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Abstract

Raindrop erosion significantly contributes to the leading edge erosion of rotor blades. The
object of the current work is to investigate the causes of the leading edge erosion of a glass
fibre reinforced polymer composite candidate wind turbine blade in condition of containing
3.5% NaCl, applicable to offshore wind turbine conditions or wind farms located close to
coastal regions. For this purpose, a whirling arm rig was used to test specimens for a range
of angles of attack at a constant tip speed of rotor blades. The tests were run for two hours
and mass variation was measured after half hour interval. Scanning electron microscope
(SEM) analyses of the exposed surfaces of each sample were carried out after the
completion of tests. The test results reveal that droplet impact erosion of the rotor blade
progresses in a so-called parabolic manner and the ingress of water and salt can affect the
erosion resistance of the materials. Erosion maps have been constructed to demonstrate
transitions in erosive wear modes with exposure time.
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1 - Introduction

In order to increase the renewable energy share in the production of electricity, wind
energy has a promising future. To develop the technology further and reduce energy
generation cost to the level of other electricity-producing sources [1 - 3], one such approach
is to tackle materials issues. One of the problems in the design of the structure is the
selection of suitable structural materials for the wind turbine components, especially a
durable, lightweight, high strength to density ratio and erosion resistant material for the
large scale rotor blade.

The performance of a rotor blade is mainly affected by erosion damage on the leading-edge,
which results in roughening of the aerofoil. Damage to this component results in up to 25%
decrease in the coefficient of lift and a minimum of 60% increase in the coefficient of drag [4
- 6]. In order to generate higher megawatt energy outputs, designers and manufacturers
have focused on a longer rotor blade. The tip speed of a bigger rotor blade increases
significantly, which results in higher erosion on the blade due to raindrop erosion. The
performance of eroded rotor blades can be reduced up to 25% depending upon the severity
of the erosion degradation. Failure of the rotor blade is one of the most common and costly
challenges, which the wind energy industry is currently addressing at the present as well as
presenting environmental safety issues [7 - 15].

Raindrop erosion leads to pit formation, gouges, swelling of the matrix, de-bonding of the
fibre-matrix interface, and exposure of the fibre, brittle fractures, and delamination. All
these factors lead to damage at the leading and trailing edges of the rotor blade [16 - 22].
An eroded surface of the wind turbine blade can cause various issues including change in
aerofoil shape, turbulent airflow over the blade, mass gain by diffusion, change in the
coefficient of drag and coefficient of lift, unbalanced operation, and increased Reynolds
number. All these factors affect the performance of the wind turbine significantly by an
increase in failure rate; repair and operating cost, downtime, which result in reduced
efficiency, availability, and reliability of the wind turbines [23, 24].

To address the above tribological issues, the material for the rotor blade must be
lightweight, robust, have good mechanical properties, and erosion resistant to withstand
the aggressive and potentially harsh environmental conditions. Fibre-reinforced polymeric
composites have favourable mechanical and chemical properties and are being used in the
manufacturing of wind turbine blades. The issue with these materials is their poor
tribological resistant properties [16].

In order to address the above issues, in this work a G10 epoxy glass laminate polymer
composite was tested for raindrop erosion under laboratory simulated offshore wind
turbine blade operating conditions. The experiments were carried out in a whirling arm
erosion test rig for two hours on each specimen in four intervals, i.e. 30 minutes each at a
constant tip speed for the range of impact angles. The change in mass of the samples was
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measured after every 30 minutes of the test run. After completion of each experiment, SEM
analyses of the eroded surface were carried out to investigate the mechanisms of raindrop
erosion progression with the exposure time. In the light of experimental results, an erosion
map has been developed and included in this paper. This study will provide baseline data for
the selection of erosion-resistant materials and coatings for the manufacturing of rotor
blades. Moreover, a parabolic raindrop erosion progression trend on the leading edge of the
wind turbine blade suggests that the selected material and coatings should have aim to
extend the incubation period of the erosion process to complete its fault free service life.

2 - Experimental
2.1. Testrig

Figure 1(a) shows the whirling arm raindrop erosion test rig, which was used for this
experimental work. This rig was constructed in the University of Strathclyde to replicate
raindrop and wind turbine blade operation as per ASTM Standard MNL56-EB, Chapter 10-
Erosion Testing [25]. In this arrangement, two arms rotate in a steel drum; each arm has a
sample holder at one end to hold a specimen. The arms can be adjusted at the required
angle of attack. The range of angles of attack that can be tested is 15 to 90° in an increment
of 15°. Two samples can be tested at a time at different angles of attack. A ring is fixed
above the trajectory of the specimen rotation to hold sixteen hypodermic needles fixed at
the end of plastic tubes to replicate raindrops to impact rotating samples Fig. 1(b). A
peristaltic pump supply rain solution through plastic tubes to produce droplets via needles
Fig. 1(c). An electric motor rotates the sample holding arms like a rotor. Perspex tubes are
provided around needles under the steel ring for the shielding of droplets from the
interference of air and to make a proper impact on the specimen Fig. 1(b). The droplet size
and frequency can be changed by adjusting the speed of the peristaltic pump Fig. 1(d).
Various rotor blade tip speeds from 1 to 60 ms™ can be replicated for the testing purpose in
this rig.

Perspex

tubes
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Figure 1: a) Whirling arms rig, b) whirling arms and raindrop arrangement, c) peristaltic pump to
supply water, and d) droplet size.

2.2. Materials

In the present research, a commercially available glass fibre reinforced polymer matrix
composite (G10) was tested as an offshore wind turbine blade material Fig. 2. This
composite is manufactured from continuous filament glass fibre cloth with epoxy as a resin
binding agent. It is a thermoset, low moisture absorber, and highly noncorrosive material.
This composite has a high strength to density ratio, high strength, high stiffness, and high
creep resistance. This composite is already in use for several engineering applications in
marine, aerospace, medical, energy, etc. industries. The physical and mechanical properties
of this material are as below:

Figure 2: G10 epoxy glass laminate composite material sample.

1 - Flexural strength (MPa) = 482 2 - Tensile strength (MPa) = 320

3 - Shear strength (MPa) = 131 4 - Chary impact strength (k) m2) 65

5 - Density (g cm3) =2 6 - Specific gravity = 2

7 - Water absorption (mg m?) =8 8 - Hardness, Rockwell (m-scale) =110
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9 - Body colour = Green 10 - Standard finish = Satin/Glossy

2.3. Test conditions and procedure

Two hours experiment was run for each sample at each impact angle for the range of angles
of attack 15° to 90° in an increment of 15°. Each experiment consists of four tests, i.e. of 30
minutes each on the same sample at each angle of attack. A tip speed 60 ms™? and drop size
of 2.2 mm was kept constant for the whole series of tests. The rainwater solution was
maintained at 3.5% of salt by the weight of water to replicate offshore conditions. After
taking all safety measures and checks, the rig was calibrated for the required tip speed of
the rotor blade and raindrop size. The test specimens were cut to the size 32 mm length and
30 mm width and finished from the sides with the fine sandpaper. Before the test starts
each sample was weighed on an electronic balance accuracy of 0.01 mg. Two samples were
tested at a time by holding and securing properly at the two arms end, which was
positioned at the required angles of attack.

Prior to start of each test, the peristaltic pump was kept running about 10 minutes to ensure
an equal supply and same size droplet coming from each of the sixteen needles.
Subsequently, the electric motor was switched on to rotate the whirling arms at the
constant speed, which was 60 ms™. After completion of 30 minutes test, the sample was
rinsed in the simple water and left to dry at room temperature for 24 hours to minimise the
absorption effect before the post-test weighing. After weighing, the same sample was
tested for the next 30 minutes and so on till completion of two hours experiment. After
completion of each test, the topography of the exposed surfaces was analysed by using
high-resolution images advanced techniques, i.e. the scanning electron microscope (SEM) to
establish raindrop erosion modes and mechanisms of this tribo-system.

3 —Test results
3.1. Erosion of the composite as a function of impact angles and exposure time.

Table 1: Mass change trend at different impact angles for the successive test run times, (negative
mass loss mean sample has gained mass).

Time Mass loss Mass loss Mass loss Mass loss (x | Mass loss Mass loss
(Minutes) (x10%g)at | (x10*g)at | (x10*g)at | 10*g)at (x10%g)at | (x10*g) at
15° 30° 45° 60° 75° 90°
30 13.3 12.1 4.7 9.4 3.7 4.4
60 -0.1 1.0 -1.4 -2.7 -1.7 -2.6
90 0.8 0.2 -3.2 2.1 -1.7 -4.3
120 5.9 5.2 -0.8 -1.7 -1.0 0.3
5
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Figure 3: Mass change trend at different impact angles and test run durations.

Table 1 and figure 3 shows a mass variation of the specimens at different angles of attack
for different test intervals. The final mass after the completion of each 30 minutes interval
varies for each combination of the angle of attack and experimental time. The graph shows
that maximum mass loss occurred in the first 30-minute test duration for the range of
angles of attack.
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Figure 4: Successive erosion at different impact angles with respect to successive exposure times.

Table 1 and figure 4 shows the successive erosive behaviour of the specimens for different
test intervals at each angle of attack. A sharp decrease in the mass loss is apparent in the
second run of tests, i.e. from 30 to 60 minutes. No apparent changes in mass variation in the
third run, i.e. 60 to 90 minutes can be seen in this figure. All specimens show a mass gain in
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the final test run, which is 90 to 120 minutes as the tests proceeded. This shows that the
erosion due to raindrop impact on the leading edge of the rotor blade progress in a
parabolic manner with an increase in exposure time. Moreover, the higher mass loss of this

oNOYTULT D WN =

material due to erosion at lower angles of attack of the raindrop is dominating in this tribo
9 system Fig. 3 & 4.

1 3.2. SEM images of the exposed surfaces.

Figure 5 shows SEM images of the exposed surfaces of each specimen after completion of
15 the 2-hour test for the range of angles of attack. The impacts of raindrop have damaged
16 exposed surfaces, which results in roughed topographies and mass loss of specimens. At the
18 lower angles of attack, the shearing effects of the droplets due to outward spreading after
19 impacting the target is deemed to be dominated. This spreading of the water occurs at very
high speed, which results in excessive surface damaging and higher mass by matrix cutting,
22 fractures, laminate delamination, debonding at skin/core interfaces, exposure and the
23 buckling of the reinforced fibre of the exposed surface material Fig. 5 (a, b). With an
25 increase in angle, a mixture of shearing and impact erosion mechanisms of droplets controls
26 the damaging on the exposed surfaces. Swelling, fractures, pitting and gouges on the
exposed surfaces along with pulled out matrix material is apparent for these impact angles
29 Fig. 5 (c, d). At the higher angles of attack, the erosion of the specimens was dominated by
30 the impact erosion of droplets Fig. 5 (e, f). The damaged surface of the specimens may help
32 in the mass gain as well by the absorption of moisture and re-crystallization of salt in the
33 cracks over the exposure time.
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Figure 5: SEM images of the exposed surfaces after completion of 2 hours test, a) at 15°impact angle,
b) at 30°, c) at 45°, d) at 60°, e) at 75°, and f) at 90°.

4 - Discussion

The erosion behaviour of materials is affected by the several factors including the material
type, exposure conditions, mechanical properties, impact velocity, impact angle, and droplet
size. The drag forces on wind turbines blade depend on the shape of an aerofoil, exposed
surface roughness and tips speed of the blade. A maximum erosion of the rotor blade occurs
on the leading edge, particularly towards the trailing edge where tip speeds are higher Fig.
6, [26]. The angle of attack depends on the shape of the aerofoil of a rotor blade. To extract
the greatest power from the wind flow stream, the aerofoil of a rotor blade is designed for
an angle of attack, which gives a higher value of the coefficient of lift to the coefficient of
drag ratio. The erosion of rotor blades results in both the delamination of the leading edge
material and the change in its shape, which result in a change in the coefficient of lift and
coefficient of drag [17]. Moreover, roughening of the leading edge of the rotor blade leads
to an increase in friction and Reynolds Number, which in turn results in an increased
coefficient of drag.
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Figure 6: Schematic of angle of attack on the wind turbine blade leading edge.

Several factors, such as wind speed, dust, polluted environment, rain, solid particle, insects,
hailstone, icing, and sea spray that contributes to the progression of leading-edge erosion
on the rotor blade. Out of these factors, raindrop erosion is a major contributor to this
process at a higher tip speed of the blade [14, 15]. Raindrop erosion of the rotor blade
progresses mainly in three stages, upper core and, lower core damage and leading-edge
damages [27]. Furthermore, the erosion on the leading edge progresses in two ways, firstly,
by the formation of a large number of pits and gouges near the leading edge and secondly
on the lower surface of the blade since the raindrops impact at the positive angle of the
attack on the rotor blade [28].

Due to the fact that it is an anisotropic material, the G10 epoxy glass laminate polymer
composite is showing a semi-ductile erosion material behaviour. Fluctuation in the mass loss
is evident from the test results for the range angles of attack Fig. 3. The erosion peak
patterns of a higher mass loss at 30° for so called ductile materials and higher mass lass at
90° for so called brittle materials have not been followed by this composite Table 2, Fig. 3,
[21, 29 - 31]. Contrary to that observed for solid particle erosion, the droplet erosion is
controlled by the forces exerted by each droplet impact [32]. As soon as the droplet impacts
the exposed surface a lateral water jet and Rayleigh wave is generated, which move through
the blade material to shear it. The strength of this wave depends on the droplet size, angle
of attack, and impact speed. These Rayleigh waves obtain the most of the energy generated
by the impact of the droplet. Water spreading speed of the jet is at least three times higher
than that of impact velocity [33]. Already existing cracks and defects in the surface material
are more affected by the shear stress of the jetting [8, 34]. Continuous shearing action of
the water jet and Rayleigh wave interactions produces stress on the exposed surface, which
leads to damage and mass loss of the surface material by crack formation and erosion under
fatigue [35 - 37].

Raindrop erosion process progresses into three stages, i.e. incubation period, increasing
period, and steady state period. No noticeable mass loss occurs during the first stage
because of limited deformation and restricted stress waves on the exposed surface. The
material degradation is controlled by the droplet impact fatigue [20]. The erosion mass
loss starts to occur as soon as the erosion process enters the increasing stage. Test
results revealed that the G10 has a very short incubation period Fig. 4. The highest mass
losses of this composite in the first interval, i.e. 0-30-minute test run are attributed to the
combined action of water jetting and impact fatigue of the droplet. This interval of the
experiment comprises the second stage of the erosion process, which led to roughening and
shearing away of exposed surface materials to widen the cracks and shear failure [38, 39].
With an increase in exposure time cracks and pit propagation [17, 20, 40]; the delamination
of the underlying layers of the composite occurred, which results in higher mass losses [17,
20,40 -43].
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With the progression in experiments’ time from 30 to 60 and 60 to 90-minutes, the erosion
process entered to the so-called steady state period for the mass losses. The mass-loss rate
of the specimens decreased sharply during along with mass gained at 60°, 75 and 90° angles
of attack Fig. 3 and 4. The depth of the initially formed pits approached a specific point
where the rate of pit deepening decreases. Moreover, as the depth of the pits increases, a
protective water layer forms and remained over the exposed roughened surface. This layer
acts as a squeeze layer damper for further droplet impact to damage, which results in a
sharp decrease in the mass losses in these intervals of the experiment [17, 20, 44 - 46].

The mass gains in these intervals of the experiment at 60°, 75°and 90°angles of the attack
were possibly caused by the damaged surface of this composite, which facilitates
absorption of moisture by diffusion in the damaged areas. Moreover, the role of salt
recrystallization in the cracks possibly also leads to a mass gain at the higher exposure time
along with water absorption. This can contribute to the net decrease in mass losses [4, 16,
43]. The mass gain affects the mechanical properties and erosion behaviour of the blade
material, which results in unexpected failure mechanisms of the blade materials. Therefore,
it is essential to explore thoroughly effects of water absorption and exposure time on the
progression of the erosion mechanisms of the rotor blade to mitigate this problem [47].

With an increase in the exposure period, i.e. 90 to 120 minutes of the test run, there are
mass losses of all specimens Fig. 4. The higher mass losses trend at 15° and 30° angles of
attack is being maintained throughout the experiment Fig. 3 and 4. Moreover, the erosion
progression curves have taken parabolic shapes Fig. 4. With the progression of the
experiment, fatigue is accumulated on the exposed surface. Both the raindrop impact
forces and fatigue erosion result in damage of the exposed surface. The literature shows
that the erosion induced damages and raindrop impact forces induced damages occurred
by the cube power and square power of the tip speed respectively, which result in severe
damage of the exposed surface and higher mass losses [14, 48, 49]. A parabolic progression
in erosion with an exposure time after the incubation period is attributed to the
combined action of raindrop impact, fatigue, and change in mechanical properties of the
blade material [44, 48].

Raindrop erosion on a wind turbine blade is a continuous phenomenon of degradation of
blade material [50], which progresses by pit formation, gouging, swelling, de-bonding of the
fibre-matrix interface, exposed fibre, brittle fractures, chunking, and delamination of the
exposed surfaces Fig. 5. The impact angle and tip speed play an important role in the
erosion mechanisms and degradation of the material. At lower impact angles, the erosion of
exposed surfaces seems to be controlled by the shearing effects of the droplet. The
chunking leads to exposing the reinforced fibre. Eventually, impact and shearing forces of
the droplet directly affect fibre to buckle, fracture, and remove it from the matrix Fig. 5 (a,
b, c). At higher angles of attack, erosion is dominated by droplet impact damages, i.e.
compressive high-pressure regime Fig. 5 (d, e, f). Semi-ductile erosion behaviour of this
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composite is clear for both lower angles of attack Fig. 5 (a, b, c), and for the higher Fig. 5 (d,
e, f). The topographies of the eroded surfaces, Fig. 5, are in line with the mass loss results in
Fig. 3 & 4 and research work found in the literature [4, 16, 51 - 53].

4.1. Erosion progression map

An erosion map is one of the design analysis tools which investigates and predicts modes
and regimes of degradation of a rotor blade material. This map demonstrates the level of
degradation, wastage, and the extent of safe working conditions for the rotor blade
material. In the light of experimental results, an erosion map has been constructed to
predict the progression in degradation on the leading edge of the wind turbine blade Fig. 7.
The erosion modes are termed as mass loss + surface damage, surface damage, surface
damage + mass loss with the domination of erosion mechanisms in this test window. The
erosion modes regime and modes transitions boundaries are approximate and drawn by
considering mass variation trends during the experiments and post-test eroded surface
topography analyses by SEM Table 1 and Fig. 3, 4, and 5.

Impact +
Fatigue ~ Fati
dominated $

erosion

Impact

dominated

erosion

Angle of attack [degree)

o 30 80 90 120

Time (minute)

Figure 7: The wind turbine blade leading edge erosion progression map.

In this map, the mass loss + surface damage zone shows the erosion is dominated by the
impact of the droplet which results in a higher mass loss by pit formation and buckling of
the matrix material. With the progression in the exposed period, erosion mode transition
occurs from mass loss to surface damages dominated with sharp decreases in mass losses.
The erosion is controlled by the combined effect of impact and fatigue under the repeated
impact of droplets. With further increase in exposure period, mass loss started to increase,
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which results in a parabolic transition of erosion regime from surface damages to surface
damages + mass loss under fatigue dominated erosion.

To continue our research for the selection of proper erosion-resistant material and coating
for the manufacturing of wind turbine blade, G10 epoxy glass laminate was tested in a wind
turbine laboratory simulated conditions. In the light of the above investigation, an uncoated
fibre reinforced polymer composite wind turbine blade, such as G10 has very poor raindrop
erosion resistance in spite of its good mechanical properties. This work aids in
understanding the raindrop erosion modes progression and transitions on the leading edge
of the wind turbine rotor blade. Future work will evaluate coatings in such conditions in
order to optimize material performance.

5 — Conclusions

1. The progression in raindrop erosion on the leading edge of the wind turbine blade of G10
epoxy glass laminate composite was investigated in laboratory simulated conditions. This
uncoated material has shown relatively poor tribological resistance for the wind turbine
rotor blade applications.

2. The erosion process initially starts from the pit formation near the leading edge, which
extends to gouges, fractures, cracks, and finally wastage of material from the exposed
surface by delamination and chunking under fatigue.

3. The depth of the pit and damping effect of the water layer on the roughened surface
results in a sharp decrease in material loss by erosion.

4. The ingress of salt over a period of time together with swelling of polymer material may
lead to weight gain and surface roughening thereby changing the aerodynamics and
ultimately the efficiency of the turbine blade.

5. Leading-edge erosion resistance of the wind turbine blades may be enhanced by surface
treatment techniques, such as application of hybrid composite coatings on the rotor blades.
Future work will be evaluating the erosion behaviour of various erosion resistant coatings in
such conditions.
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