge layup/mateoafiguration, for use in
subsequent blade impact analyses is detailed; through drawing on examples in the literature

and industrial consultation.

5.1 Rain Droplet

Through reviewing the literature on the topic of numerically modelling water droplet impact,
Eulerian and Smooth Particle Hydrodynamic approaches were identified as potential
modelling methodsConsequently it was decided that both methods would be utilised in a
simple single droplet impact simulation in order to both validate the individual appsoach

and assess their strengths, weaknesses and applidabditpsequent blade impact analyses

The objectives of the simulations were to evaluate the forces and pressure generated and
imparted by the droplet during impaas well as the internal shocksponse of the droplet.
Therefore the material response of the target during impact was not of interest amdathe t

could therefore be considerad rigid.

The basic configuration of the model and the implementaticgach method are discussed
in the following sections before reviewing the results and assessing and selecting the

appropriate model

5.1.1 Assessment Model Configuration

For the purposes of the assessnmantld a large droplet diameter ofrn was selected,
impacting a flatrigid target at a dect normal impactngle as shownin Figure 5-1.
Although early modelling work was conducted on a two dimensional basis, all subsequent
work, and the malyses discussed from here onwards, were conducted on a fully three

dimensional basis.
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Diameter = 3mm

/

Rain droplet

Rigid Target

Figure 5-1. Schematic of model configuratioBmm diameter water droplet impactingid target.

It was decided thatreimpact velocityrange of 40110m-s* would be simulateéh order to

cover the most likely impact velocities associated with impact on the blade leading edge, as
well as toprovide a wide span of results for analysifie key model outputs from the
analyges would be the impact force and impact presswgch would then in turn be
compared to the analytical equivalents from some of the equations previously described.
Additionally the qualitative aspects of the impact simulations were also of interest, most
notably the simulated droplet spreading phenomenon and the internal droplet shockwave

behaviour.

Due to the high velocity nature of the impact events considered, the influences of droplet
surface tension and contact friction were considered insignifi@nindicated by Adler
[161]) and therefore were not included

5.1.2 Eulerian Approach
During initial modelling workthe ANSYS Explicit Dynamics STRL48] environment was
utilised for the Eulerian modelling method.

5.1.2.1 GeometryCreation

The process of creating tB® geometrywas performed in the ANSYS Workbench, Design
Modeller tool [194]. A base face Amm square was first created, from whict0.dmm
extrusion was created to form the target pldtee raindrop geometry was created through
sketching a haltircle geometry which was then revolved around its principle axis to create

a sphere.

The plate geoetry wasthen definedas a solid element and the droplet defined as a fluid
before importing the geometry into the Explicit Dynanjit43] tool box.
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5.1.2.2 Material Assignmen®& Body Interactions
As the target was to be set as adigody, the material assignment was completely arbitrary

SO was set as the default ANSYS materi al 6St

The water droplet was assigned atbuilt ANSYS material moded WA T ErRodlelled by
ad s h eqoakion of staté EOS ) , Usingnteealued given imable5-1.

Table 5-1. Water material properties@mui | 't ANSYS materi al 6 WATERO)

Density 998 kg-m~
Gruneisen Coefficient 0

c1 1647 m-s?
51 1.921
Parameter Quadratic 52 0

The dropletgeometry was defined as an Eulerian body and the target geometry as
Lagrangian which would subsequently affect the meshing protlsscontact interaction
between the two bodies was set as frictionless.

5.1.2.3 Meshing

A coarsehexdedral basedneshwas appliedd therigid target plate geometry using the
automated meshing tools within ANSY& fine mesh was not necessary due to the
geometries rigid classificatiopplying this mesh alsareated an arbitrg mesh for the
droplet geometrythis processmerely defines theshapeof the droplet body within the
applied Euler domain

An Eulerian domain wasreatedto incorporate only the space in which the Eulerian bodies
(the droplet) would occupyas shown irFigures-2.

0 0.0025 0.005 (m)
T ]
0.0013 0.0037

Figure 5-2. Droplet and plate geometry, showing the cre&sakrdomain(black wire frame box) enclosing the
droplet geometry
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Carewas requiredn takingaccountof the spreading of the droplet on the surfacdyeasga
designatedEulerian bodythe water droplet couldnly be modelled within this Eulerian
domain Therefore a restrictive sized domain would result in the flow being stopped at the
domain boundaryin order to establish a suitable cell cogmesh)within the Euler domain,

a sensitivity study was conducted to assess the effects of increased cell count on the output
of the simulation, covering a range from 5@usand tal200 thousaa cells; discussed
further in the results section.

5.1.2.4 Boundary and Initial Conditions

As a rigid body, the target plate was automatically fully restrained and therefore the
application of boundary conditions was not required. The required initial imelacity was
thenapplied to the droplet geometryhe simulation run time was varied for each impact
simulation to take into account the differing impact durations (as a result of varying impact
velocity).

The model was then set to output firessure gearated within the droplet during impact as
well as the forced imparted on the target place by the droplet.

5.1.3 Smooth Particle Hydrodynamics Approach

LS-DYNA software [162] was utilised to implement an SPH approach to modelling rai
drop impact. Both the pre and post processing work was performed usifgeP8s{153]
which is designed specifically for these tasks.

5.1.3.1 Geometry Creation

Although LSPrePost has many geometry creation tools, it also allows for the direct creation
of finite element bodies, whereby the geometry of the body is specified at the same as the
element properties. As such, the targetly was created in L®rePost tilising the6 Sh ap e
Mesher 6 t oo 0.Immafeaduringa chabsg unifoxn hexahedral mesh

The droplet body was created through use of the SPH generation tool, by selecting a sphere
geometry (many other piget shape types are available), entesmgdius of 1.5mm and a
material density value of 998kgiin order to fill the defined geometry with SPH nodes, a
total node count within thgeometryalong the xy and z axes requidedesignationAs with

the Eulerian analyses, a sensitivity study vasiducted to establish the effects of SPH node
total on the outputs of the moddlhe node total was varied acrossaamgeof 14k ( 14

thousand}o 11X nodes also discussed in the results section.
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Both the meshed target and nodes representing the drajgrare shown irrigure 5-3,
where it is possible to identify the individual constituent SPH nodes which make up the
whole droplet geometry.

Figure 5-3. Meshed target geometry and SPH nodes representing water droplet

5.1.3.2 Material Assignment & Body Interactions

The material properties of the target were completely arbitrary and defined using the material
model *MAT_RIGID, the water droplet was assigned the same material properties as used in
the Eulerian analysiéTable 5-1). This was achieved througlssgning them the material
model *MAT_NULL and aGruneisen equation of state *EOS_GRUNEIS&MNI entering

the appropriate property valuesThe target body was assigned the section
*SECTION_SOLIDand the water dropléSECTION_SPH

The interaction between thedroplet and the target was defined by
*CONTACT_AUTOMATIC_NODES_TO_SURFACHvhich assumes a frictionless sliding
contact interface between the two bodies. As a result of the high number of SPH nodes
featured in the simulation the frequency of contact checking was set to occur in every time
step, in order to avoid unwanted undéteocontact between the two bodies, which can result

in artificial penetration of the SPH nodes through the solid elemeotsto the significant

di fference in stiffness of the two interact.i
algorithm was etivated, which improves the contact modelling between such bddi@s
preliminary modelling effortsit became apparent that as a result of these greatly differing
stiffness levels and the nature by which contact is modelled withiBYISA, the results
obtained from the simulations (such as force and pressure time history plots) displayed a
high level of oscillatory behaviour. Consequently, it was decided that an additional

sensitivity study should be conducted in order to evaluate the benefits ofimgclud
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heightened damping in the contact algorithm, with the objective of smoothing out such
oscillations and variancelhe results of this contact damping sensitivity study are also

discussed in the results section.

5.1.3.3 Boundary & Initial Conditions

The target gometry wagully restrained by fixing the nodes of the target body andrtial
velocity was applied to the all the SPH nodes wusing the keyword
*INITIAL_VELOCITY_NODE.

The simulation termination time was altered depending on the required impactrdurago
time step reduction factor was set at 0.2 in order to maintain a small time step and reduce

instabilities or contact errors.

A binary plot output time step of 0.1us in order to provide a detailed visual output of the
impact progressionandtocalaul e a detail ed pressure ti me

optionwas invoked to record the impact force during the simulation

5.1.4 Results

Result sets were populated for both approaches across the range of velocities stated. Some of
the results are detailed cameviewed in the following sections in order to independently
evaluate each method and assess the applicability of each approach with regard to modelling
rain drop impact. Factors of consideration to this assessment are the force and pressures
modelled dudng impact and the nature in which the two bodies interact and how this

compares to the theory and observed reality of water droplet impact.

5.1.4.1 Eulerian

Eulerian Domain Resolution Sensitivity Study

Before a full set of analyses could be conducted acrossatige of proposed impact
velocities, a sensitivity study was conducted to examine the effects of varying Euler domain
cell totals on the outputs provided by the simulation. To do this, the simulations were run
with cell totals of 500k, 600k, 800k, 1000kcdari200k and the force and pressure time
histories for each plotted and comparadd the impact velocity set for these simulations
was 100mst. The impact force time history for all the analyses are shown for comparison in
Figure5-4.

140



Impact Force Time History
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Figure 5-4. Impact force time history for Eulerian impact simulation using varying cell totals in Eulerian domain
(100ms!impact velody).

Figure5-4 showsvarying (or increasingbhe Eulerian domain cell count total thaery little

effect on the impact force imparted by the droplet on the target during the simulation.
Therefore it would seem that increasing the cell total in an effort to increase accuracy with
respect to impact force, has little benefit and results iohamge. The effect of varying cell
count on the pressure created in the droplet (and imparted on the surface) during impact is
also shown irFigure5-5. The plot shas the maximum value of pressure within the droplet
geometry throughout the impact event.

Impact Pressure Time History
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Figure 5-5. Impactmaximumpressurdime history for Eulerian impact simulation using varying cell totals in
Eulerian domair{100ms? impact velocity).
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The pressurehistory results show thatarying the Eulerian domain cell total has little
significant effect on the impact pressure crehteng the simulationfFrom reviewing both

plots it was decided that a cell total of 800 thousand would provide adequate accuracy at a
reasonable computational co8ubsequently all furthesimulations carried out for the
validation assessme(dcross theange of impact velocities simulated) were conducted using
this amount of cells, the results of which are discussed in the following.

Impact Results

All Eulerian based models created, ran successfully until the specified simulation end time.
Solve times dr the simulations ranged from around@®minutes for a single impact event,

depending on impact velocity and other parallel tasks being run on the machine.

One of the most basic and fundamental methods by which to preliminarily evaluate results
from finite element analyses is to evaluate the temporal and spatgitssaptured by the
simulation;and compare these to the expected real conditions. In the case of modelling water
droplet impact, the droplet spreading behaviour is one of the key aspectstirimodel

must fundamentally first capture before the qualitative results can be given any credence.

Figure 5-6 shows the droplet spreading behawidin profile) aspredicted by the Eulerian

modelling method.

L N ]
I W

Figure 5-6. Water droplet spreading behaviour during impact as modelled with the Eulerian approach (shown in
profile)
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Here it can be seen that the Eulerian method successfully models the droplet impact,
spreading and subsequent lateral jettiffie issue of mesh stretching is not applicable due to
the adaptive domain meshing method of the Eulerian approach, and therefdrepiie¢
spreading behaviouwasnd large geometric deformations are capédlaindled Therefore the
Eulerian modelling approacbapturs the spatial and temporal aspects of water droplet
impact on a flat solid surface well.

From each simulation (across theacity range simulated) it was possible to extract and plot
the forces imparted on the target geometry during impactexampleFigure5-7 shows the
impact force time history of a 3mm diameter droplet impacting at 150m
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Figure 5-7. Impact force time history for a 3mm diametizoplet impacting at 100rs™.

There is some variance in the fonerorded:however there is a clear trend and a clear
maximum of approximately 65N. Examining these force history plots for each impact
velocity and ascertaining a maximum value of impacté make it possible to plot the
modelled relationship between impact velocity and maximum impact f&igere 5-8
showsthe modelled relationship between impact velocity mmahactforce obtained through

the Eulerian modelling approach and compares the values of force obtained to those given by
the theoetical impact force equation; describedHxyuation3.6.
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Impact Force v. Impact Velocity
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Figure 5-8. Comparison of water droplet impact formletained through théaeoreticaimpactforce equation
(Equation3.6) and the Eulerian modellirgpproach, across a range of impact velocities.

It can be seen that in terms of magnitude, the modelled impact forces using the Eulerian
approach compare well with the theoretically derived values; however it is important to
remember that the values givey Equation3.6 can only act as an approximate. The shapes

of both curve are also comparable, however the modelling results tend to predict higher

values of impact force when compared to the theoretical values.

It was also possible to review the presswgreagated in the dropleuring the Eulerian based
simulations both through plotting contours of pressure in the droplet geometry during
impact and through time history plots of the maximum value of pressure during impact.
Figure5-9 shows contours of pressure in the 3mm diameter dropfecting the rigid plate

at 1@Mm-s?, visible through creating a secticnt through thedroplet centrelt shows the

progression opressure shockwasereaedin the droplet duringhe impact sequence.
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Figure 5-9. Time sequences showing the development and propagation of pressure (contoured) within a 3mm
diameter water droplet durirfiOms* impact on a rigid surface. The droplet is sectioned through its centre to
show internal effectdNote also that the range of contours changes at each time step.

As shown, the initial creation of the waterhammer pressure occurs almost instariyaneous

upon impact with the surface (frame This value of pressure can be designated as the
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waterhammer pressure as it occurtha contact interface between the droplet and the target
surface.A pressure wave is then propagated radially away from thiglimontact zone
upwards through the droplet, as illustrated in frames 2, 3 aBdtdeen frame 4 and 5, the
transition from the initial waterhammer creation phase to the lateral jetting phase can be
observed, with the droplet exhibiting spreading bataviat the periphery of the contact
area. Although the maximum and average pressure in the droplet decreases following the
creation of the initial waterhammer pressure, it can be observed that during the droplet
spreading phase (frame8) highly localisedpeak pressuseare generated at the areas of
lateral jetting; at the periphery of the contact area between the droplet and target surface.
This phenomena highlights the necessity of not only considering the initial waterhammer
pressure phase when inveatign rain impact on materials, but of also considering the latter

phases of droplet spreading and the added localised effects this may have.

The nature of pressure propagation as captured through the Eulerian modelling approach and
illustrated inFigure5-9 compares well witlother examples in literature, such as Adili1]

(Figure 4-4), Li et al. [102] (Figure 4-3) and Gohardanj79] (Figure 3-17). Therefore, it

would seem that these results act to further qualify the qualitative aspectspréskare

distributionresults obtained throughe Eulerian based approach.

In addition to examiimg the qualitative aspects of pressure creation and dissipation in the
droplet during impact, it was also possible to quantitatively examine the results obtained
through the Eulerian approach with regampressure generation. For exampligure5-10

shows the time history of the maximum value of pressure in the droplet during ast00m

impact simulation.
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Time (s)

Time History of Maximum Droplet
Pressure (Pa)

Figure 5-10. Time history of impact pressure created in 3mm diameter droplet geometry durings1@@pact,
modelled through Eulerian method.
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A clear initial peak pressure value is created during the initial stafgeontact between the
droplet and the rigid surface, the maximum pressure value then begins to decrease, however
subsequent peaks can also be obserddds maximum value represents the initial

waterhammer pressure value.

Again, as with the method ofviewing impact forceit is possible to examine and identify

such peakvaterhammepressure values across the range of impact velocities simulated with
the Eulerian based approach. Doing so allows for comparison of these values to those
predicted by the aterhammer equatiofEquation3.4). Figure5-11 compares the maximum

peak pressure values obtained across the range of impact velocities simulated through the
Eulerian based approacto the values predicted by the waterhammer equafopation

3.4), based omspeed of sound in water of 150Grhand a water density of 1000kgfm

2.50E+08
=g Fulerian Simulation
‘Waterhammer
Pressure
’ Waterhammer
Equation
1.50E+08

1.00E+08 =

]

2

&

+

o

[#5a]
I

5.00E+07

Waterhammer Pressure (Pa)

0.00E+00 T T T T T T
40 50 60 70 30 90 100 110

Impact Velocity (m-s?)

Figure 5-11. Comparison between predicted values of maximum pressure generated in a 3mm diameter water
dropletduring direct impact on a rigid surface (across a various impact velocities), using both the Eulerian based
modelling approach and the theoretical waterhammer equ&raion3.4).

It is observed thathere isreasonablagreement between tlvgaterhammer pressure values
predicted by both the Eulerian modelling approach and the waterhammer eqagtiatidn
3.4). The orders of magnitude of pressure are comparable as are the slopes of therlines

the trend in increasing pressiirbetween théwo value sets.

From reviewing the modelling ¢puts and data obtained, it is clgaat with respect to
modelling water droplet impact on a flat rigid target surface, the Eulerian modelling
approach provided satisfactory results both qualitatively aadtdatively when compared

to theoretical approximations and observed and documented phenomena in the literature.
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However, although there are indications of the modelling approach capturing aspects of the
high pressure generation phenomenon at the orisétoplet spreading, they are not as
prominent as suggested in the literatii@l] [98] [102].

5.1.4.2 Smooth Particle Hydrodynamics
SPH Node Total Sensitivity Study

As with the Eulerian modelling process, a sensitivity study was conducted for the SPH
approach to evaluate the effects of the total SPH node count on the outputs of the analyses.
In order to evaluate this, the total SPH node count was varied between: 14k, 33akd65k
113k, for a 100ns?! impact velocity. Again, the key outputs of interest from the simulation
were both the force and pressure time histoRa&gire5-12 shows the impact force imparted

by the rain drop during the simulation, using the various node totals previously detailed.
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Figure 5-12. Impad force time history for SPH impact simulation using varying amounts of SPH nodes to
represent the rain droplet (10&s impact velocity).

From theimpactforce time history results for the numerous simulations, it can be seen that
increasiy the total amunt of SPH nodesepresenting the droplet body resdltin a
smoother force history plot. However the smoothing effeets only slight for a
considerable increase in node total, therefore it may be suitable to opt for an intermediate
value for total SPHiodes instead of setting a high and more computationally expensive
value. To provide further insightwaspossible to also review the effects of increasing SPH
node counton the pressures created in the droplet during impagtre 5-13 shows the
maximum pressure exhibited withihe droplet body during impact with varying SPH node
totals.
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Figure 5-13. Maximum pressure in water droplet during impact, modelled using varying SPH node totals

It is clear that the maximum value of pressure within the droplet during impact iy high
oscillatory and erratic when modelled with a SPH approach. However these trendfishow t
maximum pressure exhibi in any node anywhere in the droplet geometry during impact,
and therefore these highly variable effects are averaged out across whole geometry (as will
be discussed and illtrated latey. With respect to the node total used represent the
droplet, it appearthat with respect to the pressures created, the node total bagificant

impact on the results.

From reviewing the force and pressure time history plots, it was decided that a node count
total of 6% nodes would prade satisfactory results at agively low computational costs;
therefore this value was used in all subseq&mit rain dropletanalyses except where

stated otherwise.

Contact Damping Sensitivity Study

Due to the nature of SPH simulations, contaetween an SPH body and a flat meshed
surface can result in high frequency oscillation in model output (as illustrated in phgvious

in Figure5-12 andFigure5-13). This can be attributed to the way in which contact is model,
whereby each individual SPH node has a contact relationship with the target surface as well
as interactingwvith surrounding SPH nodes. As such, large spikes in contact force can be
created, subsequently leading to spikes in the pressure exerted on the target surface and the
stresses created within the target. To combabsleélations and spikes associatedhasPH

contact, it was decided th#te effects of introducing damping to the contact definition

would explored ad assessed. Using the same SPH validation model se$ dpsaribed
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previously (i.e. direct impact on a rigid flat surface targeftying levels of viscous

damping vereintroduced to the contact algorithm througsigning goercentagevalue to

the damping coefficient 6vDCOo par ameter wi t hi
*CONTACT_AUTOMATIC_NODES_TO_SURFACEontact algorithmViscous damping

coefficient values of 40%, 60, 80% and 100% were implemented in order to assess the

effects of increasing damping in the contact algoritim.the interest of time and
computational resources, the contact damping sensitivity analysis work was conducted using

33k SPH nodes to repredethe droplet (as opposed tokgmas usedn later validation

modelling); additionally a single impact velocity of 10@st was set for each simulation in

the study.

Figure5-14 shows the droplet spreading behaviour exhibited in the latter stages of the SPH
impact simulations both in the absence of contact damping and with increasing values of

damping.

Figure 5-14. Spreading behaviour of a 3mm diameter droplet with impact velocity of E30noddledusing
and SPH approach, both without contact damping and with increasungs of contact damping.
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