Downloaded from orbit.dtu.dk on: Aug 26, 2022

DTU Library

=
=
—

i

Fundamentals for remote structural health monitoring of wind turbine blades - a
preproject. Annex E. Full-scale test of wind turbine blade, using sensors and NDT

Kristensen, 0.J.D.; McGugan, Malcolm; Sendrup, P.; Rheinlénder, J.; Rusborg, J.; Hansen, A.M.; Debel,
C.P.; Serensen, Bent F.

Publication date:
2002

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):

Kristensen, O. J. D., McGugan, M., Sendrup, P., Rheinlander, J., Rusborg, J., Hansen, A. M., Debel, C. P., &
Serensen, B. F. (2002). Fundamentals for remote structural health monitoring of wind turbine blades - a
preproject. Annex E. Full-scale test of wind turbine blade, using sensors and NDT. Risg National Laboratory.
Denmark. Forskningscenter Risoe. Risoe-R No. 1333(EN)

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://orbit.dtu.dk/en/publications/af14af42-347e-4782-ab6c-abf22592025d

MS Rise-R-1333(EN)

Fundamentals for Remote Structural
Health Monitoring of Wind Turbine
Blades — a Preproject

Annex E — Full-Scale Test of Wind
Turbine Blade, Using Sensors and NDT

Ole J.D. Kristensen, Malcolm McGugan, Peter Sendrup,
Jorgen Rheinlinder, Jens Rusborg, Anders M. Hansen,
Christian P. Debel and Bent F. Serensen

Rise National Laboratory, Roskilde, Denmark
May 2002



Abstract A 19.1 metre wind turbine blade was subjected to static tests. The
purpose of the test series was to verify the abilities of different types of sensors
to detect damage in wind turbine blades.

Prior to each of the static test-series an artificial damage was made on the blade.
The damage made for each test-series was surveyed during each series by
acoustic emission, fiber optic micro bend displacement transducers and strain
gauges. The propagation of the damage was determined by use of ultra sonic
and X-ray surveillance during stops in the test-series.

By use of acoustic emission it was possible to detetct damage propagation be-
fore the propagation was of visible size. By use of fiber optic micro bend dis-
placement transducers and strain gauges it was possible to measure minor dam-
age propagation.

By use of both ultra sonic, and X-ray NDT-equipment it were possible to de-
termine the size of propagated damage.
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1 Introduction

As part of the PSO-project "Grundlag for fjernovervigning af vindmellevingers
tilstand (Fase I: Forprojekt)", supported by PSO-funding through Elkraft Sys-
tem, contract no. Bro-91.055, FU nr. 1102, a 19.1 metre wind turbine blade
provided by LM Glasfiber A/S has been undergoing a static test.

The test was carried out in collaboration between the following participants:

LM Glasfiber A/S (Providing blade for testing)

FORCE Technology (Ultrasonic determination of damage propagation)

DELTA (Development of, and measurements with optic micro bend dis-
placement transducers)

Innospexion (X-ray determination of damage propagation)

Sensor Technology Center A/S (Cost-benefit analysis and consultancy on
Sensors)

Riso National Laboratory (Lab.-tests and measurements)

The purpose of the test series was to verify the abilities of different types of
sensors to detect damage on wind turbine blades. Furthermore, the purpose of
the test was to evaluate different types of NDT-tests in means of predicting the
propagation of damages.

Prior to each of the static test-series an artificial damage was made on the blade.
Two types of damages were chosen for the test. The first damage (damage no.
1) was a notch in the trailing edge, this damage was expected to propagate ei-
ther in longitudinal direction of the blade or keep propagating in the direction of
the crack. The second (damage no. 2) was a failure in the glued joint in the trail-
ing edge. This damage was expected to propagate in the trailing edge with an
increase in the area of damaged glue. Both damages were made artificial by use
of an angular grinder. The damage types represented here are classical examples
of possible defects, which can evolve, in composite structures including wind
turbine blades.

The damages were surveyed during each test-series by acoustic emission and
strain gauges. For the second series fiber optic micro bend displacement trans-
ducers were imbedded in the blade for an additional surveillance of the damage.
In addition to the sensor surveillance of the blade during test, video cameras
were positioned to inspect the blade and damage under test. The propagation of
the damage was determined by use of ultra sonic and X-ray surveillance during
stops in the test-series. During these stops still-photos were taken to verify the
visible size of damage.

The main report of the project is: "Fundamentals for remote structural health
monitoring of wind turbine blades - a pre-project”, Bent F. Segrensen, Lars Lad-
ing, Peter Sendrup, Malcolm McGugan, Christian P. Debel, Ole J. D. Kris-
tensen, Gunner Larsen, Anders M. Hansen, Jorgen Rheinldnder, Jens Rusborg
and Jorgen D. Vestergaard, Risg-R-1336(EN), May 2002.
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2 Blade geometry definitions

Distances on the blade and forces applied to the blade are related to the blade as
indicated in 0.

Damage no. 1

/ Trailing edge
Down wind side /
5 > Damage no. 2
Up wind side
4 X
Y
Leading edge
Test rig

Figure 1. Sketch with the definitions that are used in this report
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3 Estimates of load requirements

In this section we estimate the load levels that are necessary to cause growth of
cracks from the artificial damages. The models are rather simple, and the blade
tests do not rigorously conform to the assumptions of the models. However, we
only use the models to provide an order of magnitude of the load level required
to propagate the damage.

3.1 Notch in laminate at trailing edge, damage no. 1

The loading and damage type is shown schematically in Figure 2. The applied

force, P, is positioned a distance ¢ from the damage. The force creates a bend-
ing moment, M, which at the damaged site, is given by

M=P/ (1)

The damage is in the form of a cut, which acts as a pre-existing crack. The crack
length is denoted a. Thus, the problem can be considered being the propagation
of a crack in a plate that is subjected to bending, see Figure 2. This is analysed
by a fracture mechanics model. According to the fracture mechanics model, the
crack tip stress intensity factor is [Ref. 2]

K, =0, ~na fla/W) )
where
M
=6 3
Gmax BWZ ( )

is the nominal maximum stress generated by the bending moment, B is the
thickness of the plate and W is the width of the plate (see Figure 2). The func-
tion f is a non-linear, but dimensionless function of the ratio between crack
length and plate width, a/W. The energy release rate G can be estimated from
(assuming plane stress state and isotropic elastic properties)

K2
E

G 4)

where E is the Young's modulus of the material. Cracking is assumed to occur
when the energy release rate equals a critical value, the fracture energy G.:

G =G, Q)

We now proceed to use the model. The damage is positioned at z = 14.5 m (z
being the distance from the root), and the force is positioned at z = 16.3 m.
Thus, the moment arm becomes ¢ = 16.3 m - 14.5 m = 1.8 m. The nominal
maximum applied force, P, is 31.8 kN. Then, by (1) we estimate M = 55.8 x 10
Nm. Assuming the length of the pre-cut crack, a, to be 0.1 m and W =1 m, we
get [Ref. 2] fla/W= 0.1) =1.0. Assuming B = 0.01 m (corresponding to the
thickness at of the blade at the tip of the pre-crack) we get by (3) Guax = 33.5
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MPa, and by (2) K; = 18.8 MPam”. Assuming E = 30 GPa we get by (4) G =
11.7 kJ/m*. Thus, crack growth will take place if the fracture energy is less than
11.7 kJ/m”.

The fracture energy of the blade blade material, G., has not been measured, but
it is expected to be in the order of 2-5 kJ/m®. Thus, the pre-cut length and load
level generates an energy release rate that does exceed the expected fracture
energy. Consequently, crack growth of the pre-cut is expected at the suggested
load level.

IN

b)

Figure 2. Sketch of the loading and damage type 1: (a) The applied force, P,
creates a bending moment. (b) The damage progression is modelled by the
growth of a crack in a plate subjected to a bending moment.

3.2 Adhesive failure at trailing edge, damage no. 2

The second type of damage, failure of an adhesive joint, is created by removing
the adhesive layer at the trailing edge. In the following we estimate how large
the artificial damage should be (adhesive-free length) and how high the applied
loads are expected to be.

Rise-R-1333(EN)
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Figure 3. Sketch of the model for Test 2. The adhesive is removed over a length,
L, along the trailing edge (a). The maximum axial stress must be so high that
buckling occurs and the energy release rate must be equal to the fracture en-
ergy, G, of the adhesive.

The intended failure mode is buckling-driven cracking of the adhesive. Thus,
we must ensure that the adhesive-free length, L, is sufficiently long to ensure
both local buckling and crack growth. The load is applied somewhat similar to
the loading in Test 1, except that now the force pulls upwards, creating com-
pression stress in the axial direction near the trailing edge, see Figure 3.

Buckling of the skin in the adhesive-free region happens when the axial stress
reaches a critical value given by [Ref. 3]

2 2
S (ﬁj ©)

31-v\L

where E is the Young's modulus, v is the Poisson's ratio, / is the thickness of
the laminate (a more accurate estimate for the onset of buckling is obtained by
finite element simulation, see paragraph 3.3).

Buckling-driven cracking of the adhesive is assumed to happen when the energy
release rate of this failure mode, G, exceeds a critical value equal to the fracture
energy of the adhesive, G.. The energy release rate of this failure mode is well
approximated by [Ref. 3]

_ 2
Gzl.zleV o2 h )

max

We are now ready to use the model. Using equation (6) with £ = 30 GPa, v =
0.3, A =5 mm, L =300 mm we get 6. = 27 MPa. The damage is positioned at z
= 11.0 m, and the force is positioned at z = 13.1 m. Thus, the moment arm be-
comes ¢ = 2.1 m. The nominal maximum applied force, P, is 58 kN. By (1) we
estimate M = 122 x 10’ Nm. From (3) this bending moment give a maximum
compressive stress G, = 73 MPa. This value is higher than the 27 MPa calcu-
lated for the critical buckling stress, o.. Thus, the load level is sufficiently high
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to cause buckling. To assess whether adhesive failure will occur, we insert Gax
into (7), which gives G = 485 J/m’. The fracture energy of the adhesive has not
been measured, but it is expected to be in the range of 200-500 J/m”. Thus, the
energy release rate is most likely to be higher than the fracture energy (G > G.)
so that crack growth in the adhesive is expected.

3.3 Estimation of buckling load by FEM

In this project an optical sensor is to be tested. The aim of the sensor is to iden-
tify failure of the glue connection at the trailing edge of the blade. The sensor
measures the distance between the upper and lower part of the trailing edge and
is mounted inside the glue connection. A part of the glue connection on one of
the sides of the sensor is removed — this part is referred to as the damage extent.
When the blade is loaded in such a way that the trailing edge is in compression
the upper and/or lower part of the trailing edge buckles and (hopefully) a crack
is initiated in direction of the sensor. The present analysis is to estimate how
much of the glue connection which has to be removed in order to ensure the
occurrence of buckling.

During the experiment the blade is loaded at Z=9.5 m with a force of 80 kN and
the blade is supported at Z=13.1m. It is expected that the reaction will be 48 kN
at the supported position.

A finite element model (FEM) of the piece of the blade from Z=9m to Z=13m is
modelled with the programme ANSYS. The centre of the damage, i.e. the centre
of the part of the connection between the upper and lower skin which has been
removed, is located at Z=11m. The section is fixed at Z=9m and is loaded at
Z=13m with a force of 50.4kN in the edge direction. The result of this loading is
a bending moment at Z=11m equal to the experimental set-up described above.
The model is shown in Figure 4.

A macro for ANSYS was written in which the extent of the damage and the skin
thickness can be varied easily. For a series of different thicknesses and damage
extents buckling load is calculated and tabulated, see Table 1. (See table caption
for explanation of results)
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agkantbuling (L/h=46, h=6.5 mm)

Figure 4. Example of FEM model of the blade section.

Table 1. Load factor at buckling as function of skin thickness (h (columns)) and
normalised damage extent (L/h (rows)). E.g., if skin thickness h=10mm and da-
mage extent L=300mm then L/h=300/10=30 and then buckling occurs when
the reaction force at z=13.1m is P=1.98*48kN.

h=10mm | 8mm | 6.5mm | 6mm | 4mm

L/h=30 1.98 1.82 - 1.66 1.35

40 1.62 1.47 - 1.26 1.06
46 - - 1.20 - -

50 1.43 1.31 - 1.10 0.81

60 1.36 1.24 1.08 1.01 0.68
70 - - 1.06 - -
80 - - 1.06 - -

The suggested value of damage extent is 300mm and skin thickness is estimated
to h=6.5mm. This gives L/h=46 and buckling is expected to occur at
P=1.20*48kN (reaction force at Z=13.1m). The buckling mode for these values
is shown in Figure 5.
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nthuling (L/h

Figure 5. Buckling mode for L/h=46 and h=6.5 mm.

3.4 Remarks

From 0 it is noticed that the buckling load does not decrease significantly when
L/h is increased at h=6.5mm=constant. This is because buckling involves a lar-
ger and larger part of the blade towards the leading edge of the blade, i.e. buck-
ling is no more localised near the trailing edge. Therefore we might experience
that the blade does not buckle even though the damage extent is increased and
we might consider to decrease the thickness of the skin instead.

12 Rise-R-1333(EN)



4 Experimental procedures

4.1 General testing and monitoring procedures

The test was carried out in two test series, both series were carried out in edge-
wise direction. The purposes of the test series were to verify the possibilities of
different surveillance sensors, and different damage determination methods. The
intensions were to apply a load, which causes a local bending moment of size
equal to the bending moment applied to this blade type at the type approval test,
alternatively a load that causes the artificial damages to propagate. Each test-
series was stopped every time a certain, not pre-desired, propagation in the arti-
ficial damage has happened. At these stops the blade was unloaded to a certain
level and at this level NDT-inspections were carried out with both ultra sonic
and X-ray. After NDT-inspections the load was re-applied till further propaga-
tion in damage was reached. This loading-unloading cycle was carried out re-
peatedly with an increasing load-level until a satisfactory result in damage-
surveillance was achieved.

The applied load and the resulting deflection of the blade were measured in in-
tervals of five seconds during all test-repetitions. Subsequent to each repetition
of the tests NDT-inspections of the blade were made.

To create a basis for the NDT-inspections, both ultra sonic and X-ray inspec-
tions were made on the undamaged blade as it was received at the test-lab.
When the blade was mounted in the test-rig and these initial inspections were
made, the first artificial damage was made on the blade. Another NDT-
inspection of the area with the artificial damage was made before testing of each
of the two damages.

Real-time surveillances of the damages were made for each test-series by acous-
tic emission, optical micro bend displacement transducers (only damage no. 2)
and strain gauges. In addition to the sensors, two videocassette recorders (VCR)
were used to survey both up-wind and down-wind surfaces of the blade. The
propagation of the damage was determined by use of ultra sonic and X-ray sur-
veillance during the stops in the test-series. Along with the NDT-inspections
still-photos were made of the propagated damage.

All the tests are described with name, date and duration in Table 2.

Rise-R-1333(EN)
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Table 2. Name and time for the individual tests

Test-no. Time of start, | Time of start
videotape
WINGO0O01 Oh O05m - OOh | 15/1/02 kl. 16.26
11min
WINGO002 (can- Oh 13m
Damage celled)
no. 1 WINGO003 Oh 23m 30s 15/1/02 k1. 18.06
WING004 Oh 31m 46s 16/1/02 k1. 08.35
WINGO005 Oh 51m 03s 16/1/02 k1. 10.15
WINGO006 1h 21m 00s 16/1/02 k1. 12.11
WINGO07 (can- 1h 49m 05s
celled)
WINGO008 1h 57m 01 s 16/1/02 k1. 14.56
WING101 ? 23/1/02 kl. 14.15
WING102 ? 23/1/02 k1. 15.00
WING103 ? 23/1/02 k1. 16.15
WING104 23/1/02 k1. 16.30
WING105 1h 38m 24/1/02 k1. 10.10
WING106 1h 49m 24/1/02 k1. 11.15
WING107 2h 00m (label); 24/1/02 kl. 13.28
2h 03m (loading)
WING108 2h 28m 24/1/02 k1. 14.35
Damage | WINGI109 2h 52m 24/1/02 ca. 15.25
no. 2 WING110 3h 05m 24/1/02 ca. 15.45
WINGI111 3h 15m 24/1/02 ca. 16.03
WING112 3h 28m 24/1/02 k1. 16.35
WING113 0h 00m 24/1/02 kl. 17.42
(new tape!)
WING114 0Oh 29m 25/1/02 k1. 09.31
WING115 Oh 59m 25/1/02 kl. 11.15
WING116 1h 30m 25/1/02 kl. 12.14
WING117 1h 51m 25/1/02 k1. 12.53
WING118 2h 14m 25/1/02 k1. 14.30

Subsequent to the testing of the blade post-mortem sectioning was made of the
interesting parts of the blade. Further visual inspections of these parts were
made and an additional X-ray inspection was made of the area of damage 1.
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4.2 Creating notch in laminate at trailing edge

The first damage was a notch in the trailing edge of the blade. An angular
grinder was used to make this notch. The depth of the notch was pre-decided to
have the same size as the glue in the joint in the trailing edge.

.

Trailing ed
e e Artificial damage, app. 98 mm in length
() > Z Blade neutral line
Y

Leading edge

14500

Distance from root intersection in mm

Figure 6. Position of damage for test-series 1. Up-wind surface of blade.

Artificial damage

()
-/
\ 4
N

Figure 7. Up-wind surface of blade, damage no. 1. Tip-end direction to the right.

The size of the initial damage was determined to 98 mm and ended just before
the line of the two strain gauges closest to the trailing edge, see Figure 6 and
Figure 7. The SG numbering is made as lowest numbers on up-wind surface,
and lowest numbers nearest to the root intersection.

Rise-R-1333(EN) 15



4.3 Loading procedure and history

To make the damage propagate, load was applied further towards the tip than
the damage. The load was applied downwards to create tension in the trailing
edge. To prevent the part of the blade closer to the root intersection than the
artificial damage from being overloaded a support was applied to the blade.

Test rig
Artificial damage
l Applied Force. X
Reactive support
<
M v
Z

Figure 8. Principal sketch of test set-up and applied load and reactive support.

The position of the load was 16.3 metres from root intersection, and the support
was positioned in 13.1 metres, see Figure 9.

Reactive support

Applied Force

Figure 9. Test set-up, test-series 1. The framed area is the down-wind surface of
the same area as shown in Figure 7.
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Both the applied load and the reaction force in the support were measured by
use of force transducers.

During loading, data is recorded for the sensors and video cameras. The load is
increased in steps, see Figure 10 and held for a short period of time to observe
(via the video cameras) if damage evolves. When a significant amount of visible
damage has developed, the wind turbine blade is unloaded and the blade is in-
spected by non-destructive techniques, which provide information of the inter-
nal (hidden) damage. Then, the blade can be subjected to a new load cycle.

Damage
growth

Applied Load, P

\/

Time, t

NDT-
inspection

Figure 10. Principle of the loading history

4.4 Creating adhesive failure at trailing edge

The second damage was a removal of the glue in the joint in the trailing edge.
An angular grinder was used to remove the glue. All glue in the trailing edge
joint was removed over a distance of 0.40 meter. The artificial damage was
made in a position 11 metres from the root intersection. Due to the slim size of
the trailing edge the blade chord was shortened a little when the glue was re-
moved, see Figure 11 and the trailing edge of up-wind and down-wind shells
became very thin were the damage was made.

Rise-R-1333(EN)
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Figure 11. Down-wind surface Figure 12. Damaged trailing edge

4.5 Mounting of optic micro bend displacement
transducer

Optic fiber micro bend displacement transducer

The optic fiber micro bend displacement transducer is developed for this pro-
ject. The development and the principles of the transducer are described in [Ref
4]. In short terms the principles are that a LED is used as light source, the light
is send through a set of lenses into the optic fiber. The optic fiber is guided
through a fiber-bending device. When the fiber is increasingly bended by the
bending device the transmittance through the fiber is decreased. A laser detec-
tion unit (AM420) measures the light-transmittance through the fiber. The
change in transmittance is related to the change in displacement between the
two halves of the fiber bending device.

Lenses
LD
Fiber

Fberbending device

|
U U] U

AM 420

Figure 13. Sketch of micro bend displacement transducer set-up
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Optimum transducer position

It was decided to test the transducer using two different methods for mounting.
The aim was to mount the transducers in a way, which would be realistic in
connection to future fabrication of the blades.

The simplest mounting is to mould-in the transducer in the adhesive layer,
without any special attachment. The two shells are in the trailing edge glued
together with a wedge shaped adhesive layer as shown in Figure 14.

Up- and down- wind shells Adhesive Trailing edge

Figure 14. Cross section cut of trailing edge

The best position for the transducer is at the location where the distance be-
tween the to shells is equal to the thickness of the transducer. At this position
the transducer must be expected to detect all cracks passing the transducer either
in the adhesive layer or in the interface between the adhesive layer and the
shells. If the transducer is located at a position where the distance between the
shells is larger than the thickness of the transducer, the crack can pass in the
layer of adhesive between the transducer and the shells, without causing any
deformation detectable to the transducer. A crack in the interface layer is not
anticipated to remove the contact between the shell and the corresponding
transducer surface and should therefore also be detectable. The reason is that the
surface of the transducer is freely moveable within perpendicular distance of
about 0.2 mm, in contrast to the surrounding stiff adhesive. The 0.2 mm dis-
placement corresponds to the maximum deformation of the fiber. Also trans-
verse movement of the shells are expected to be absorbable by the transducer,
so it will not loose its contact to the shells in connection with formation of mi-
nor cracks. The weakness of the simple mount is that the transducer will not
detect cracks passing in the shells. To detect all cracks the transducer has to be
connected to the outer surface of the shells. Another alternative is to create a
connection to the outer surface of the shells.

Rise-R-1333(EN)
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| |
I
| |

Figure 15. The two methods used for mounting of transducers. Above is the ex-
tremely simple mount where the transducer is moulded in between the shells. A
hole is drilled though the blade in the second mounting method and the cylin-
drical cavity is closed with two plates of fibre composite material.

Mounting of transducer A

Using a silicone gun the notch was filled with adhesive to the level correspond-
ing to the planned location of the transducer.

Because the trailing edge is wedge shaped (Figure 14) the sides of the notch
closest to the trailing edge consist of glass-composite, but the sides in the bot-
tom of the notch will consist of adhesive. The distance between the two shells is
5.5 mm (corresponding to the thickness of the transducer) in the transition-zone.
This location was found by visual inspection of the sides, and in practice it was
difficult visually to determine the material of the sides for several reasons. The
visual inspection was done through a small gap and the notch was relatively
deep. There was only a small difference between the visual appearance of the
adhesive and the composite. Finally, the cut was not located in the centre of the
adhesive layer, and the transition from fiber composite to pure adhesive did the-
refore not occur at the same depth of the two sides.

The transducer was smeared with adhesive, inserted into the notch and posi-
tioned in the transition zone.

The rest of the notch was filled with adhesive. It was a problem to fill the space
behind the PTFE tubes guiding the optical fiber to the transducer. The X-ray
pictures shows that there were cavities in the adhesive.

Mounting of transducer B

A 20 mm hole was drilled though the blade in the same distance from the edge,
as transducer A was mounted. The rectangular transducer was positioned in the
centre of the circular hole, between the two shells. Two minor pieces of polysty-
rene plate was inserted in the space between the to blade shells to fill up the ho-
le completely in the region between the two shells. Copper grease was smear on
each of the cylindrical sides in the two depressions, one of each side of the bla-
de. The two cylindrical depressions were filled up with adhesive, and finally a
square piece of fiber composite, coated with adhesive, were used to close the
hole.

Rise-R-1333(EN)



It was the intention that the two cylindrical plugs of adhesive on each side of the
transducer bonded to the surface of the transducer and to the plate mounted on
the surface of the shells, which again is fixated to the shells. The purpose of the
copper grease was to prevent the adhesive to bond on the sides of the hole and
the polystyrene plate pieces prevented the two plugs of adhesive to get in con-
tact in the zones of the circular hole which is not occupied by the rectangular
transducer. With this mounting method the transducer had god adhesion to the
shells, and the deformation of the transducer was coupled to the movement of
the outer surfaces of the shells, so that any crack, in the adhesive layer or in the
fiber composite, could be detected.

4.6 Loading procedure and history

To make the damage propagate load was applied further towards the root than
the damage. The load was applied downwards to create compression in the trail-
ing edge. To cause this compression in the trailing edge a support was applied
to the blade. The position of the load was 9.5 metres from root intersection, and
the support was positioned in 13.1 metres, see Figure 16 and Figure 17.

Test rig

Artificial damage no.2

Artificial damage no.1

Applied Force.
Reactive support

Figure 16. Principal sketch of test set-up and applied load and reactive support.

The position of the load was 16.3 metres from root intersection, and the support
was positioned in 13.1 metres.

Rise-R-1333(EN)
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Reactive support. Applied Force.

Figure 17. Test set-up for damage no. 2. The framed area is the down-wind sur-
face of the same area as shown in Figure 18.

Figure 18. Down-wind surface of blade, damage no. 2. Tip-end direction to the
left.
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S Results for damage in laminate

5.1 Overview

The test of the failure in the laminate was carried out in different steps as listed
in Table 3.

Table 3. Name and time for the individual tests

Test-no. Time of start, Time of start
videotape
WINGO001 0Oh 05m - 00h 15/1/02 k1. 16.26
1 1min
WINGO002 (can- Oh 13m
Damage celled)
no. 1 WINGO003 0Oh 23m 30s 15/1/02 kl. 18.06
WING004 0Oh 31m 46s 16/1/02 kl. 08.35
WINGO005 Oh 51m 03s 16/1/02 k1. 10.15
WINGO006 1h 21m 00s 16/1/02 k1. 12.11
WINGO007 (can- 1h 49m 05s
celled)
WINGO008 1h 57m 01 s 16/1/02 k1. 14.56

The damage propagated in a rather stable manner; a higher and higher load was
required to cause the extension of the damage front into the blade.

As the load was increased stepwise, it was possible to grow the cracks in quite
small steps, as indicated in Table 4.

Table 4. Test-name and damage propagation measured by visual inspection of
damage.

UPWIND (pressure side) DOWNWIND (suction side)
test SG1-5 & SG11-15 SG6-10 & SG16-20
# crack length growth dur- crack length|crack length growth dur- crack length
at start of . at stop of | at start of . at stop of
ing test ing test
test test test test
mm mm mm mm mm mm
WINGO001 0 0 0 0 0
WINGO002
WINGO003 0 5 5 0 4 4
WINGO004 5 14 19 4 3 7
WINGO005 19 81 100 7 25 32
WINGO006 100 14 114 32 88 120
WINGO007 114 0 114 120 0 120
WINGO008 114 11 125 120 30 150
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As part of the post-mortem, sections containing the damage were cut from the
upwind and downwind laminates of the blade. Figure 19 and Figure 20 illustrate
the ultimate extension of the damage in the upwind laminate, as found on the
external and internal laminate surfaces, respectively.

start &
WINGO001 — 7

WING003 = T

WING004 = 7T

WINGO05— —~
WINGO006 = T

WING008 = -

Figure 19. Crack-like damage in the
external surface of the upwind
laminate.

Figure 20. Diffuse damage in the
internal surface of the upwind laminat
(dashed arrows indicate estimated
damage front positions).
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WINGO006 =

~ WINGO008<]

Figure 21. Crack-like damage in the Figure 22. Diffuse damage in the internal

external surface of the downwind laminate. surface of the downwind laminate (dashed
arrows indicate estimated damage front
positions).

The damage extending from the pre-cut notch appears as a hair-line, crack-like
damage on the gel-coated external surface, Figure 19. The same damage, as
seen on the internal un-coated surface, is of a more diffuse nature, displaying a
greater width (between 3 mm and 12 mm) with signs of delamination and bifur-
cation, Figure 20. In addition, the ultimate damage extension is less on the in-
ternal surface, as compared to the external surface. The damage is not like a
crack, since the two faces of the damage are linked by fibres bridging the faces.

In Figure 19 and Figure 20, bars set perpendicular to the direction of damage
extension illustrate the extent of damage development following the loading
steps WINGOO1 through WINGO008, as recorded in Table 4. It is seen that load-
ing step WINGOOS5 resulted in the largest, singular increase in extension. During
loading steps WINGO003 and WINGO004 extensive delamination and crack bifur-
cation was experienced, Figure 20.

Corresponding information regarding the damage development in the down-
wind laminate is given in Figure 21 and Figure 22. The damage seen here is
generally of the same nature as that in the upwind laminate. But the amount of
delamination and deviation appears to be more extensive - especially so during
and at the end of loading step WINGOO05 (25 mm) - and the damage deviation
during the final loading step is larger, Figure 22. In this laminate, the largest
extension was obtained in loading step WINGO006. It should be noted, that the
laminate thickness increases away from the trailing edge (in the negative X-
direction). This, together with the fact that crack bridging occurred in the entire
damage zone may explain why a higher and higher load was required to propa-
gate the damage front deeper and deeper into the blade.
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The result (the propagation in crack length) of each of the tests for damage no.1
is shown in Table 4. The presentation of results is limited to the tests called
WING 001, WING 003, WING 004, WING 005, WING 006 and WING 008.
These tests are described in the following paragraphs.

5.2 Strain gauges results

Hardware details

Data acquisition system:

HP 75000 Strain gauge system

Dagwin-programme, LabView software

CEA-06-500UW-350 Strain Gauges, Measurements Group Inc
HBM Loadcells and ASM displacement transducers.

General observations on the SG measurements

To measure the strain distribution in the area of the damage, 20 strain gauges
were mounted on the blade in the area of damage 1; see Figure 23 and Figure
24. The exact position of the gauges are shown in Figure 25.

Figure 23. SG-pos. damage 1 Up-wind Figure 24. SG-pos. damage 1 Down-wind

On the two pictures the tip-end of the blade is towards the middle of the page.
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Figure 25. SG-positions damage 1

The artificial damage no. 1 had a length of 98 mm i.e. the damage ended in the
line between the strain gauges closest to the trailing edge (SG-no. 1, 6, 11, 16).

Results WING004 through WING006

The sampled strains as function of time, from test-series WINGOO1 to
WINGO08, are shown in Figure 26. Each of the peaks in the graphs represents
the max. strain level for each load series, see numbering of load series in para-
graph 3.3. Load series “WING 007” is not presented in the graphs because it
was cancelled.
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Figure 26. SG-measurements from test WING001 — WING008, Damage no. 1.

As the load was applied to the blade a linear related increase in strain level was
measured on all the strain gauges. The relation in strain level between the strain
gauges was also linear in correspondence to the distance from the neutral line of
the blade, except for the 4 strain gauges (SG-no. 1, 6, 11, 16) in the line of the
tip of the damage, which showed a lower strain level. The linearity ruled for
tests “WINGOO1 to “WINGO003”. During test “WINGO004” the strain level for
the gauges (SG-no. 1, 6, 11, 16) nearest the trailing edge decreased while the
next gauges (SG-no. 2, 7, 12, 17) were increasing in strain level, this change is
indicated in the red arrows in Figure 26. The change in strain level was highest
on the up-wind side of the blade; this corresponds with the growth of the dam-
age during this test. This change in strain level between the strain gauges corre-
sponded to the propagation in the crack length.
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Figure 27. Up-wind damage and crack before and after test WING 004.
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Figure 28. Measured strain, force and deflection as a function of time during

“WING004”

For test “WING 005” and “WING 006 similar changes in strain level was seen
in correspondence to the propagation in the damage.
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Figure 29.

Up-wind damage after WING005

(note AE sensor , right side)

Figure 30. Down-wind damage after WING005

Figure 31.

Up-wind damage after WING006

Figure 32. Down-wind damage after WING006

The major difference between WINGO005 and WINGOO06 is the duration of the
crack propagation. During WING 005 the crack propagated over a little less
than 10 minutes, and during WING 006 the same size of damage propagation
happened within the same minute. This is seen as a very steep change/decrease
in the strain level for strain gauge no. 08 at the end of WING 006. Note, that the
decrease in strain level appears prior to the unloading/decrease in load level.
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Figure 33. Strain measurements during WING 005 and WING 006
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5.3 Acoustic emission results

Hardware details

Two independent Acoustic emission (AE) systems were used during the static
blade tests held at Sparkeer.

System one
Physical Acoustic SPARTAN AT

Two channel system

PAC U80-220 micro80 piezoelectric sensors

Zonal or linear source locator function

Relevant system settings (Gain 20dB, THS 45dB, PDT 50us, HDT 200us, HLT
300us)

Waveform characteristics recorded for each hit (Amplitude, Energy, Counts,
Rise Time, Average Hz)

System two
Labview controlled waveform recorder

Two channel system
PAC U80-220 micro80 piezoelectric sensors
pre-triggered waveform display

The micro80 piezoelectric sensors used were attached directly to the test struc-
ture using adhesive tape. No surface preparation was necessary. An ultrasonic
couplant gel (Krautkrdmer Hiirth ZG-F) was used to ensure good contact with
the test structure. The AE sensors were routinely removed between each test
loading to allow NDT scanning of the damaged area. Sensor function was
checked by performing a pencil leadbreak test.

General observations on the AE sensing

Both AE systems were used during all the testing carried out at Sparker. The
following general observations were made.

Mechanical testing of large structures poses risks to people and equipment that
are in close proximity. For this reason all those involved in the testing remain at
a safe distance while the test is under load. This remoteness from the structure
can make controlling the test more challenging, as was the case at Sparkeer,
where a high load was applied to a 19m long structure that resulted in only a
small area of damage. The problem requires the use of video cameras that the
controller can use to check signs of damage progression. The audible signal
generated by the SPARTAN AT system provided a useful non-visual feedback
for the test controller as the load was slowly increased in a stepwise manner.

The first acoustic hits detected by the system are believed to have resulted from
microdamage such as matrix cracking and fibre breaking, since no macrodam-
age could be found at this stage by any other means. These hits indicated when
the load was approaching the point where crack growth becomes possible and
care must be taken in applying further load. At this stage no change in the video
images could be observed. A definite increase in hit numbers and intensities
indicated when macrodamage (such as crack growth and delamination) were
beginning to take place. This clear distinction between the audible signals re-
turned by the system allowed the test operator greater confidence in controlling
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the progress of the damage within the structure. The growth of the damage area
was confirmed by visual, ultrasonic and X-ray inspection between loadings.

Linear and Zonal source locator functions in the SPARTAN system were util-
ised during the testing and gave good indications that they reflect the position of
damage directly observed during the NDT inspections between loadings.

Two classes of damage waveform were displayed on the Labview AE system
during testing, and examples of these are shown. The damage waveforms were
identified as either microdamage (from matrix cracking and fibre snapping) or
macrodamage (from laminate cracking and adhesive splitting). The waveforms
were recorded by the Labview system when the voltage reading on the trans-
ducer spiked above the user defined "trigger level". This trigger point is always
at 250us in these traces.

Microdamage Microdamage
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The microdamage waveforms are generally of a lower amplitude and shorter
duration than those caused by macrodamage. This is due to the fact that the
macrodamage waveforms are essentially due to a friction source event whereas
the microdamage waveforms are caused by a discreet point event such as a ma-
trix crack or fibre snap. The form of the microdamage waveforms is also sig-
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nificantly different, being a more "classical" AE response where the signal os-
cillates up to a maximum and then dies down in the same way. Also significant
in the microdamage signal is the presence (or absence) of smaller pre-signals in
the recorded waveform; these result from faster moving waves propagating
from the same source event. Correct interpretation of the pre-trigger signal can
give information about the distance and even the orientation of the source rela-
tive to the transducer.

It proved possible to place "early warning" sensors to help control the damage
created in the structure by the test loading. Both sets of static test on the blade
were designed to create a very specific damage type, any "alternative" damage
was unwanted. Therefore, in those cases where there was judged to be a risk of
damage occurring at a point on the blade where it was not wanted a sensor from
the Labview system was positioned there. This could be at the "clamped" end of
an adhesive crack or at the loading yokes. During testing, any activity from this
specific sensor warned the test controller that there was unwanted damage oc-
curring, the test could then be aborted and corrections made.

Source locator function

Four sensor placement strategies were used with the SPARTAN AT system dur-
ing test series 1.

Near/Far Zonal location

Here one sensor (channel 1) was placed directly adjacent to the initiator crack
and the other was placed at a point on the structure far from any anticipated
sources. This short test (WINGOO1) lasted only 13 minutes and produced no
actual crack growth; in fact it produced no damage detectable with either visual
inspection or ultrasonic and X-ray NDT. However the AE sensor placed adja-
cent to the crack initiator recorded 1949 AE hits with a total energy content of
24027, (Figure 34), while the sensor (channel 2) placed away from the crack
initiator recorded no activity.

This simple test demonstrates the potential of the sensitive AE transducers to
monitor events at levels below the severity necessary to cause damage detect-
able by traditional inspection. It also shows that the test has been successfully
designed to preferentially promote damage in the desired location.
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Figure 34. Zonal location for WING001

Tip/Root Linear location

In these tests (Figure 35 and Figure 36) the sensors were placed (300mm apart)
on either side of the vertical crack. One sensor was positioned 100mm towards
the blade tip side of the crack and the second sensor was placed 200mm away
on the root side. For each hit detected by both sensors the system uses a time of
flight calculation to determine the source of that hit. Thus a distribution of the
AE activity along the horizon between the two sensors is created.
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Figure 35. Linear location of AE events for WING003 at end of test
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This graph clearly shows a high concentration of AE "events" between the two
sensors at precisely the position of the crack.

This test was repeated in WINGO004.
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Figure 36. Linear location of AE events over time in WING004

It is interesting to note in Figure 36 that a second peak has developed to the root
side of the main source corresponding to the crack tip. Indeed this secondary
source is the more active at the beginning of the test. The presence of this sec-
ondary source is also discernible, although not so strongly, in Figure 35. Photo-
graphs subsequently taken of the damage shows crack branching on the down-
wind side that is in agreement with a secondary source.

Lead/Trail Linear location

In these tests the sensors were set up in a linear location array parallel to the
direction of the crack. In WINGO05 both sensors are below the crack tip and
anticipate the movement of the crack into the area monitored by them, see
Figure 37.
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Figure 37. Linear location of AE events over time in WINGO005 (arrows indicate
crack tip positions taken from video images)

During this test the crack advanced 8 1mm on the upwind side, where the AE
sensors were positioned. During the early part of this test the crack front was
above the sensor array, and as the graph shows very few hits were recorded by
the location array during this time. However, as the crack moved downwards
into the area monitored by the sensors (from the left in this graph) the AE
events become more frequent and track to the right as the crack advances. The
general location of the crack front at four time intervals and the graph display at
that time are indicated by colour coding.

The test was repeated in WINGO006, but this time the sensors were positioned so
that the crack tip began within the monitored area, some 75mm from the sensor
nearest the trailing edge. Figure 38 shows a broad source of AE events at the
crack tip, it should be noted that the crack advanced only 14mm during this test.

It can be seen that the point resolution for the crack tip in the "vertical" direc-
tion (trailing to leading edge) for the locator shown in WINGO005 + 006 is less
clear than that observed in the "horizontal" direction (tip to root) shown in
WINGO003 + 004. This is expected due to the nature of the damage type, which
is a linear crack travelling in one plane along a chord of the blade.

In WINGOO03 + 004 the crack is generally travelling down one point on the
plane between the sensors. In WINGO005 + 006 the crack is travelling along the
plane between the sensors and a distribution of hits along the length of the crack
line is generated.

It is clear from Figure 37 and Figure 38 that the AE events are not only being
generated at the cracktip, this is agreement with visual observations. In a crack-
ing composite material (unlike metals) the crack wake also contains multiple
sources of damage such as fibre pullout. There is therefore a long damage zone
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associated with a crack in fibreglass reinforced plastics, not just damage at the
tip.

At this point it would have been ideal to create a three or four channel planer
location array. However, hardware restrictions on the SPARTAN system being
used prevented this. A planer array of this kind would effectively combine the
event activity distributions similar to the types found in WINGOO03 (the x-axis
coordinates) and WINGOO05 (the y-axis coordinates) to produce a 2D view of
AE event activity around the crack tip. In effect a detailed "map" of the location
and activity of a repeating stress wave emission source.
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Figure 38. Linear location of AE events over time in WING006

Upwind/Downwind Zonal location

In this test one sensor was placed on either side of the blade (Upwind and
Downwind) adjacent to the crack tip on that side (Figure 39). A zonal location
type was utilised where every AE event detected is registered to either one sen-
sor or the other, depending on which sensor detects it first.

Video images during the test confirmed that the crack advance on each side was
not symmetrical. The Upwind (pressure side) crack advanced 11mm during
WINGO08 and the Downwind (suction side) crack advanced 30mm. A rough
indication of the crack growth visible on either side of the blade is shown in
Figure 39. These readings are only estimates based on viewing of the surface
recorded on the test video.

In general the crack growth was at a steady rate, however there are occassions

when the crack was seen to grow a few milimetres comparatively quickly.
These instances have been higlighted on the graph with colour coded arrows.

Rise-R-1333(EN)



Figure 40 shows the combined energy received by the two AE sensors during
the course of WINGO08. The crack growth indicators established in Figure 39
are shown again here. As might be expected the periods of highest combined
energy generally correspond to the periods of crack advance established in
Figure 39.
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Figure 39. Crack extension on either face over time during WING00S test
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Figure 40. Accumulated energy detected from both sensors during test
WING00S
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Summary of AE measurements taken during blade test

e  Surface mounted AE sensors can be used to detect damage events occur-
ring within the test structure.

e AE signals have been detected at sub-critical load levels, that is prior to
damage visible with visual, ultrasonic or X-ray NDT.

e  Zonal and/or Linear (time-of-flight) localisation has been demonstrated.

e Different types of AE waveform signals have been recognised.

5.4 Ultra sonic inspection
Hard ware details

P-Scan Equipment; PSP-3 Ultrasonic box with amplifier and data acquisition
system, PC-PROG software, AWS-6 Manipulator and vacuum-rail for mount-
ing on blade.

Methodology

In the production of advanced fibre-reinforced composites, ultrasonic inspection
techniques plays today an important role in the quality control, due to the fact
that this method effectively detects most of the relevant defects such as:

- Delaminations

- Missing adhesion and missing adhesive between bonded structures
- Dry spots, voids and porosity in laminates

- Irregular lay-up (thickness or scattering variations)

- Foreign bodies, (such as peel-ply)

Since the above mentioned defects are oriented at right angles to an ultrasonic
wave propagation at normal incident into a laminate, they are ideally aligned for
detection by ultrasound. Ultrasound is widely used on composite structures in
the field as well as in the laboratory.

In this case, ultrasound inspection of the crack development (damage no.1) has
been performed by means of a flexible automated ultrasonic scanning system
developed by FORCE Technology (P-scan). This equipment consists of a vac-
uum mounted scanner unit, which moves the ultrasound transducer systemati-
cally covering the surface to be inspected. During the scanning echo amplitudes
are collected together with the transducer position and stored digitally. The re-
sults can be evaluated on-line during and after scanning on a portable PC.

Rise-R-1333(EN)



Figure 41. The flexible scanner mounted by means of vacuum on the wind tur-
bine blade (damage no. 1).

After each test ultra sonic inspections (US-I) were made of the damage to have
an estimate of damage size. To have a basis for the ultra-sonic determination of
the damage propagation two ultra-sonic tests were made on the blade before the
tests of the blade were carried out. The first US-I was made when the undam-
aged blade was mounted on the test rig and the second US-I was made after the
artificial damage was made on the blade.

The initial inspection of the blade was carried out in the area from 11600 mm
from root intersection and till 14000 mm. The inspected area was separated in
sections of 400 mm in longitudinal direction and all sections had a size of 320
mm in angular direction measured from trailing edge.

The results from the ultrasonic inspections are further described in [Ref. 6].

Test Comments to scanning-results.

Reference examination. OK.

Examination of torn out fibres after grinding of notch.
OK.

WING 001 No visible propagation in damage subsequent to unload-
ing.

WING 003 No visible propagation in damage subsequent to unload-
ing.

WING 004 No visible propagation in damage subsequent to unload-
ing.

WING 005 Increased damping in the area app. 65 mm from notch.
WING 006 Further damage propagation, app. 45 mm.

WING 008 Further damage propagation, app. 15 mm.

Figure 42. Table showing ultra sonic results of inspection of up-wind side of
blade
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Test Comments to scanning-results.

Reference examination. OK.

Examination of torn out fibres after grinding of notch.
OK.

WING 001 No visible propagation in damage subsequent to unload-
ing.

WING 003 No visible propagation in damage subsequent to unload-
ing.

WING 004 No visible propagation in damage subsequent to unload-
ing.

WING 005 Increased damping in the area app. 25 mm from notch.
WING 006 Further damage propagation, app. 85 mm.

WING 008 Further damage propagation, app. 15 mm.

Figure 43. Table showing ultra sonic results of inspection of down-wind side of blade
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Figure 44. Image showing the result of the ultra sonic inspection of the up-wind
surface of the blade after WING 001.

Figure 45. Photo with lines drawn to illustrate the view in the lower part of Figure 44.
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Figure 46. Image showing the result of the ultra sonic inspection of the up-wind surface of the blade after
WING 008.
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Figure 47. Sketch of propagated damage on down-wind surface after WING00S, based on
ultrasonic inspections

5.5 X-ray examination of damage no. 1
Methodology

In this case, real time X-ray inspection (known as radioscopy) has been accom-
plished using a microfocus X-ray source combined with an X-ray image intensi-
fier tube. These units have been mounted on a rail with a specially developed
remote controlled positioning unit.

Rise-R-1333(EN)



Figure 48. The radioscopy system comprising a compact microfocus source
(right) and a real time X-ray image intensifier tube (left), mounted on a rail that
in this case was positioned with the help of a crane on the rear edge of the
blade.

Figure 49 shows the X-ray image of the down-wind surface of the blade. Note
how the crack follows the fibre orientation. This is pronounced at its end where
the fibres are orientated at an angle — here the crack veers off sharply. The letter
"F" indicates an area where crack forks — the right branch ends after approx. 1.5
cm. The letter "D" indicates an area where crack is diffusely defined, which is
probably because the crack is not perpendicular, but runs at an angle to the plan
of the blade.
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Figure 49. Down-wind X-ray Figure 50. Up-wind X-ray inspection
inspection after WING 005 after WING 005

Figure 50 shows the X-ray image of the up-wind surface of the blade. Note how
the crack follows the fibre orientation. The crack ends abruptly upon meeting an
area of the blade with a sharp increase in thickness. The letter "D" indicates an
area where crack is diffusely defined, multiple cracks run through these two
areas.

Ref [5] gives a more detailed description of the X-ray inspections.
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5.6 Comparison of acoustic emission and strain gauge

measurements

The AE results and the strain gauges measurements show good capability in
determining the crack propagation and give good visualisation of the speed of
crack propagation. The major growth in crack length during WINGO005 happens
in the last third of the test. This is very visible in the change in strain-level in
the strain graph in top of Figure 51. In Figure 52 it is visible that the major part

of AE-hits appears in the last third of the test.
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Figure 51. Strain development during WING005

Figure 52. AE-hits vs. time during WING005. Arrows on x-axis
shows the distance from crack-tip to sensor A over time.

WING006

160000

140000

120000

100000

Total Energy

- /}
60000

40000 /

20000 /
0

0 200 400 600 800 1000 1200
Time (seconds)

1400

SG UW root, WING 006
[
) I
f e ———
T
—SG01
——sG02 %
—sG03
SG04
—SG05
B1 121424 121717 122010 122302 12:25:55 122848 123141 12:34:34
——Force x20
—+— Deflection x 10 time
SG DW root, WING 006
o —
-
I
/) =
Jf |
/ !
SG06 J
——sGo7 1 R
——sG08
SGo9
——sG10
e Forcex20 P 121424 1217:17 1220110 122302 122555 122848 12:31:41  12:34:34
—— Deflection x 10 time

Figure 53. AE-energy measured during WING006

Figure 54. Strain development during WING006
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In Figure 53 it is seen that in the very end of test WINGOO06 there is a significant
increase in acoustic emission this correlates well with the strain measurements
in the lower part of Figure 54. By watching the VCR monitoring of the blade it
is seen that the damage propagates very much within a very short period of time
in the end of test WINGO006.

Rise-R-1333(EN)



6 Test of damage no. 2

6.1 Overview

The test of the adhesive failure in the trailing edge was difficult to carry out.
The reason was the creation method used for this type of damage. Because an
angular grinder was used to create the damage, the size of the slot became very
wide compared to the remaining part of the trailing edge. This caused the trail-
ing edge to become very soft and easy to buckle where the glue had been re-
moved. While the trailing edge was so easy to buckle it was difficult to control
the crack propagation. Reinforcement of the trailing edge was made by clamp-
ing on plywood in the area where buckling appeared.

The repetitions in the test of damage no. 2 were numbered as shown in Table 5,
here is also seen the damage propagation during each test i.e. the visible elonga-
tion of the damage.

Table 5. Test of damage no. 2, test-name and damage propagation measured by
visual inspection, by means of VCR, of damage.

Trailing edge
test SG1-6 & SG7-12
crack length crack length
’ at start ({)gf gr(l.)lvlgltle(::"- at stop ff
test test
mm mm mm
WING101 0 0 0
WING102 0
WING103 0
WING104 0
WING105 0
WING106 0
WING107 0
WINGI108 0
WING109 0
WING110 0
WINGI111 0
WING112 0
WINGI113 0 0
WING114 0 49 49
WINGI115 49 58 107
WINGLIG 7 M 148
WING117
WING118 148 158 265
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Still photos and post-mortem sectioning

Still photos were taken of the damaged blade after some of the tests, see figure
Figure 55 to Figure 57.

Figure 55. Trailing edge after WING 106 Figure 56. Trailing edge before WING 109

Figure 57. Trailing edge after WING 118
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Subsequent to the test sections of the blade were cut out for further examination

Micro bend transducer no.2

Micro bend transducer no.1

Figure 58. Photos of the sectioned blade (Top
pictures). Photos of the trailing edge with the
connective tubes (red arrows) of micro bend
displacement transducer no. 1 in either side of the
picture (Lower pictures).

On these pictures it appears as the damage is propagating in an angel of 30° to
45° relative to the trailing edge and with direction towards the tip. This corre-
sponds very well to the ultrasonic inspections as described in paragraph 6.5.
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6.2 Strain gauges results

To measure the strain distribution in the area of the damage, 12 strain gauges
were mounted on the blade in the area of damage 2; see Figure 59. The exact
positions of the gauge are shown in Figure 60.

On the pictures the tip-end of the blade is towards the left on the page.

o 20000

40

100

Figure 59. SG-pos. damage 2 Down-wind. Figure 60. SG-positions damage 2. SG no. 1 &
7 are positioned in a distance of 10.8 metres
from root intersection.

As the load was applied to the blade a linear related increase in strain level was
measured on all the strain gauges. The relation in strain level between the strain
gauges was also linear in correspondence to the distance from the neutral line of
the blade. The linearity ruled for tests “WING 101 to “WING 105”. During test
“WING 106” the strain level for gauge no. 3 decreased in strain level as the rest
of the gauges were still increasing, see Figure 61.
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Figure 61. Measured strain, force and deflection during “WING 106~

This indicates buckling which is also very visible on the video. This buckling in
the area of gauge no. 3 appeared in all the tests. The change in strain level be-
tween single gauges does not correspond to the crack propagation. It is impossi-
ble to determine the crack propagation from the strain gauge measurements.

6.3 Acoustic emission results

During series 2 the AE systems were used as an aid to the loading procedure.
The onset of acoustic emission was an indication that load had reached a level at
which damage was occurring in the structure. AE sensors were also placed at
the loading yoke and at the clamped end of the adhesive crack to act as warning
sensors; activity here indicated that damage was developing in areas other than
those required for the test.

The AE sensors were therefore being used in zonal source location mode during
these tests. Attempts to use time of flight measurements to localise the precise
extent of the adhesive crack advance were not successful. The reason is that
stress wave emission during the loading was not limited to the crack tip. Le-
gitimate sources were present on either side of the crack front (adhesive crack-
ing, fibre bridging, tribology, etc.). In addition to this, buckling of the structure
and friction sources from the loading saddle and clamps resulted in too distrib-
uted an area of stress wave emission for accurate localisation of the crack front.

6.4 Micro bend displacement transducer results

A lot of tests were carried out without any change in transmittance of the micro
bend transducer (the crack front being too far away from the sensor to be de-
tected). Due to the method of creating the artificial damage the trailing edge was
very soft where the adhesion had been removed. Therefore it was easy to get the
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trailing edge to buckle where the adhesion was removed and difficult to make
the damage propagate where the transducers were embedded.

During the first test sequence WING1 14, there was for the first time a change in
the transmittance of the transducer see Figure 62.

1po . [T
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<
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5] (N —
Té —
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z D .
(I N
0.96 —
-
0.95
0 500 1000 1500 2000
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Figure 62. Micro bend displacement transducer measurements during WING114

The first 1000 seconds the load on the tip was increased, the load in the centre
yoke was gradually increased and the crack started growing. The deformation of
the blade had apparently no impact on the transmittance of the transducer. The
transducer started to change transmittance at a time when the transducer is
reached by the crack tip. The load was still increased, causing a large crack
opening, and a still lower transmittance. After 1700 s the load is gradually re-
moved. The entire load was removed after 1900 s. Figure 62 shows that the
transducer only partially resumes its initial transmittance. A permanent crack
opening is apparently created.
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Figure 63. Transmittance of micro bend transducer correlated with normalised
values of force, acoustic emission energy and crack propagation during

WINGI15.

In WING115, the load was still more increased with a 10 % decrease in trans-
mittance as a consequence, see Figure 63. The load was increasing until 1200 s,
but apparently the deformation of the sensor reached a maximum. After 1200 s
the load is removed and the transducer resumes most of its original transmit-

tance.
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Figure 64. Micro bend transducer signal during WING116
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To increase the bending moment in the damaged area the support was reposi-
tioned and new  load  sequence = was carried  out. As
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Figure 64 shows, the transmittance decreases once more, but only a few percent,
even though the crack with almost certainty passed the transducer, and the gap
was large. The transmittance did not fall to zero, as expected for a crack width
larger that 200 um.

The blade was unloaded and the supporting devices were repositioned, and a
new test WING117 was carried out.
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Figure 65. Micro bend transducer signal during WING117

Rise-R-1333(EN)



This new test was apparently a repetition of the test before. There was a de-
crease in transmittance until a certain point. The crack had now passed the
transducer and the crack was at maximum load several mm wide. A blade was
inserted in to the crack, at the location of the transducer, and pushed to the bot-
tom of the adhesive region. There was no detectable contact between the trans-
ducer and one of the shells. The crack was in the interface between one of the
shells and the adhesive layer and the transducer was fully contained in the adhe-
sive. The surface, which initially was glued to the shell, was now almost com-
pletely loosened. This conclusion was reached after direct visual inspection,
through the crack opening, and by use of a blade. The change of transmittance
indicates that there was some contact, but maybe only through a number of
loosened glass - fibres, that had been torn out of the fibreglass composite.

WING114 WING115 WING116 WING117
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Figure 66. Micro bend transducer signal during WING114- WING117.

The variation of the transmittance through all 4 tests is displayed in Figure 66.
The normalised transmittance is here defined as the ratio between the power and
the largest power in all four series. The maximum decrease in transmittance was
12.3%, which corresponds to a deformation of the transducer of 12.3%/(0.5
%/um) = 25 um. The first deformation is apparently irreversible and the initial
transmittance was not reached again. This agrees well with the circumstance
that the transducer permanently loosened most of its contact to one of the shells.

After test WING117 the crack had passed transducer A and this transducer was
not expected to show any further change in transmittance. The light source and

the detector were instead coupled to the optical fibres of transducer B.

A wooden wedge was hammered into the notch and the crack advanced quickly.
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Figure 67. Change in transmittance during WING118.

As Figure 67 shows there is a small increase in transmittance, after which the
transmittance drops to zero over a short period of time. Hereafter the wedge is
removed and the load on the yoke nearest the tip is removed. The movement of
the wedge and the unloading of the blade did not change the transmittance. The
fiber is probably squeezed into two or more pieces inside the transducer, be-
cause all will be carried by the optical fiber, when the deformation of the trans-
ducer is more than 200 um.

Conclusions regarding fibre-optics sensor on full-scale test

Two transducers were mounted in the trailing edge of a wind turbine blade in
two different ways.

1) One transducer was simply inserted into a notch grinded into the edge. Ad-
hesive was injected into the notch to refill the notch itself and the small
space between the notch and transducer to ensure a proper adhesion between
the transducer and the surfaces of the notch (the inner surfaces of the shell).
As a crack passed the transducer it changed transmittance by 12.3%. This
relatively small change in transmittance indicates that the transducer did not
pick up all the relative displacement of the shells. Inspection showed that the
transducer lost its contact to one of the shells.

2) The second transducer was mounted with direct attachment to the outer sur-
faces of the shells. The direct connection was obtained through a circular
hole in both outer surfaces. The two holes were filled with adhesive and
covered with a square shaped piece of fibre-glass. Unfortunately there was
not sufficient time to make the crack pass transducer B, by gradually increas-
ing the load on the yoke nearest the root of the blade. Instead, the crack was
evolved by hammering a wedge into the notch. The transducer responded
with a 100% change in transmittance. The transducer turned out to be
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mounted so firmly, that the fibre inside the transducer was not only de-
formed, it was simply crushed.

6.5 Ultra-sonic examination of damage

After each test ultra sonic inspections (US-I) were made of the damage to have
another estimate of damage size. To have a basis for the ultra-sonic determina-
tion of the damage propagation two ultra-sonic tests were made on the blade
before the tests of the blade were carried out. The first US-I was made when the
undamaged blade was mounted on the test rig and the second US-I was made
after the artificial damage was made on the blade.

The initial inspection of the blade was made in the area from 11600 mm from
root intersection and till 14000 mm. The inspected area was separated in sec-
tions of 400 mm in longitudinal direction and all sections had a size of 320 mm
in direction perpendicular to the trailing edge, measured from the trailing edge.
The results from the ultrasonic inspections are further described in [Ref. 6].

Table 6. Table showing ultra sonic results for inspection of the trailing edge
Jjoint on up-wind surface.

Date Time Test File-name Comments to scanning-results.

10/01.02 16:22 Tl-a.l Reference examination. OK.

23/01.02 11:17 T2a-X600 | Examination of torn out fibres after grind-
ing of notch. OK.

24/01.02 09:13 T3a-X600 | Blade has been cut from cusor towards
root-end of blade

24/01.02 11:57 WING 106 T4a-X600 | Additional elongation of damage towards
root-end of blade, made by use of saw.

24/01.02 14:22 WING 107 T5a-X600 | Propagation of damage, app. 10 mm to-
wards tip-end of blade.

24/01.02 15:15 WING 108 T6a-X600 | Additional propagation of damage, app.
20 mm towards tip-end of blade.

25/01.02 08:14 WING 113 T7a-X600 | Further damage propagation, app. 13 mm.

25/01.02 10:23 WING 114 T8a-X600 | Further damage propagation, app. 25 mm.

25/01.02 11:56 WING 115 T9a-X600 | Further damage propagation, app. 30 mm.

25/01.02 14:08 WING 117 T10aX600 | Further damage propagation into area of
optic fibre plug, impossible to test this
area.

28/01.02 9:33 WING 118 T11aX600 | Further damage propagation out of area of
optic fibre plug, impossible to test this
area.

In the first three scans, after load has been applied, (File T3A-X600- T4A-x600
and file T5A-x600) the front of the crack, develops from being curved with a

tendency to arrow shape, to have a 45° line ending on the trailing edge of the
blade.

In the next three scans, (File T6A-x600.- T7A-x600.- T8 A-x600.) the shape of,
the front of the crack, goes back to be a curved arrow shape.

In the next scan, (File T9A-x600) the shape of, the front of the crack, develops
to a 45° line. This time it ends on the inner side of the adhesively bonded area.
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In paragraph 6.1 pictures of the post-mortem sectioning shows the described
change in crack propagation direction. The shapes of, the front of the crack,
could not be determined in the last two scans.
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Figure 68. Image showing the result of the ultra sonic inspection of the up-wind
surface of the blade after WING 118.
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Figure 69. Sketch of damage propagation based on the ultrasonic inspections

VCR monitoring of damage no. 2

During each of the tests of damage no. 2 a video camera was used to survey the
propagation in the damage. The camera was positioned over the trailing edge
directed towards the trailing edge. When comparing the VCR with the post mor-
tem sectioning it has been possible to estimate the crack propagation in the
tests. Test no. 114, 115 and 118 were the tests where the measurements from the
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optic micro bend displacement transducer showed the highest changes. Crack

propagation for these three tests are described in 0.

Table 7. Crack propagation during test 114, 115 and 118.

Test no. Time (00:00:00 h:m:s | Crack length | Crack position as it
at test start) in mm appears on VCR,
measured in mm in Z-
direction

WING 114 00:00:00 0 10870
00:14:50 10 10880
00:17:05 35 10905
00:18:05 37 10907
00:24:50 49 10919
WING 115 00:00:00 49 10919
00:07:38 49 10919
00:08:10 52 10922
00:10:14 80 10950
00:11:50 83 10953
00:12:00 85 10955
00:14:30 107 10977
WING 118 00:00:00 148 11018
00:15:25 190 11060
00:15:52 209 11079
00:16:04 232 11102
00:16:22 265 11135

If the crack propagation as it appears on the VCR is related to the results from
the ultrasonic inspection there is a minor difference in the results. The explana-
tion for this can be that the visible crack tip is at the trailing edge an there might
be a shift, or not-linear, propagation in the crack tip through the adhesion.
Which is also sketched in Figure 69.
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7 Conclusion

Strain gauges: By use of strain gauges it is possible to measure changes in strain
distribution caused by propagating damages. The necessary number of gauges
depends on the size of damage the system is monitoring.

Acoustic emission: The acoustic emission system is very capable of detecting
even minor crack propagation. The position and severity of damage source
events has been successfully determined using both zonal and linear time-of-
flight localisation arrays.

The optic fibre micro-bend displacement transducer is capable of determining
crack propagation in adhesive joints (and possible also delaminations). It is at
least useable for determining crack size corresponding to the distance between
each transducer. The transducer signal transmittance is gradually decreasing
when the transducer is passed by the crack front and the crack advances. Poten-
tially, the value of the crack opening may be used for estimation of a minimum
crack extension, with a resolution better than the distance between the transduc-
ers. It is very important that the transducer remains attached to the separating
surfaces because the crack is detected by the relative displacement.

Both the X-ray and the ultra sonic equipment are capable of locating the dam-
age and determining the size of the damage. The ultra sonic system is well
suited for determining the size and location of failure in the adhesive joint and
most likely also delaminating failures.

For the laminate damage (the notch in the trailing edge) the resolution of the
ultra sonic system is too low to give an accurate position of the crack tip. For
this damage type the X-ray technique proved to be very versatile. Used in com-
bination, ultrasonic scanning and X-ray inspection are strong NDT-tool for
damage detection and localisation in wind turbine blades.

In general, very satisfying agreement were found between the information on

damage size and location by sensors, NDT-techniques and post-mortem analy-
sis.
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analysis and consultancy on sensors.

e Malcolm McGugan, Risg National Laboratory malcolm.mcgugan@risoe.dk,
Acoustic emission measurements.

e Christian P. Debel, Risg National Laboratory, c.p.debel@risoe.dk, Post mor-
tem sectioning and inspection of damaged blade

e Ole J. D. Kristensen, Risg National Laboratory, The Sparkaer Centre,
ole.jesper.dahl.kristensen@risoe.dk, Test of blade, SG measurements.

e Bent F. Sgrensen, Risg National Laboratory, bent.soerensen@risoe.dk, Ma-
terials Research and project management.
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Figure 70. Test-crew for damage no. 1, from left: Jorgen Figure 71. Test-crew for damage no. 2, from lefi: Per Nielsen,
Rheinlinder, Peter P. Debel, Bent F. Sorensen, Malcolm McGugan,  Bent F. Sorensen, Peter Lind, Anders R. Vestergaard, Malcolm
Jens Rusborg, Ole J.D. Kristensen, Jan Andersen, Christian P. McGugan, Jan Andersen, Peter Sendrup.
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