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Abstract— Generating electricity from renewable resour ces (wind,
wave and tidal) is of increasing interest. Of all marine
renewables, tidal energy, by comparison, possesses the higher
persistency and predictability over long time scales and the
higher density of water than air resultsin greater power output
from atidal turbinethan a wind turbinewith similar dimensions.
However, due to the nature of the tides, developing a reliable
device for such environments, especially with an increased rotor
diameter, raises more challenges to be addressed including the
tribological challenges such as sediment erosion, cavitation
erosion and their possible synergistic effects on the tidal turbine
blades. Thisresearch focuses on testing and developing materials
for improved tribological performance in tidal environments.
This includes producing a variety of composite materials with
different fibres and layouts reinforcement to evaluate two main
tribological issues of composite materials in tidal environments:
matrix cutting and reinforcement fracture using a loped test rig,
which measures the effects of impact angle, particle size and
concentrations at different tip speeds. The test samples are
analysed using scanning electron microscopy (SEM) to conduct a
surface topography and char acterisation.

of the marine renewable technologies. The variaiative
advantages of tidal energy however, such as pensigtand
predictability, over the other renewables over ltinge scales
due to the well documented behaviour of the tidesrently
make tidal technology favourable, if material penfance can
be optimized. Also, due to the higher density ofexghan air,
a greater power output is expected from a tidabingr
comparing with a wind turbine with similar dimensin
comparable fluid flow velocities [2].

One of the main current barriers of tidal energsht®logies
is the reliability of the materials used for suavides which
can increase the operational and maintenance ddstie,
using more reliable but cheaper materials can bethod of
reducing the cost of generating energy for thistetogy.
Horizontal axis tidal turbines are a type of tidakrgy devices
that convert the kinetic energy of the flowing waiato
rotational motion and generate electricity usingemerator.
Although the blades of this type of turbines usedgnamic
profiles, the shape of the blades are differenmfravind
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particle erosion, impact angles.

I. INTRODUCTION

Taking this into consideration, as well as the bigthensity of
water and the aggressive environment of the seplires a
material with remarkable longevity under such ctods.

The desirable mechanical properties, corrosiorstaste and

Offshore renewable energy resources in the world c@énerally cost effectiveness of fibre reinforcedmposite

potentially provide up to 330,000 terawatt houecsicity per
year [1]. This has brought extensive attention iarime
technologies including wind, wave and tidal. Despitajor
investment and development in offshore wind techogwl
devices, for the wave and tidal sector, and masjgds under
development, there is still no agreement on thdmaph
material design for best performance. This is ibbgslue to
the general lack of understanding of the perforreand
materials in such environments. The cost of theegsad
energy is one of the main drivers of selection tfaenessing
technology and offshore wind is currently the madvanced

materials make them an attractive choice for thisppse.
However, due to the nature of the tides, identdyinreliable
composite material for such environments, espgciaith an
increased rotor diameter, raises more issues taddeessed
including the tribological challenges such as sedinerosion,
cavitation erosion and their possible synergistieats on the
tidal turbine blades [3]. This research focusedesting and
identifying materials with a better tribologicalrf@mance in
tidal environments. This includes producing a ugrief
composite materials with different fibres and latgou
reinforcement to evaluate two main tribologicaluss of



composite materials in tidal environments: matuktiog and Then the samples were cleaned by methanol wipesntove
reinforcement fracture [4] using a loped test Agthis stage the dust. This was carried out carefully to avorgating
of the research, commercially available materia@sehbeen scratches on the surfaces. After ensuring the dsyoé the
tested in order for the authors to be able to etdidhe test samples, the initial weights of the samples werasued 3

results with the data available in the literatugetlae testing
method is purposefully modified to (partially) risite the
tidal environment conditions. GFRP composites aneegally
the most popular materials used for cost effectiwbines.
This is also due to the good structural propeufahis type of

compositesThe testing material for this work is the National

Electrical Manufacture Association (NEMA) G10 epaygss
laminate which is widely used in electrical equipme
aerospace conditions, medical diagnostic and uraterw
conditions. This thermosetting industrial composit@sists of
continuous filament glass cloth and epoxy as tserkinder.
The general characteristic of this material ishigh strength,
low moisture absorption and excellent chemicalstasice in
dry and humid conditions. G10 is well suited to laggtions
where high surface hardness is required.

In this study G10 epoxy glass laminate samples hwiltested
for its erosion resistance under the sub-sea dondit The
results of this work will be used to compare witibdlogical

performance of different types of composite matsria the

future stages of this research project.

[I. EXPERIMENT DETAILS

A. Test Samples

times to avoid reading errors.
B. Test Surry

The tests were conducted using three differentstydeslurry
tlo investigate the influences of different compdsefihe test
solutions used were salt water with the a salisiityilar to the
sea water (3.5 wt%), silica sand only in the watéh the
concentration of 3 wt% and the salt + silica saotution
using the same concentrations. The sand partictes sieved
twice in the lab to ensure that the size distrifmutof the
particles is accurate. The chemical compositiorthef sand
used to produce the solutions is reported in T&blelrhe
specific gravity and uncompacted bulk density &f plarticles
were 2.65 and 1.56 respectively. It should be naobed the
concentration of the silica sand defines the dgneft the
slurry where higher concentration provides highemsity and
requires more energy for the suspension.
concentrations also cause the distribution of thgiges to
become uneven [5]. Therefore, a concentration amtd the
seabed environment was chosen and kept constaetsizé
distribution of the sand particles was chosen tontsslium
according to the U.S. Geological Survey Open-Fikpétt
2006-1195 which is ranged from 250-500 pm.

Chemical composition of the silica sand (%)

The test samples in these experiments functionddaales of

LOI
0.05

SiO;
99.72

FeOs; Al;03 K20 CaOo NaOo
0.048 0.07 0.02 <0.01 0.04

a propeller. Thus, the samples were cut into abldtsize for
the test rig in a rectangular shape. The final disiens of the
tests samples were 60 mm and 25 mm in length asaidby
with the thickness of 6 mm. The sample specificeti@re
listed in Table 1. The sides of the rectangulacspens were
polished using 1200 grit SiC papers to ensure & bigality
surface finish and eliminate the susceptibility tfie
occurrence of erosion from the sides as they wet¢he sites
of interest of the tests.

G10 sample properties

Flexural strength (MPa) 482

Tensile strength (MPa) 320

Shear strength (MPa) 131

Impact (Notched CHARPY) (kJ/fn 65

Density (kg/ni) 2000

Specific gravity 1.82

Water absorption (mg) 0.8
Hardness, Rockwell (m-scale) 110
Standard finish Satin/Glossy
Body colour Green

Table 1 — Properties of the G10 specimens

Table 2 — Chemical composition of the sand pasicle
C. Test Apparatus

The test rig used for this set of experiments wasaodified

slurry pot tester. The rig consisted of a test diemand two
motors at the top and the bottom of the rig thaivjgle the

rotational motion of two propellers which functishas a
miniature turbine and a stirrer respectively. Feggur is an
image of the test rig in a stationary mode and g

illustrates the test chamber showing the inserstl $amples
and the direction of the flow motion. The slurryt gester

investigates the erosion resistance of differenttensals

rapidly and inexpensively.

The test samples which functioned as the turbiadds were
inserted in different angled slots on a sample éwolthich
acted as the hub of the turbine. A number of hulesew
manufactured to test the samples in different im@egles.
The slots on the hubs were spaced by fidm 0 — 90. The

Higher



role of the baffles in the test chamber were toveng
unwanted swirling of the flow due to the rotatioh the
samples and while the bottom propeller stirred sbkition
and provided the longitudinal flow and a good mixiof the
slurry [6]. The propellers were rotating in oppesitirections
to avoid random motion of the particles, turbulerxdethe
flow and error in the calculation of the impact oty [5].
The blades of the bottom four bladed propellerrgst) were

D. Test Methodology

The tests were conducted to measure the effecimpdict
angles in different solutions. In order to meagheeeffects of
the impact angles, the samples were tested at shfferent
angles. It is reported that orientation angle oé ttest
specimens can be considered as the impact anghe ¢fand
particles [7]. Also, Tsai et al. have reported tthegt presence

pitched at 4%which is the optimal degree to provide a bett&f vortices can affect the test results from arglyot tester

particle distribution. Also, down-pumping (which svased in

and they recommended employing lower velocities tfor

the tests) has been found to supply a more uniformeotation of the specimen [8]. This was empiricaiégted by

suspension and distribution of the particles [#e Totational
velocities of the propellers were controlled usirige
controllers shown in Figure 1.

Motors

Test
chamber|

Velocity
controllers

Figure 1 — Test apparatus
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Figure 2 — Test chamber

the current authors. The flow motion of the slunwas

investigated using a high speed camera and larjgnpo

particles and the suitable velocities were chosen the

experiments. For this set of tests, the tip spde8 m/s was

chosen and the flow was completely following theediions

that are shown in Figure 2. The tip speed was aotigt

probed and the motor power was adjusted accorditgly
provide a constant velocity for all the impact asgtested.
Using the high speed camera the trajectory of trdgles was
confirmed to be following the flow motion direction

In this type of test configuration, uniform diswiion of the
sand particles is very important and controlledhsyspeed of
the stirrer. Although it may be thought that thghar speed of
the stirrer can provide a better suspension, this @ause a
turbulent flow and appearance of vortices [5]. Efiere, once
the full suspension of the particles was obserttesl speed of
the stirrer was recorded and kept constant fomthele set of
the experiments. The constant speed of the stwes 309
rpm which was equal to 11 Hz of the bottom mototpat
Three different solutions were used for the tes#dt water,
sand only in the water and sand + salt in the wdtee tests
were conducted in the room temperature. The teambler
was completely filled with the solutions to elimieathe
appearance of bubbles from the residual air indi@mber
and avoid their disturbance. The solutions thataioed silica
sand were replaced every half an hour to mininfiseattrition
of the sand particles. The attrition of the sandigas after
half an hour was found to be 2.59 wt% on average.

Test parameters

0, 15, 30, 45, 60, 75 and 90
Solutions Salt only, Sand only and Sand + Salt
Salinity (wt%) 35
Sand concentration (Wt%) 3

Impact angles

Test duration (hrs) 2
Sand particles size (um) 250 - 500
Linear tip speed (m/s) 3

Table 3 — Test parameters



The duration of each test was 2 hours and thisclasen in
accordance with the tests reported in the liteeatnrorder to
keep the comparability of the results. After cortiplg each
test, the samples were taken out, dried and cleasaty
methanol wipes and kept under a gentle heat fomithites.
The weight measurements were carried out the day tfe
tests to minimise the errors from the wettability the
samples. Table 3 lists the tests specifications.

lll. RESULTS

A. Weight variations

Mass variation for different solutions (g)
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Figure 3 — Weight variation of the specimens

The weight of the specimens were measured witlatbaracy

Although the initial weight of the samples wereyelose to
each other, in order to normalise the results amdpare the
effects of the different impact angles on the measation,

the results are plotted in wt% in Figure 4. Thailtssindicate
that lower impact angle have shown more interacivih the

solutions and the solid particles. Higher weighingand

weight loss have taken place in the lower impacfiemand
this is similar for all of the solutions. It shouife® noted that
although the results show a higher mass loss @sémd only
solution, the weight gain due to the presence efstit in the
sand + salt solution should be taken into constaeraThis is

discussed in detail in the next section.

B. SEM micrographs

Following the weight measurement, the specimensg taken
to scanning electron microscopy (SEM) to inspeetshrface
of specimens. The images were taken using a S37idéachi,

Japan) Tungsten Filament Scanning Electron Microscés

the samples were non-conductive, the inspectioriaces
were gold coated prior to the analysis to increébeeclarity of
the images. Figure 5 is a close view of a freshpdarbefore
the test. The faded brighter areas can be trappedo-m
bubbles under the glossy surface or the residustl fdom the
side surface finishing as the surfaces were wipgrg gently
afterwards. It should be noted that as the samplese

purchased from a commercial supplier, some tinytsdlamd

superficial scratches were observed which can ketduhe
transportation. Extra care was taken to use thekesnfor the

of 10%g and it was found that the specimens from thes tegests with a surface finish close to perfect.

with salt only solutions have gained weight wheraageight
loss was observed for almost all of the tests pewéal in the
other solutions. The weight variations of the sarapht
different impact angles are plotted in Figure 3.

Mass variation for different solutions (wt%)
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Figure 4 — Wt% variation

S3700 20.0kV 57.3mm x1.20k SE 3/5/2015 :
Figure 5 — A close view of a fresh surface

Figure 6 exhibits three different sites of the spen used in
the salt solution with the 80of impact angle. Figure 6(a)
shows a wider view of the surface after the testsshows the
salt crystals dried on the surface. In a closew\iiecan be



seen that any defects on the surface can incrbasantount As it can be observed in Figure 6(c), these arbasrh more
of the accumulated salt on the surface (Figure)6@s$ the salt crystals as they can be accumulated bettéoise areas.
glass cloth fibres were woven in 0 and @@rections, the last This phenomenon was observed on the other sangstsitin
layer of the glass fibres in one direction was eto® the the salt only solution.

surface and caused some imperfection on the surface

&
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Figure 6 — sample after a test in salt only soluib60 impact angle (a) site Figure 7 — Sample after a test in sand + saltisolwt 15 impact angle (a)
1, (b) site 2 and (c) site 3 site 1, (b) site 2 and (c) site 3




There was not any evidence found indicating theuoetice

of erosion under this condition on any of the sas@urfaces.

However, the evidences of the occurrence of erodigs to
the impact of solid particles were clearly obsertedifferent
extents on the surfaces of all the samples testedhe
solutions contained silica sand particles.

Figure 7 shows three different sites of a samptler & test in

sand + salt solution at 13mpact angle. In the wider view

(Figure 7(a)), the indentations due to impact of #olid
particles can be observed on the specimen surfac¢he
higher magnification images (Figures 7(b) and 7(d)¥
typical effects of erosion on the surface, i.e. tgi&t
formation, can be seen [9]. The platelet formationthe
composite materials was observed as flaking dueglbssy

nature of the surface. It also can be seen thdahenareas

where the fibres were closer to the surface, tlseeqtibility
to erosion was increased as the fibres are almgstsed. In
the real devices, this can be very problematic thughe

structural loads on the blades and may result énbiteakage

of the reinforcement [4].

Figure 8 — (a) Different shapes of erosion (b) Sarafter a test in sand + salt
solution at 18impact angle (a) site 1, (b) site 2 and (c) site 3

These phenomena were similarly observed on ther othe
samples tested in the presence of the sand partidlfferent
shapes of erosion were identified on the specimafaces.
They could be in the shape of indentation marksooatches
as shown in figure 8(a). An interesting observatizas the
detrimental effects of erosion before and after timack
propagations on the surfaces. There can be a nuwiber
indentation sites or pit like structures formedhivita close
distance due to the impact of particles collidihg surface
(Figure 8(b)). These erosion pits became deepertaube
collision of more particles to the dents withoutusiag
significant material loss. However, if the pits wen a close
distance of each other, once the outer layer ofsthréace is
cracked and the cracks are propagated towardsdjlaeemt
dents, the material loss rate accelerated and rifisant
amount of material will be removed from the surfathis is
clearly shown in the images below. Although the ge® in
Figures 8(b), 8(c) and 8(d) are not taken fromgame site,
this process was repetitively observed on diffesamples.



IV. DISCUSSION

for E-glass epoxy composites which perform as a-seittile
material. This is suggested to be due to betteresidh

Solid particle erosion is generally caused by armic petween the fibres and the matrix and the loweosity of

mechanical/fracture process. On ductile matertdatsdue to a
localised plastic strain which leads to the failuwé the
deformed material. On brittle materials, the ernsis in a
form of cracking and chipping off of the surfacearmicro-
scale [10]. The erosion damage on the test spesirokthis

this type of composites. Zahavi and Schmitt [9]relkterised
the behaviour of composite materials under solidtigia
erosion to take place in three stages: (i) localaval of the
resin material and exposure of the fibres, (ii)aege of the
fibres and formation of cracks perpendicular tofthees, and

work is due to the erosive action of solid parsciispended (jiiy further damage due to the degradation of iierfaces

in the solution. Although, cavitation can be anotbause of
erosion, in the current work the blade tip speed &me
environment pressure are not suitable for reachingpour
pressure range and the formation of bubbles, wiicthe sea
water is just above 2 kPa [2], [11]. The flow iretbthamber is
axial and this is assisted by the four baffle et minimised
centrifuging of the fluid inside the pot. Also, thencentration
of the particles is kept constant for this work.should be
ough thatparticles size, hardness and angulardweker, in
higher solid particle concentrations this increasannot
clearly be seen as the kinetic energy of the pastids
dissipated partly due to the particle—particleismhs, to the
blanketing effect, and to the decrease in partictation[8],
[12]. As the particles are slowly descending frohe ttop
towards the stirring area, it is assumed that #lecity of the
particles at time of collision with blade is clasezero and the
impact velocity is the velocity of the blade [13for the
current rig, the velocity differs from the root ttee tip of the
blades. This is currently under investigation ani ibeyond
the scope of this paper. The rates of erosionhisntork were
determined by measuring and averaging the weighd for
gain [8].

The results in Figures 3 and 4 indicate that tlusien rates
are higher at the lower impact angles. This isfmb®ur that
normally observed in ductile materials. According the
literature, the erosion rates of ductile materigfscally peaks
at a particle impact angle of 30-50 due to occueenf
micro-cutting. The erosion at 90 degrees is caubgd
deformation wear and Hutchings has suggested that
material loss is observed when a critical fractatein is
reached. It is also stated that the formation amadtdire of
platelets controls the erosion rate [10], [12]. Teaks of the
erosion rate in the current work are observed @& ithpact
angles below 30 degrees which does not completedgribe
ductile material behaviour (although it
acknowledged that these impact angles at whichethsion
rate peaks can shift depending on the particleacharistics
[14]).

According to the literature [9], [15]-[17], comptesimaterials
are generally expected to behave as a brittle mieexcept

between the fibres and the resin. The results ®fSEM for
this work show that these stages are not complétddiywed
for the G10 specimens. As the good adhesion betwleen
components and low porosity of this material areealy
recognised, only the first stage of this charas&dion and to
different extents was observed (See Figures 7 gndige
exposure of the fibres is only observed where tlaegy
physically closer to the surface and the resingnatected the
fibres and has performed very well as a protectaaterial.

For metals, the initial erosion rate caused byfitis¢ batch of
particles is much lower than that of the subsegbaithes of
erodent. With subsequent increments of impactingighes,

the metal loss rate is increased until it reacheady state
conditions where each increment of particles catisesame
metal-loss rate to occur. Steady-state conditiansis after a
relatively short exposure period [10].

For the material tested in this work, and as it wesntioned
in the previous section, the mechanism of erosgmather
different and a steady state cannot be identifiéx. impact of
the erosive particles causes the formation of |gteand
flakes and once the material removal takes plagehdr
impacts result in deepening the erosion pits oronguitting.
Subsequent impacts in the adjacent surface alse pdce
[18]. This is similar to the behaviour of metalowkver, this
changes as the resin surfaces is glossy and brfttle pits
within a close distance of each other start to pErthe outer
layer of the surface begins to crack and propagate
tonnections formed between the dents through tlaeksr
accelerate the material removal and the mass lesentes
significant.

Another factor which is observed from the resulisthe
effects of the dissolved salt in the water on theamw

should peerformance of the G10 composite. Referring to Figh the

amplitude of the deviations of the weight gain doethe
presence of salt in the water in the salt onlystéstrather
small comparing to the other tests. On averagd) sample
has gained 0.011% of its initial weight after tlests. By
deducting this value from the final weight of tlests with salt
+ sand, pure erosion can be calculated. Pure erdasisuch



conditions has been plotted in the Figure 9. Thevecun
Figure above follows the same trend as the purai@ro
results with higher mass loss in smaller bladeesgl

Weight loss due to solid particle erosion (wt%)
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Figure 9 - Weight loss due to solid particle ernsiothe Sand + salt solution
(Wt%)

If the results for the pure erosion in the sand/ @ollution and
the pure erosion from the sand + salt are plotted same
graph, it indicates that the presence of salt gifieantly

increased the amount of erosion (See Figure 108. cthive

plotting the erosion in the sand + salt solutiors ltdearly

shifted upwards. This emphasises the deterioratfferts of

salt on tribological performance of materials anke t
importance of synergistic effects of salt and saHénce,

using methods to avoid the absorption of salt setambe

necessary in order to optimize material performance

Mass loss due to solid particle erosion (wt%)
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Figure 10 — Weight loss comparison due to erosiddand only and Sand +
Salt solutions

It is observed in the SEM that the salt crystaks amainly
absorbed and accumulated where the fibres arerdosthe
surface. Also, as it is demonstrated in the workl as
documented in the literature, the exposure of fibtan be
very problematic and increases the susceptibilify thoe
material to be eroded or result in failure due he fack
support from the protectant material. Thereforéngisurface
coating or gel coats for such materials can enhéregquality
of performance and the life span of such materiaisther
work will involve assessing the performance of eliéint gel
coats, reinforcements lay-outs and reinforcemerakine
fractions in order to optimize the composite fopesure to
the operating environment.

V. CONCLUSIONS

An investigation of the solid particle erosion bebar of
G10 epoxy E-glass laminate as a potential candichatierial
for turbine blades resulted in the following corsitns:

0] The erosion wear performance of GFRP
materials is similar to a semi-ductile material in
the conditions tested.

(ii) The presence of salt while the material is being
eroded exacerbates the erosion rate

(iii) The higher erosion rates for G10 epoxy E-glass
laminate were observed in the impact angles
between 0-30 degrees.

(iv) A good surface finish is crucial for a material to
perform well under erosion

(v) Composite materials subjected to erosion should

be coated in order to avoid/delay the hazardous
exposure of the reinforcing fibres
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