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Abstract. This paper presents a novel concept of healing some of the damages in wind turbine blades
(WTBs) such as cracks and delamination. This is achieved through an inherent functioning autonomous
repairing system. Such wind turbine blades have the benefit of reduced maintenance cost and increased
operational period. Previous techniques of developing autonomous healing systems uses hollow glass fibres
(HGFs) to deliver repairing fluids to damaged sites. HGFs have been reported with some limitations like,
failure to fracture, which undermines their further usage. The self-healing technique described in this paper
represents an advancement in the engineering of the delivery mechanism of a self-healing system. It is
analogous to the HGF system but without the HGFs, which are replaced by multiple hollow channels
created within the composite, inherently in the FRP matrix at fabrication. An in-house fabricated NACA
4412 WTB incorporating this array of network hollow channels was damaged in flexure and then
autonomously repaired using the vascular channels. The blade was re-tested under flexure to ascertain the
efficiency of the recovered mechanical properties.
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1. Introduction

Wind turbines have become a prominent clean energy source progressing more rapidly than
other renewable energy technologies. An important component of these energy extracting devices
are the rotor blades. The latest generation of the wind turbine blades (WTB) are designed to be
robust, to withstand environmental challenges and operate at the optimum efficiency at their
residing locations. The majority of these blades are built with either glass or carbon fibre
reinforced polymer (FRP). These materials of light weight and high stiffness enable the turbines to
operate at higher altitude, utilising the higher wind speed available at such heights.

In spite of having certain advantages in using FRP materials, there are associated difficulties,
such as rapid structural and material disintegration. Structural dilapidation of WTBs is often a
direct response to interior damages to critical layers or fibres within the blades' architecture. Over
the past decade, blade failure has been a factor in many wind turbine failures around the globe
(Young 2010). WTBs are complex and meticulously crafted structures required to be strong and
light but can be highly susceptible to local stress concentration. To determine the extensive
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influence of this phenomenon, full scale destructive tests are usually carried out. However, such
comprehensive tests are often privately conducted, regarded as developmental research on wind
energy and as a result, few studies have been published on the testing of WTBs to failure. Marin et
al. (2009) examined a damaged 300 kW wind turbine blade. It was found that deep seated flaws
and damages like inter-laminar separations-delamination, cracks and defects from the fabrication
process played a prominent role in the damage event. The problems arising from inconsistencies in
the manufacturing process often include resin deficiency areas, abrupt change in laminate
thickness, misalignment and fibre disorientations. WTBs are structurally analysed as a cantilever
beam, subjected to a varying load (wind), load reversal and non-uniform loading (self weight).
Due to these uncertainties and the complex loading conditions, WTBs have high tendency of
developing stress concentration at the root section, where the bending moment is maximum. At the
start of this section is the maximum chord length where the blade is connected to the steel hub and
the smallest angle on the blade profile. A design flaw in this region creates a local stress
concentration that grows over time while fatigue sets in. A sharp change of angle around the
maximum chord length causes re-entrant corner effects and gives rise to irregularities in "stress
distribution" (Timoshenko 1941). Also, change in laminate thickness causes load transmission
eccentricity. This induces bending moments thereby adversely affecting the effectiveness and
stability of the laminate operations (Marin et al. 2009).

Research carried out on blades (Overgaard et al. 2010, Shokrieh and Rafiee 2006, Sundaresan
et al. 1999) showed that a critical zone exists on WTBs often accompanied with high probability
of failure. As a result, a WTB is more likely to suffer damage in between the root section and the
quarter to third length of the blade's span. Around this region, WTBs undergo a rapid change in
their cross-sectional area. This section contains a huge portion of the spar, which controls the
structure's ultimate strength. Sundaresan et al. (1999) recorded buckling failure of the spar web
preceded by delamination at a location of 37.5% along the blade from the root. Shokrieh and
Rafiee (2006) also found that a critical zone lies in compression flange on the spar. Cracks and
delamination irrespective of their size or type in this region make a vulnerable structure, highly
prone to sudden failure under operation.

The use of the latest structural health monitoring (SHM) devices, appended to the critical
region on the blade could be essential in averting catastrophic failure. Currently, in the event of
detecting a potential damage site such as delamination, the blades are often repaired through scarf
repair and plug/patch methods (Found and Friend 1995, Lekou and van Wingerde 2006). Likewise,
the use of bonding pins perpendicularly driven through the delaminated area have been reported
(Li et al. 2006). Given the uncertainty of the damage detection, these repair techniques will be
costly for components of large scale structures such as WTBs, which have accessibility issues
associated with nacelle height. In particular for the case of off-shore WTBs, installation in remote
locations adds significantly to the maintenance costs (Larsen 2009). Therefore, timely maintenance
of WTBs leads to cost reduction and ensures further sustainability. In order to have a swift
response to damage and internal micro failure, this paper proposes the integration and the
incorporation of a self-healing system into FRP WTBs.

Autonomous self repair of FRP structures has been an actively researched topic over the last
decade, (Caruso et al. 2008, Kessler and White 2001, Motuku et al. 1999; Norris et al. 2011, Trask
and Bond 2006). This system, however, has not been applied to repair damages within areas of
stress concentration on a WTB. Self-healing or repair gives a dual or multifunctional ability to the
host structure. It enables the structure to carry out its primary function while simultaneously being
at liberty to initiate a repairing procedure. The latest generation of self healing requires the use of
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two or three dimensional vascular system for delivery mechanism (Blaiszik et al. 2010, Williams
et al. 2008). The delivery structure, often made up of hollow glass fibre (HGF), provides an
efficient method of transporting a repairing agent or the healing fluid within the incorporating
structure. The system provides a global coverage and accessible paths for the repairing agent.

Areport by Bleay et al. (2001) on HGFs was widely accepted and many had based their studies
on the finding that HGFs are not mechanically detrimental to the functionality of their host.
Two-dimensional or three-dimensional HGFs pose different challenges of their own. A particular
threshold of energy is required to cause a penetrating crack through the hollow fibres before the
healing can be activated. It has also been reported that due to impediments on the crack by HGFs
debris, polymerisation of the repairing agent was activated inside the embedded fractured HGF
container. Also, disparity in mixing with the hardener (for a two healing system), a prerequisite
condition for self-healing has also been reported (Pang and Bond 2005; Williams et al. 2008).

The procedure proposed in this paper and reported in the subsequent sections describes an
alternative technique to HGF vascular system incorporated in a WTB. It involves the creation of
hollow network passages within the material architecture at the fabrication stage. The laminate
constituting matrix forms the walls of a series of hollow sections similar to the walls formed using
ink writing-scaffolding 3D network formation (Lewis 2006). This technique has been applied to
small glass/polyester laminate coupons subjected to flexural loading (Fifo et al. 2014). The hollow
networks are created using temporary insertions of removable material. The transient materials are
removed from the finished product either through a chemical reaction process or by any available
easy mechanical means, with minimum damage initiated in the material. The vacuum left behind
by the insertions act as the delivery passages allowing the repairing agent to flow and penetrate
damage sites within the material. This is similar to the use of HGF to store and deliver a repairing
agent to the required location. The system described here does not require on-board storage of
healing chemical, rather the repairing fluid is pressurised through the matrix walls from a supply
reservoir. This creates a network of healing agent supply channels, eliminating undue obstruction
of the adhesive from reaching the crack surfaces. Also, it creates more repairing avenues for cracks,
which would otherwise have insufficient threshold energy to fracture a HGF, thereby increasing
the recovered efficiency.

2. NACA 4412 WTB Features

Small sized wind turbines are often operated with blades of NACA 4412 aerofoil model. Some of
these wind turbines have permanent magnetic generator (PMG) in place (Campos et al. 2001,
Mishnaevsky Jr et al. 2011). At 5 m/s wind speed, such turbines are capable of generating up to 80
watts at 286 rpm. A typical blade is 700 mm in length with chord lengths of 168 mm and 68 mm at
the root and at the tip respectively. These blade dimensions were chosen due to the suitability of
short length for a Zwick Roell test rig, and for ease of fabrication—due to the linearity at both
leading and trailing edges from the root to the tip. Also, it has less complex twist along the length of
the aerodynamic shell. Aside from the physical characteristic, the NACA 4412 blade profile has
been reported to have some aerodynamic advantages over other aerofoil types. The profile enables
more efficient operation of the turbine in terms of higher power output, a result of coherent relation
between the power coefficient, C, to tip speed ratio (TSR) (Maalawi 2011). Also, Kurtulmus F. et al.
(2007) reported the lift rate, at a set angle-of-attack of NACA 4412 blade to be much higher than
those of NACA 0012 and NACA 23012.
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2.1 Two-dimensional hollow network

Some studies (Kim et al. 1996, Tay et al. 2008) on the progressive failure analysis (PFA) of FRP
composites have shown that under a specific loading condition, the most vulnerable layer(s)-the
first ply failure (FPF)-within an FRP laminate can be identified. Similarly, results available from
some of the few destructive testing on WTBs have been shown that the section, at a third of the
blade's length from the root, is susceptible to failure (Shokrieh and Rafiee 2006, Sundaresan et al.
1999). Based on these findings, the 2D hollow networks in the GFRP NACA 4412 blade were
strategically placed at the 2nd and the 6th layers from both top and bottom of the blade. The network
was centred at 230 mm length of the blade from the root, covering an area of 0.025 m?. Each level of
the multiple hollow networks was formed by connections between six evenly spaced longitudinal
hollow spaces and five transverse hollow spaces, Fig. 1. A temporary formwork, in this case a 450
um diameter nylon cable (fishing line) was used in creating the hollow space. The nylon cable was
chosen due to its high loading capacity of 110 N. The cables were extracted after the laminate had
cured. The network's coverage is the area enclosed by the intersections of the longitudinal and the
transverse channels as shown in Fig. 1.

3. Fabrication of NACA 4412 WTB Aerofoil

A wooden blade was made from a piece of softwood, as shown in Fig. 2. A timber block was
divided into 14 stations and each division was chiselled down to its appropriate aerofoil NACA
4412 profile. Thereafter, the prototype was placed in a silicon based moulding agent (Mold
max-30) on which the top-half of the blade was imprinted. The mould mixture was allowed to cure
for 24 hours before the wooden blade was taken out. The edges of the silicon mould were
subsequently redressed to enhance workability.

The top half of the WTB was fabricated in a sequential fashion. Fifteen layers of E-class, woven
roven, 200 g/m? of glass-fibre (Tissu 200 TB, Chromarat) were cut into a trapezoid like shape of the
blade. In general, most small WTBs are isotropic in their mechanical properties and for this feature
to be present; eight of the layers were cut in their primary orientation of [0°/90°]. The remaining
seven were cut out such that they were at [+45°] to their primary orientation. The blade was
fabricated with alternating layers of the stated orientations. A 630 g of Crystic 2446PALV
orthopthalic polyester resin (Scott Bader) was apportioned in a 2.5:1 ratio by weight with the glass
fibres according to the manufacturer's recommendation. Also, 12.6 g of organic peroxide methyl
ethyl ketone peroxide (MEKP) was added to the polyester resin as the polymerising agent.

The silicon mould and the nylon cables were coated extensively with a de-moulding agent to
facilitate post curing detachment of the blade from the mould and removal of the nylon wires from
the FRP blade. Afterwards, a small volume of freshly prepared polyester matrix was spread evenly
on the mould using a paint brush followed by a careful placement of the first layer [0°/90°]. This
procedure was repeated for the second layer but with the layer oriented at [+45°]. At this point the
nylon cables which had been attached to Balsa wood (at one end), at a specified distance from one
another were placed on the matrix-soaked glass fibre clothing. The wires were held in position via
slits cut into the mould at the appropriate positions as shown in Fig. 3 and Balsa wood pegs were
used to apply and hold tension. The layering process was then resumed along with the appropriate
fibre orientations. The process was only stopped briefly for the placement of the nylon cables on
the 6th, 9th, and 13th layer. The blade was allowed to cure for 24 hours in the mould at room
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temperature after which it was removed.
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Fig. 1 NACA 4412 WTB 450 um hollow network layout

Fig. 3 Slits cut into the mould, holding the 2D network formwork - nylon cables
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The FRP blade was further cured for the same period and under the same conditions. Afterwards,
the transversely placed nylon wires were removed. Initial attempts at drawing-out the longitudinal
wires failed due to mass contraction of the matrix on the cables. The blade was heated in a Memmert
oven at 80°C for 45 minutes to reduce the contraction stress. This thermal treatment, which was
below the degrading temperature (Avila et al. 2008), allowed the coated material around the cables
to melt thereby reducing frictional effects between the matrix walls and the cable ensuring
successful removals.

4. Mechanical tests

The flexural bending test was carried out on the blade using a Zwick Roell 1474 test machine.
The set-up is as shown in Fig. 4. The test was conducted in displacement control mode at a rate of
2 mm/min using a 10 kN load cell. The maximum load limit and extension were set to 2 kN and 30
mm respectively. The automatic shutdown threshold was adjusted to 50% drop in the peak load.
The test was conducted such that the load was held on following the termination of the test. The
blade was simply supported at the root and at 57% of its length by two timber frames with a 300
mm span. This arrangement allows the third-length of the blade from the root, which is covered by
hollow network to be specifically tested. The wooden blocks were sculptured to fit the blade's
cross-sectional profile at their respective positions. This arrangement enabled the loading head of
the Zwick Roell to be placed directly above the centre of hollow network passages. The blade was
loaded from the inside rather than from the outside (the suction side), Fig. 4. Also in a similar
fashion to the supports, a small timber piece was placed at the loading point for load distribution
across the blade's width. The blade was trimmed off by 5 mm at the root section to eliminate
curvature, which had developed during fabrication to avoid hindering the adhesive passage during
repair. The surface exposed following the cut was subsequently cleaned with acetone. All the
transverse hollow outlets were not used as the repairing agent's inlet points and were subsequently
blocked with a silicon gel.

Fig. 4 Set up: Flexural testing of NACA 4412 WTB
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The silicon was allowed to set and cure for 2 hours before the flexural testing. After
concluding the initial flexural test, the blade was immediately loaded again to confirm a reduction
in flexural modulus due to induced damage. Thereafter, the blade was injected with a
cyanoacrylate (CA) adhesive, using the topmost longitudinal hollow inlets at the root as the
injection points. The CA healing agent is a single part colourless adhesive and it is of low viscosity,
achieving high strength within a few hours. The polymerisation of this adhesive can be activated
by the presence of atmospheric moisture or hydroxide ions (Petrie 2007) making it suitable for this
experiment. After injecting the CA adhesive into the blade, it was allowed to cure for 24 hours at
room temperature. Afterwards, the post-repair test was conducted. The equivalent flexural stiffness,
El, of the blade at every stage and the efficiency, n, of the repair procedure were computed
according to the Egs. (1) and (2) respectively.

3
a-(2)L o
Ao )48
. EI ostrepair
Efficiency, 7 = —1"1 % 100% (2)
original

In Egs. (1) and (2), P is the applied load, 6 is the deflection at the mid-span and L is the length of
the support span. Due to the non-linear behaviour of polymer plastics, the slopes were obtained
using the secant method. The notations AP and A denote changes in the applied load and deflection
respectively from which the slope is obtained.

The flexural stiffness in Eg. (1) is based on Euler-Bernoulli beam theory for long and slender
beams. It is envisaged that the equation will overestimate the stiffness values given the span length is
approximately twice the width of the blade. However, the influence of this on the overall result is
negligible given the consistency at all stages namely, the original, damaged and post-repair. Also,
the total cross-sectional area of the hollowness at the root of the blade makes approximately 0.3% of
the blade's root. Furthermore, the entire volume of the hollow network represents approximately 0.5
% of half of the blade's volume. This volume was adjudged not to be structurally detrimental.

5. Results and discussion
5.1 Initial test and adhesive inflow

Before the main test, trial runs of the proposed test were conducted to ensure that the blade fits
the experimental set-up and that there is no slack leading to force without deformation. The
immediate post-test visual examination following the damaged confirmation test, revealed a
delaminated area (Fig. 7), near the loading head of the testing apparatus. This damage is located
between the second and third layer below the loading head. This is attributed to the presence of the
hollow network not matching the curved profile of the layers. As a result, more resin was used in the
fabrication process, which created a weakened section between the layers. The load-deflection plots
for all the different cases are presented in Fig. 5. The ‘original’ plot shows the blade's behaviour from
its elastic range to failure stage indicated by the apparent non-linear deformation in between 8 mm
and 25 mm. The other plot, 'damaged’, confirms that the blade has been damaged. The curve
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(‘'damaged’) shows a complete deviation from the plot, ‘original’, right from the onset of loading. It
appears that permanent non-linear deformation had been induced into the blade as shown by the
distinctive behaviour of the blade for the ‘original’ and for the 'damaged' test cases. This is further
reiterated by the elastic flexural stiffness values of approximately 87 Nm? and 55 Nm? calculated at
a load of 1000 N for the ‘original’ and the ‘damaged’ curves respectively, using the secant modulus as
shown in Fig. 6. The difference in the flexural stiffness values shows that the blade had lost
approximately 35% of its flexural stiffhess.

Furthermore, the deformation around the average peak load of 1800 N of the 'original’ plot
defines the damage state of the blade in Fig. 5. The change in the normally expected flexural
failure mode from sudden load drop to less brittle non-linear deformation in the plot can be
attributed to the manner in which the load was being distributed. There was no flexural failure
observed which would lead to failure of the bottom layers first. The timber block employed
allowed the load to be further spread around it. Consequently, this led to the delamination around
the weaker region of the blade near the loading timber and the trailing edge (Fig. 7). The failure
cause is not definitive but can be attributed to a wider spread of stress at the loading point and the
presence of the hollow network. Also, the asymmetric geometry of the blade may have contributed
to this damage due to the stiffness discontinuity.

A total volume of 5.5 ml of the cyanoacrylate adhesive was manually injected into the blade
while the load was still held on it. The load was taken off after the adhesive injection had been
completed. The influx of the adhesive was started from the first injection point, in the second
column near the trailing edge. This was to enable the adhesive a short travel route to the
delaminated site. Droplets of the adhesive were observed at the nearest previously sealed
transverse hollow section in the adhesive's path. This confirms that both the transversely and
longitudinally oriented hollow sections were well connected and that the transverse hollow
passages were not sufficiently sealed by the silicone sealant. Also, outward seepage of the
adhesive was observed at the neighbouring injection points. The adhesive quickly covered a large
area of the injecting surface making it difficult to locate some of the inlet points. Due to this, the
majority of the holes were not used. Also, while attempting to locate unblocked injection points,
the adhesive was noticed to have cured inside some of the syringe needles and on the injecting
surface. Fig. 8 shows a schematic representation of the inlets at the blade's root. Furthermore,
outflow of the cyanoacrylate adhesive was noted at the blade's tip. Traces of the outflow path were
observed on the blade from the tip to the mid section where the blade was being loaded, Fig. 9.

Close to concluding the 'damaged' test run, there was a sudden increase in load due to the
maximum deflected part of the blade at the loading point making contact with the steel base on
which the wooden side supports were placed. This led to a 15 mm cut on the underside of blade
near the loading timber, Fig. 10a. The cut was at the leading edge and also led to a significant
bending which tilted up the blade's tip. Outflow of the adhesive was also noted at this damaged
site.

5.2 Post-repair

The post-repair mechanical test response of the NACA 4412 blade is shown in Fig. 5. This
figure clearly demonstrates the influence of the CA adhesive in aiding considerable recovery of the
blade's stiffness. The flexural stiffness of the repaired blade within the elastic region (between
100-700 N) revealed a stiffness recovery of approximately 72 Nm?. This stands at approximately
84% of the initial flexural stiffness. The recovered efficiency and the comparison plots in Fig. 5
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indicate that the adhesive was solely responsible for the linear portion of the ‘post-repair' plot.
Beyond the elastic region, the adhesive's bond strength dwindles as the blade gradually reverted to
its normal non-linear damaged behaviour.
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Fig. 5 Post-repair and Initial bending test results on NACA 4412
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Delamination
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Fig. 8 Schematic illustration of the injecting point at the blade's root

Fig. 9 The cyanoacrylate adhesive's flow path from the blade’s tip
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(a) Damaged edge (b) Closer view of the damage with an outflow of
the healing agent

Fig. 10 Underside cut on NACA 4412 and the tilting effect

it

(b) Enlarge view of the of the curvatures

Fig. 11 Curvature and imbalance resin volume across the width and depth

The post-repair failure was of similar nature to the pre-repair one but the underside cut
experienced further damage. Therefore, it can be said that successful adhesive injection from the
first row, closer to the loading plane, was instrumental in repairing some of the delamination.
Though it was not quantified by the area it may have covered/healed, the adhesive was observed
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flowing into the delaminated area. This in effect contributed to the overall recovery of the blade.

The results provide validation of the concept that a complex WTB structure can accommodate a
self-healing system. The NACA 4412 WTB was the first of its kind to be fabricated with an
embedded self-healing system and therefore it was expected to possess some flaws. A
cross-section at the blade's root revealed an imbalanced resin concentration across the width and
depth of the section, especially after each placement of the nylon cables (Fig. 11). Also, the figure
shows curvatures around the nylon cables. These curvatures can be attributed as one of the factors
that led to the delamination on the blade around the loading area. Under this current self-healing
technique, curvature around the hollow sections will be inevitable but should be minimised.
Generally, the fabrication process can be improved, using a prefabricated casing that allows the
hollow-preforming materials in the transverse direction and those along the edges to be placed at
appropriate angles.

6. Conclusions

The experiments in this paper were set out to examine a novel concept of introducing
self-healing to a WTB. At this early stage of this type of repairing technique, the healing is a
"one-shot" process. This makes it difficult to get a significant data set. The tested WTB was made
in-house with 15 layers of glass/polyester and was laced with 450 um (diameter) 2D hollow
networks at 2nd, 6th, 9th and 13th layer. The hollow network of vascular system, at each layer had
a 0.025 m” coverage of the blade's surface area centred at a third of the blade's length from the root.
Under flexural bending test, delamination was observed near the loading point. The cause was
attributed to stress concentration. No flexural failure was observed. Rather the damaged blade was
observed to have experienced some changes from linear to non-linear behaviour. This was
confirmed upon reloading and it was evident as the flexural stiffness was reduced from 94 Nm? to
62 Nm?. This represents a 35% reduction in flexural stiffness. However, 84% of the initial stiffness
was recovered in the post healing stage upon infusing some of the inlet channels of the network
with a small volume of CA adhesive. The mechanical properties after the repair were largely
similar to that of the initial state within the elastic limit. Beyond the elastic range, the blade simply
reverted to its non-linear mode. This clearly shows that the mechanical behaviour of the blade in
the post-repair stage will be comprehensively dependent on the repairing agent. The CA repairing
fluid was observed flowing towards the delaminated area without significant hindrance, verifying
that the hollow section was effective in delivering the adhesive to the delaminated site.
Optimisation of the repair technique is possible by eliminating the curvature induced by the nylon
formwork and investigating the adhesive viscosity.
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