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Terms and Definitions

The blade cross section with the main structural features is presented in Figure 0.1.

Figure 0.1. Picture of a blade cross-section indicating construction elements

Definitions
Blade root:

Box girder:

Edgewise:

Flapwise:

Trailing edge (TE):
Leading edge (LE):

FEM:

Part of the wind turbine blade that is closest to the rig

Primary lengthwise structural member of a wind turbine
blade
Direction that is parallel to the local chord of the blade

Direction that is perpendicular to the surface swept by the
non-deformed rotor blade axis

Edge of blade pointing opposite travelling direction

Smooth edge of blade pointing the travelling direction

Finite Element Method

Table 0.1. Loading directions with respect to the blade

Load case

PTS - pressure side towards suction side

STP - suction side towards pressure side

TTL - trailing edge towards leading edge

LTT - leading edge towards trailing edge

Rise-R-1749(EN)



The coordinate system

Figure 0.2. Coordinate system.

The x-axis is directed in edgewise (wind) direction, positive towards leading edge.
The y-axis is in flapwise direction, positive in direction from pressure to suction
side. The z-axis is along the blade, pointed from the root of the blade, as indicated
in Figure 0.2.

Measurement equipment

Strain gauges (SG)

UD Unidirectional (0° in longitudinal direction)

Bx Biax (0°/90°)

Tx Triax-Rosette (0°/45°/90°)

Back to back One strain gauge on each (inner and outer) side of the blade

Linear transducers (LT)
LT-ASM Length Transducer from ASM — Cable actuated position sensors
LT-NT Length Transducer from NovoTechnik

Optical measurement

DIC: Digital Image Correlation
Aramis: 3D-DIC-system from GOM (www.gom.com)

2 Riso-R-1749(EN)



1. Introduction

For decades, wind turbine blade design and test methods have been based on
flapwise and edgewise loading. This seems reasonable because these are the main
directions of the blade profile. The assumption might be appropriate for small
blades, but for larger blades the edgewise loads become more important. Recent
results have shown that the loads in other directions than pure flap- or edgewise
appear to have major importance.

The majority of blades in use today are designed on this basis, but in spite of the
structural analyses and full scale tests performed on wind turbine blades, damages
still occur. Therefore it could be questioned if the foundations of the design rules
are sufficient and a topic subject to critical questions is the loads and their direction
used for full scale tests.

This report describes the tests performed with the blade exposed to a combined
flap- and edgewise loads. It is the third and last data report included in the EUDP
project “Eksperimentel vingeforskning: Strukturelle mekanismer i nutidens og
fremtidens store vinger under kombineret last”. The report is divided into two
parts. In the first part (chapter 2 and 3), the test setup, loads, measurement
equipment etc. are described and in the second part (chapter 4) the result are
presented.

In the first data report, ref. [1], a general and more detailed description of the
measurements, the measurement equipment and basic conditions for the test is
presented, and therefore it will be referred to this report concerning these matters.

2. Background for and choosing the load
and load direction

The loads the wind turbine blades are designed to carry are derived from
aeroelastic analyses. These analyses are carried out for a large number of load
cases, but it is not feasible to perform structural analyse for each of these load
cases. Instead the biggest loads are sorted out and found for both edgewise and
flapwise direction at each section of the blade, and the design loads are composed
from these.

Experience has shown that if the loads are extracted by this method, it is not certain
the blade is designed according to the numerically biggest load or the most critical
loads for the structure.

The traditional structural analysis of wind turbine blade has been based on
calculation of stress or strain in the material and elastic instability of cap and web.
New research (ref.[3]) revealed that there occur failure mechanisms which have not
been accounted for.

FEM calculations indicated that those failure mechanisms may be sensitive to
direction of the critical load. Failure is difficult to predict by FEM studies alone,
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therefore it is important to perform experimental test as well in order to make sure
that the analytical and/or numerical studies are interpreted correctly.

The consideration made for this test were to choose loads of the similar size as the
flapwise loads and apply the load at an angle to the flapwise direction, which
according to the FEM calculation seems to be critical. Unfortunately, there is no
available examination of the loads variation as function of the load direction and no
full scale test results is available exploring the impact on the blade deformation
caused by the load direction.

A part of this project has therefore been to explore which loads were appropriate to
use in the examination of the blade in the combined load case. For the SSP 34m
blade the only loads released are the extreme loads in flap and edgewise direction.
The calculation of the loads has not been disclosed.

The ideal case would be to perform load calculations for the blade and from these
calculations choose suitable load direction where the load is an angle with respect
to the main direction on the blade. Such studies demand bigger resources than this
project allows for.

As the overall purpose was to clarify how the blade reacts to different load
directions, and not to examine its ability to withstand critical loads, it is sufficient
to apply the loads are that similar the real situation. The determination of the
loading on the blade was performed in a simplified way. It was done by summing
vectorily the extreme loads in flap and edgewise direction.

b
st
bt

iy, M
RTINSy

Figure 2.1. Pressure distribution on an aerodynamic profile generating the aerodynamic loads.

The typical load in the flapwise direction is the aero dynamical load as shown in
Figure 2.1. As the profile is moving towards the wind at an angle, the resulting
aerodynamic force is mainly directed flapwise with a small angle towards the
leading edge.

In the edgewise case the typical loads are gravity load and dynamic loads which
e.g. arise by an emergency stop of the turbine. During operation the gravity load
changes sign and the direction depends on the pitched of the blade .. The dynamic

4 Riso-R-1749(EN)



load from the emergency stop is often towards the leading edge. Therefore,
edgewise loads on blade will usually be the largest towards the leading edge.

A combination of the highest flapwise load towards suction side and the highest
edgewise load towards trailing edge results in load at an angle of aprox. 30° with
respect to the cord of the blade and directed towards the leading edge.

Moreover, at this angle the performed numerical structural analyses predict that
new failure mechanism may be prevailing. Therefore, it was decided to carry out
the test with the load applied in this direction. The size and distribution of the load
is calculated from the edgewise and flapwise loads, see Section 3.1.

Further calculation based on the loads can reveal how well these loads resemble a
real load situation. As previous mentioned it was not feasible to perform these
calculations within the frame of this project. Therefore it is suggested, as a follow
up, to carry out the analysis on the basis of the loads for the SSP 34m blade
forming a general view of critical loads and load direction and comparing these
with the load and the load direction in the performed test.

3. Experimental Procedure

As mentioned in the introduction, the experiment presented in this report is a part
of a series of experiments within the project, and in this chapter a presentation of
the test conditions which are distinct for the combined test are made. A description
of the basic conditions and measuring methods as well as the test setup and
preparation of the test can be found in the “Data report 17, ref [1]. It covers, among
others:

e Description of the test rig and winches

e Compensation for blade mass

e Measuring system for strain gauges

e Measuring of deflection with linear censors.

o Digital image correlation (DIC) measurements of surface deformations on
the blade.

e Data acquisition.

3.1 Loads

In the test the blade is loaded with a combined flap- and edgewise load. The
applied forces are presented in Table 3.1. These values are defined in relation to the
Risg load, which is considered the extreme load, and for this project is defined as
the design load multiplied by a factor of 1.23. The background for this factor is
experience of a similar blade, which has carried such amount of load (in flapwise
direction) before it failed, see ref. [3] The experiment consists of two separate test
series where the load was increased to 35 % and 55 % of the Risg load
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respectively. Original is was only planned to test at the 35 % load due to the
capability of the test rig, but as the test rig was reinforced during the project it was
decided to carry out at second experiment with 55 % load.

Table 3.1. The forces incl. mass of blade applied in the investigated combined load case.

Section of application Applied force [N] Applied force [N]
[m from the root] 35% 55%
13.21 30300 47700
18.61 28200 44300
2491 50000 78600

Figure 3.1. Photo of the blade bolted to the test rig. The tip has been cut off, so only 25m is
tested. The blade is loaded at an angle of 30° to the flapwise direction, simulating a
combined flap- and edgewise loads.

For the combined load test, the blade is mounted on the test rig as shown in Figure
3.1. This is different from the previous tests, and required some efforts as the setup
and handling of blade are a rather elaborate process. In this position the force can
be applied to the suction side of the blade in a plane that is 30° from the flapwise
plane, in the direction towards the leading edge.

In order to allow comparison with the previous tests, the load caused by the gravity
force needed to be considered while establishing the applied load. The gravity load
was accounted for by reducing the values of the applied load. The gravity load was
represented by forces acting on the blade in the same three sections at which the
test load is applied. Moreover, the truncated tip needed to be compensated for, and
therefore, a preloading was applied at the tip in order to account for the forces from
the missing part. The calculations and adjustments made are presented in ref. [1].
After applying the preloading and the adjustment forces, all the measuring
equipment excluding the measurement of the applied forces was set to zero. Due to

6 Riso-R-1749(EN)



the gravity load (including the tip preloading) and adjustment, the measurements
were started at 12.5% of the Rise load.

3.2 Measurements

The experimental methods used in the tests include a large number of strain gauges
and displacement sensors. Moreover, an advanced 3D optical measuring system
(DIC) and acoustic emission equipment has been used. A description of the data
acquisition system and measurement equipment as well as how the tests were
performed can be found in ref.[1]. At the pull to 55% Risg load, the blade was also
monitored by acoustic emission.

In the first pull at 35% load all the measurement equipment were included, but in
the second pull at 55% load only some of the strain gauges where included.

The results from these measurements presented by Graph Tool can be found in
Appendix B. Appendix A gives an overview of the placement of all the
measurement equipment.

The direction of the strain with respect to the blade are 1 - longitudinal direction, 2
- transversal direction, as indicated in Figure 3.2.

pressure side
Figure 3.2. Directions of the strain measurements with respect to the blade.

For further, detailed explanation of the measurement equipment positioning see ref.
[1] and [2].

3.3Considerations regarding the winch

Due to the new position of the blade in the test rig and the higher loads, that are
applied in the combined load case, the global deflection of the blade will be much
higher compared to the edgewise testing. This must be considered in the
preparation of the experiment.

The deformation of the blade was analyzed using FEM. The results of the global
deformation were used to plan the new setup for the winches and wires to ensure
there was enough space for the planned deformation of the blade. It was necessary
to investigate if there is enough span for the blade to be able to be deflected to
approx. 80 % percent of the capacity leaving space for measuring equipment. Due
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to the higher loads, it was necessary to change the wire loop of the third winch, and
a part of the wire loop consists of 0.8 meters of force transducers and connections
between elements, which needs to be taken into consideration.

In Figure 3.3, the global deflections the blade profile calculated by FEM is plotted
together with the winch in the three positions: undeformed, 40% load and 80%
load. It is apparent that, due to the characteristics of the blade stiffness, the blade
will not only deflect in the direction the force is applied, but also deflect
horizontally. However, this will to a certain extend be prevented during the test,
because the wire from the winch will pull it back against the neutral position.

The deflection towards the root end is about 0.18 m, and even if this seems to be a
small deflection, the winch is not designed for high loads at an angle in the
longitudinal direction of the blade. Therefore the foundation for the winch is
adjusted so that wire is vertical in transverse direction at maximum load.

not loaded

40% maximum load

80% maximum load

E"Iil """ I O D‘%ﬁ

Figure 3.3. Global deformation of the blade at the 25 m section. The position of the deflected
wing is plotted together with the winch. Since the tip deflects the most we are

interested in how it behaves compared to the winch.

3.4Load application

In the edgewise test, ref. [1], a novel method for the load application was used. The
new method allows the blade to deform without limitation and makes it possible to
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test the blade in relation to new failure mechanisms. In the test combined loading,
these failure mechanisms are also significant, and therefore it is important to use a
load introduction which exhibits similar properties.

The method for load application used in the edgewise test is presented in Figure
3.4. This is a specially shaped steel fitting which is bonded to the blade with epoxy
adhesive.

Figure 3.4. Load introduction used in edgewise test. The loads are transferred to blade using a
bonded steel fitting.

This type of connection is suited for transferring the load as shear forces in the
bond line, but in the combined load case, the bond is also exposed to peel forces. In
the present test, the fitting is not loaded centrally. This is because the fitting is
bonded to the blade in the position of the main reinforcement, but if the load is
acting through the center of this field, the load will not act through the shear center
of the blade profile, and by this introduces torsion in the blade. This must be
avoided, and it implies that load cannot be applied centrally to the steel fitting. This
is reflected in an uneven distribution of peel stress across the steel fitting, which
will cause a stress concentration in the edge of steel fitting. The disadvantage of a
bond connection is, that is does not exhibit any particular plastic deformation
before failure. Therefore it will not present any warning if the bond is overloaded,
and in the case the stress concentration causes a crack at the edge of the steel
fitting, there is a risk for the crack to propagate very fast, and a unexpected failure
of the load introduction can occur.

Several possibilities for load introduction have been investigated, which provides
the need freedom of deformation for the blade, but does not depend on the strength
of bond line. One suggestion is shown in Figure 3.5a, which consist of an anchor
plates on each side of the profile. The load is transferred between the anchor plates
using steel rods. Unfortunately the arrangement does not allow the determination of
distribution of the load between two side of the profile, and this is important the
results from the full scale test are going to be compared to a FEM analysis.

Risg-R-1749(EN)



Another method is shown in Figure 3.5b. This utilizes one anchor plate only, but
this is connected to steel plates inside the blade. With this solution however one
has to perforate the main reinforcement, which is not considered an issue for the
SSP 34 m blade since the stresses in the main reinforcement are relative low.

Another thing to consider when transferring the load to only one side of the profile,
is the webs, which may be overloaded, because they distribute the load between the
suction and pressure side of the blade. However this has been investigated by FEM
analysis, and no risk of failure was indicated.

Considering all aspects it was decided to only use one anchor plate, and transfer the
load to one side of the blade. Foremost in order to avoid the uncertainty regarding
the distribution of the loads, and thereby the uncertainty of the blade behaviour
caused by the load introduction. It was also considered too complicated and time
consuming to establish the solution with two connected anchor plates within the
project.

As mentioned, when the loads are introduced to a single side of the blade, there is a
risk of failure in the bond line between the anchor plate and the blade. This was
solved with a revised version of the load introduction shown in Figure 3.5b. With
this solution it has been selected to reinforce the bond line between the blade and
the anchor plate in the part where the largest peel stresses were expected to occur.
In the tip it was solved by placing a steel bar inside the blade and fastening this to
the anchor plates with bolts through the main reinforcement. The other sections of
the blade, the load introduction were reinforced with special screws fastened to the
main laminate though holes in the anchor plate. The connection has been tested
with a similar type of glassfiber laminate and it showed adequate strength.

Fig. a Fig. b

Figure 3.5. Fig. a: Load introduction with steel plates on both suction and pressure side of the
blade and steel rods on each side of the web connecting the steel plates. Fig. b: Bonded
steel plate with internal steel bars bolted through the cap to the steel plate. The dotted

arrow indicates possible stress concentration in the bonding line.
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4. Results

This chapter presents findings from pulls performed in the combined load case.
The first pulls were performed at 35% Risg load. Such value was selected as this
would not cause any risk of failure to the blade and more pulls were expected in
order to give measurements from all the strain gauges. After the 35% Riseg load
pulls were performed, the load was increased to 55% Risg load, where the risk for
failure was much higher. presents the individual pulls and their order.

Table 4.1. List of tests carried out in combined load case and presented in this data report

Load in Center of DIC- . ..
Name of pull Date Acoustic emission
% measurements

Ecombined 300810 35% 300810

Ecombined 010910 35% 010910

Ecombined 020910 35% 020910

Ecombined 070910 55% 070910 4m-6m S 4.5mand 10.5m S

Combined load test have not been carried out at Rise before and therefore

precaution was taken in case the blade might fail. The blade was monitored with

DIC and AE during the pull reaching 55% Rise load. This pull was performed

without any indication of damage in the blade. The acoustic emission measurement

was performed because it would detect if the blade was damaged during test.

The results from the AE measurements can be found in Appendix C and the main

conclusions from these were:

- More activity at 10.5m than 4m

- Only one significant event detected (at 55% load at 10.5m)

- Only limited activity during the long load hold/unload sequence (therefore no
progressive damage developed at the two sensor zones)

Stage 300 Displacement Y
Time 604.86 s
0.0 ~+Secion T [mm]

—_ ion 2

-1.0+ ction

e T
2164 @ — T i |Section 3
15 o ecion+ By

Displacement Y [mm]
N
T

-4:0 -/

I T T
0 400 800 1200 1874
Section length [mm]

0.0

Stage point 10 Stage point & jof | oteae paint & Stage point 1
2

-1.0

E
E
I o154 —
g 204 —
g 251—— nt S
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|
0 — 7Sugepdd® 225 333

Figure 4.1. Snapshot of DIC measurement between 4m and 6m suction side section in the
combined load case at 55% Risg load
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The DIC measurement (The DIC measurement method is described in data report
ref. [1]), was performed between 4m and 6m sections on the suction side. This was
motivated by the previous measurements, which indicated that something might
happen in this region. is a snapshot from the DIC measurements at 55% Riseg load
presenting the horizontal displacement. This snapshot includes both the global and
local deformation in the horizontal direction and further treatment is required to
extract more relevant information.

Before testing the combined load case, finite element analysis (FEA) was
performed in order to predict possible failure of the blade. It indicated buckling of
the cap at approximately 3.5m and 9m for load reaching 90% to 100% Risg load.
The deformation of the cap centre with respect to the box corners between cap and
panels, are extracted from the FE calculation and presented in Appendix G. These
results are the same deformation as measured by the length transducers (LT-NT)
placed on the outside of the cap. The method for placing the LT-NT frames is
illustrated in .

Figure 4.2. Photo presenting the method for placing the LT-NT frames

The FEM and experimental results at 55% Rise loads are compared in 9m section
only since no LT-NT measurements were performed in the 3.5m section. The
values in are read from the diagrams.

12 Riso-R-1749(EN)



Table 4.2. FEM results of cap deformation at 55% Rise load in 3.5 and 9m section. In 9m
section the calculated deformations is compared to LT-NT measurements.

Section (m from the root) 3.5m 9m
FEM calculation 2.5 mm 3.5mm
LT-NT measurement 1 mm

The measured suction side cap deformation at 9m is smaller than the predicted by
FEM and does not indicate buckling at this stage, i.e. 55% of Risg load. This
difference should be investigated in future work.
Accompanied by DIC and acoustic emission measurements, numerous other
measurements were performed. The findings from these are described in this
chapter. The investigations considered:

- Load adjustments findings

- Repeated tests

- Cap deformation

- Global flapwise deformation

- Global trailing edge deformation

- Transverse shear distortion

- Deformation in 4m, 7m and 10m sections. (main sections)

- Strain measurement

4.1 Load adjustment findings

As described in ‘Data report 1°, ref. [1], the loads are applied continuously by three
winches. The frequency regulation of the winch motors was preset in such a way
that the three loading wires should induce the same % of the Risg load at the three
load application system. This frequency adjusting is not without drawbacks as the
regulation is affected by the load on the winches. To perform the test properly, the
loads were adjusted during testing. Such method proved to be working well during
the edgewise (LTT) load case tests.

For the combined load case it is different because the blade is more flexible than in
the LTT case. The frequency regulation controlling the speed of the wire loading
FT-3, the load application nearest to the root, could not be reduced sufficiently,
which caused the adjustment of the loads to be inaccurate. presents the load at the
three load application in percentage of the Riso load during the test. It appears
clearly that the load measured by FT-3 (green) is increasing significantly faster
than the other two. This is adjusted by reducing this load at FT-3.

Decreasing load FT-3 increases load at FT-2, i.e. the middle load application point
(at 18.61m).

Risg-R-1749(EN) 13
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Figure 4.3. Loads in % of Rise load as a function of time for pull Ecombined 300810. FT-3% is
the load application nearest to the root.

The overall reduction of the load during adjusting the forces causes the root
bending moment to decrease as well. illustrates this behaviour in the
Ecombined_300810 test. The graphs show the forces at three load application
sections in % of Rise load as a function of the root bending moment.
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Figure 4.4. Loads in % of Rise load as a function of root moment for Ecombined_300810 test.

When the loads are not perfectly adjusted it provides the opportunity to examine
the blade behaviour when the loads are changed and the bending moment is
reduced in a short period. When the root moment is reduced, the local bending
moment is reduced as well.

Presenting the data from the pulls, deformation and strain measurements are
presented as a function of the local bending moment. The force adjustment is not
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very pronounced in the strain results, see Appendix B, but in the deflection it is
noticeable.

As an example, the deformation of the panels in 4m is presented in a. It shows
measurement of the distance between the two panels and here the force adjustments
are clearly visible, e.g. at the local bending moment 1050kNm and 1350kNm. The
pattern is that while the local bending moment is reduced the panels’ relative
deformation remains constant until the local bending moment reaches is previously
attained value, and then the deformation starts to increase again. This behaviour is
seen in more ASM measurement of panel’s and web’s deflections see Appendix B.

Results from two different type of measurement equipment are compared to make
probable that this behaviour is not caused by the measurement equipment. At 4m
section, the deformation of the pressure side panel was measured with LT-NT-50-4.
If this measurement reveals the same behaviour it should confirmed such blade
behaviour as reliable.

18 Ecombined 300810 2 Ecombined_300810
deflection measured @ 4[m] from root deflection measured @ 4[m] from root
0 T XXXXXX T T 1
-1 N 0 ‘ %X ;
X
2 s 14 Xx
— X = Xx
E X E %
= 5 Xx
4 3 4
X X
5 X 4 X
X
XX XX
-6 -5
500 1000 1500 2000 0 500 1000 1500 2000
Local bending moment [kKNm] Local bending moment [kNm]
XASM-100-2 (ECombined_300810_cut.bin) XNT-50-4 (ECombined_300810_cut.bin)
Fig. a Fig. b

Figure 4.5. Fig. a Displacement of the panels in 4m section measured with ASM-100-2, Fig. b.
displacement of the pressure side panel in 4m section measured by LT-NT. See
position on the blade

E‘M LSGL62Tx k’L MSGIETx \%&
| m— Y

)
IL/SG116Bx SG161Tx SGL63Tx

Figure 4.6. Position of the displacement measurements
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As visible in , the same behaviour is seen for both ASM and LT-NT measurements,
what supports the assumption that this is the behaviour of the panels. However, it
cannot be surely discarded that it is a problem with the measurement equipment.

4.2 Repeated tests

For the combined load case until 35% Risg load all deflection measurements were
repeated three times. The three pulls were performed in order to collect all strain
measurements data and nothing was rearranged apart from the strain gauge
connections. There was no change to the blade or deflection measurement
equipment and these three pulls were performed at three days in a row. All the tests
were performed in the same manner.

Repeating measurements allowed examining the reproducibility of the
measurements and to estimate the effect of the load adjustment. The deflection
measurement data from the three pulls were plotted together. These results can be
found in Appendix F.

It appears that the load adjustment, for most of the measurements, does not
influence the behaviour of the deformations, even if the deflection clearly does not
decrease when the bending moment is reduced.

However, it was noticed that the behaviour of the blade in fact differs when the test
is repeated. Two kinds of deviation are found.

The first one occurs mainly in the flexible parts of the blade (panels and web). This
behaviour is presented in showing the deformation of the panels in 4m section. It
can be seen that pull Ecombined 020910 is separated from the two other pulls:
Ecombined 300810 and Ecombined_01091. It shows the same trend, so it would fit
together with the two pulls if it was moved parallel 1mm downwards. Such parallel
behaviour can be seen for more measurements. In this behaviour is recognized for
the web and panel, even if it is not as pronounced for the panels in 4m section .

Combined load 35%

panel deflection measured 4m

1
0 | H
Dttt AL Pull Ecombined 020910

-1
) /3%’::2:"(
9, *
®
-3
= X TIN
-4 Pull Ecombined 300810
5 Pull Ecombined_010910 0

6 I I

0 500 1000 1500 2000
Local bending moment [kNm]
® ASM-100-2 Com35
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Figure 4.7. Data from 3 repeated pulls showing the deformation of the panels in 4m section. Pull
Ecombined_ 020910 differs from Ecombined 300810 and Ecombined_010910

Combined load 35%

web deflection 3m

0 1000 2000 3000
Local bending moment[kNm]
® ASMi-100-10 Com35

Combined load 35%

[mm] web deflection 4m

0 500 1000 1500 2000
Local bending moment [kNm]

® ASM-100-14 Com35

Combined load 35%

[mm] panel deflection 5m

-4 ofe

Local bending moment [kNm]
¢ ASM-100-3Com35

0 500 1000 1500 2000

Combined load 35%

[mm] panel deflection 6m

I
0 500 1000 1500 2000

Local bending moment [kNm]
¢ ASM-100-4Com35

Figure 4.8 More measurements at 35% Risg load, showing deviation in repeated pulls, where
one pull is differencing itself from the others and can be parallel displaced into the

measurements from the others.

The second type of change is when the results are not parallel to each other. This

behaviour can be seen for:
- Shear distortion in 10m section,
- Panel deformation in 3m section,

- Trailing edge web deformation in 7m,

Examination of the above mentioned graphs revealed that the pull
Ecombined_300810 deviated from the others. The only thing that differed was that
it was the first one performed after the blade was rotated from testing it in LTT

case to combined load case.

Riso-R-1749(EN)
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Combined load 35%
[mm] Transverse shear distortion measured 10m
1,2
I [ -
1 Pull Ecombined 300810 1I—
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Figure 4.9. Data from 3 repeated pulls showing transverse shear deformation. The data from
Ecombined_300810 differs from the results from the remaining pulls.
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[mm] panel deflection measured 3m
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1 Pull Ecombined 300810 %
1,2 | | BEXXX
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Figure 4.10. Data from 3 repeated pulls showing the deformation of the panel in 3m section. The
data from Ecombined_300810 differs from the results from the remaining pulls.
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Combined load 35%

[mm)] web deformation measured 7m

0
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Figure 4.11. Data from 3 repeated pulls showing the trailing edge cap deformation in 7m
section. Again, the data from Ecombined_300810 deviate.

In section 0 it was revealed that while the local bending moment was reduced due
to force adjustment the blade was reluctant to change shape. This indicates that the
previously tested load case may influence the results of the following one. When
testing a new load case, the blade might have been pre-deformed slightly from the
loading direction it has been exposed to, and the adjustment of the shape to the
existing load case is included in the measurements from following two tests.

4.3Cap deformation

LT-NT displacement measurements were used to measure cap deformation, where
the displacement transducers were fastened to frames which were supported at the
box corners, see . These measurements are the displacement of the cap centre with
respect to the box corners. The box corners are considered fairly stiff, but there
may come some disturbance from the frame and its support, as it is possible that,
when bending the blade, the frames may slightly move or bend.
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Figure 4.12 Photo presenting LT-NT measurement

The measurements of the cap deformation are presented in and . The results
presented in are from pressure side cap deformation at 10m and 16m section. The
graphs include measurements from the three repeated pulls put together.

It is outstanding that the cap deformation behaves in the same way in all three pulls
with very small variations in the measurements (at the level of 0.1, 0.2mm). Here,
it cannot be undoubtedly concluded if this variation comes from the cap behaviour
or the frames. As it is the same in all three performed pulls it suggests that it is the
cap behaviour or some other behaviour induced by the blade.

0,2
‘g0l

-0,1
-0,2
-0,3

Combined load 35% Combined load 35%

Cab deflection measure at 10m Deflection measured in 16m
0,2
01
o
‘_-.0,1
-0,2

0 500 1000 1500 0 200 400 600
Local bendign moment [kNm] Local bending moment [kNm]
B NT-50-10Com35 B NT-50-16Com35

Figure 4.13. Pressure side cap deformation in 10 and 16m sections.

presents the suction side cap deformations at 8m, 9m, 10m, 11m and 12m sections,
and here as well, some interesting cap deformations are indicated. Further study of
this phenomenon may be considered.
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Figure 4.14 Local deformations measured on the suction side cap.
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4.4 Global vertical and horizontal deflection

The global behaviour of the blade in both vertical and horizontal direction is
presented in and . The results presented here are from pull Ecombined_070910 at
55% Risg load.

[mm]

Global vertical deflection
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Figure 4.15. Global vertical deflection measured at 55% Rise combined load.

Horizontal deflection
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Figure 4.16. Horizontal deflection measured at 55% Risg combined load. The (-) sign indicates
when the blade is moving towards left seen from the tip (pressure side mostly)

The horizontal displacement is extracted from the measurements, as the measured

quantity is angled, see the calculation in Appendix E.
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Figure 4.17. Scheme showing the horizontal displacement. AX is the horizontal displacement

needed and the measured angled displacement is L,

The horizontal global deflection moves to pressure side starting at the root and

around 10m turns and moves towards the suction side. The trend line for this

horizontal deflection was not added, as the measurement does not reveal how the

horizontal deflection acts in the root region.
The horizontal displacement at 25m was found via FEM study. The horizontal

deflection at 25m was not measured in the test so a direct comparison is

impossible. However, it appears that the result given by FEM is significantly larger

than experimentally measured displacement.

Table 4.3. Comparison of horizontal displacement

Load Distance from root Horizontal movement
FEM analyses 40% Risg load | 25m 365mm
Measurements 55% Riso load | 22m 28mm

This difference should be investigated in future work.

Risg-R-1749(EN)
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4.5 Global deformation of trailing edge

Sectlon 10m
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Figure 4.18. Scheme presenting the measurement equipment mounted at 10m section

The global deflection of the blade in 10m, 16m and 22m sections was measured

with the measurement equipment placed as demonstrated in . ASM-2000-1, 2000-8
and 2000-6 measure the movement of the blade towards the floor

These measurements do not show the local behaviour of the trailing edge of the

blade unless we look at the difference between them. The difference between these

measurements shows how the box and the panels twist horizontally during the test

Such results from pull Ecombined_070910 55% Risg load are presented in
Three relative deformations are presented

and .

plot g-e shows the box twisting with respect to point G
plot e-a shows the twisting of the panels with respect to point Eg
plot g-a shows the twisting of the blade centreline with respect to G.
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The displacements are found with respect to the points on the suction side. The
blade section behaviour is presented in, and .

In , showing the global behaviour in 10m section, it can be seen that for local
bending moment below 1000kNm the blade twists counter-clockwise. Then it starts
turning in the opposite direction and at 1600kNm it is already twisted clockwise
(seen from the root). This behaviour is presented in .

Deformationin 10m section

1
l
TS

O'Z ril JQA: -im-.h‘_mn *
'€0,5 f
E.

-1,5

22 -
2,5
0 500 1000 1500 2000

Local bending moment [kNm]
®g-e Me-a Aga

Figure 4.19. Global deflection of the 10m section.

—— Undeformed

Local bending moment - 900 kNm

Local bending moment - 1600 kNm

Figure 4.20 Sketch of the 10m section showing the blade behaviour during loading

In 16m section, see , the box twists counter-clockwise (seen from the root) at low
local bending moment and clockwise when approaching the maximum bending
moment, whereas the panels move clockwise during the entire loading path.
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Deformationin 16m section
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Figure 4.21. Global deformation in 16m section

This deformation of 16m section at 55% Risg load is presented .

G«

Figure 4.22 Sketch of the 16m section showing the blade deformation at 55% Rise load.

In 22m section, the box and the panels twist in opposite directions, the box counter-
clockwise and the panels - clockwise (seen from the tip), see .

Deformationin22m section
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Figure 4.23. Global deformation in 22m section.
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Section 22m

Figure 4.24 Sketch of the 22m section showing the blade deformation at 55% Rise load.

This behaviour of the blade, i.e. changing the tilting direction in 10m section as the
load is increased and the special way the blade deforms in 22m section, may be
related to the horizontal forces induced by the load application system when the
blade moves sideward. demonstrates the source of the horizontal forces.

40% maximum load

Vertical
Forces

Horizontal Forces

Figure 4.25 The direction of the forces during loading.
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4 6 Transverse shear distortion

The transverse shear distortion was considered an important failure mode, which
could cause collapse of the blade. This failure mode was therefore followed on real
time graphs during the pull to 55% Rise load. Transverse shear distortion
phenomenon is shown schematically in .

Figure 4.26. Drawing presenting the transverse shears distortion.

The transverse shear distortion can be measured in the box diagonals. Therefore,
displacement transducers (ASM) are placed inside the blade measuring the change
in diagonals. See

Deflection

measurements
for transverse
shear distortion

Figure 4.27. Photo showing the deflection measurements of the transverse shear distortion

The results from these measurements at 55% Risg load are presented in , where the
transverse shear distortion is measured in 3m, 4m, 7m and 10m section.
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Figure 4.28 Results presenting the transverse shear distortion in 3m, 4m,7m and 10m sections.

The transverse shear distortion causes the box to twist. The twist shifts from
clockwise to counter-clockwise at approx.10m section, see sketches of the direction
of transverse shear deformation in . The sketches are seen from the root and the
deformations are exaggerated for better illustration. The red shapes resembling
parallelograms of the distorted box. The webs (vertical lines) are not parallel (see
also results in ).

3m section 4m section 7m section 10m section

Figure 4.29. Sketch showing direction of the twisting of the box caused by the transverse shear
distortion at different sections of the blade. The deformation is seen from the root.
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The measured transverse shear distortion in the different sections is not significant,
below 3mm change of diagonal lengths in 4m section, where it is pronounced the
most, and the measured shear deformations are asymmetric, see also .

The asymmetry of the transverse shear distortion could be due to the deformation
of the webs. The leading and trailing edge webs do not deform in the same way see
,,and .

The transverse shear distortion measurements at 3m, 4m and 7m section up to only
55% of the Risg load are very steep indicating that there is some instability here.
The steep region is of the size of Imm so at this stage it is not possible to conclude
that the transverse shear distortion can become a serious problem, size the unstable
behaviour could change to a stable phase. This will be tested in a coming test
reaching higher load.

4.7 Deformations in the main sections

When preparing the measurements, four sections were chosen as the main sections
and were heavily instrumented. The four sections are: 3m, 4m, 7m and 10m, where
the deformations of caps, webs and panels were measured. These deformations are
illustrated for three of the four sections, see , and . The web deformation was not
measured in 3m section because a maintenance hole in the trailing edge web was
placed there, as explained in the second data report, ref.[2]

The deformations are exaggerated for better visualization. The web behaviour,
illustrated in these sketches, indicates that both webs in 4m as well as 7m sections
deform inwards, whereas the webs in 10m section deform outwards. Data showing
this deformation is presented in Appendix D. At the pressure side, the cap
deformation changes from moving inwards (slightly at 4m) to outwards (7m) and
then inwards again (10m), whereas the suction side cap deforms outwards in 4m,
decreased outwards in 7m section and inwards in 10m section.

Figure 4.30. Illustration of the profile deformations in 4m, the deformation pattern is illustrated
by the red line and is exaggerated to better illustrate the behaviour.
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The panel deformations are illustrated as well. The pressure side panel is deforms

inwards in 4m and 7m sections and outwards in 10m section.

Figure 4.32. Illustration of deformations in 10m section

The horizontal displacement of the blade and the positions of the load applications
have some influence on the profile deformation. To illustrate this, the horizontal
movement of the blade at the load application positions is presented together with
the local and global deformations of several sections, see . The local deformations
are exaggerated for better visualization. In each section they are scaled with the
same factor giving comparable illustration of the deformations.
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Figure 4.33. Overview of local and global deformations as selected sections.
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4.8 Strain measurements

At 35% Rise load all strain gauges mounted on the blade were used. As mentioned
earlier, three pulls were needed to record them all. Therefore, 35% Risg load level
for these measurements was chosen in order to prevent damage of the blade.
Under the studied combined load case, 55% Risg load was expected to be able to
damage the blade. Thus, this load level was reached once with the strain
measurements called ‘other group’ were performed.

In this section, the strain results are presented, both for 35% and 55% Risg load.
The results 35% for Risg loads are presented where they contain more
measurements for the studied area or where the 55% Risg loads was not measured.
The results can be found in Appendix B.

The strain measurements are presented at the maximum load from the studied pull.
They are presented as a function of the distance from the root. It needs to be
underlined that the strain measurements present the change of strain between 13%
Risg load and the maximum load attained, see chapter 3.

In the strain measurements in position E are presented at 35% Risg load. The same
position is presented in for fewer measurements at 55% load.

presents the strain measurements in position F at 35% Risg load. The same
position is given in for fewer measurements at 55% Rise load.

The results measured on the web (points L,M,N,O) at 35% Rise load are presented
in.

The strain measurements in the middle of the trailing edge panels are given in .
Measurements on the panels just above the trailing edge (position B) are presented
in.

and present the measurement at the trailing edge (A), at 35% Rise load. presents
the measurements close to the root.

gives the results at the leading edge panels (point H) at 35% Rise load.

The notation for measurement positions is presented in .
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Figure 4.34. Sketch of a blade section presenting the notation of the position and the orientation
of the blade according to the load direction.

For the strain measurements presented for the combined load case it is distinct that
the strain near to the horizontal line passing through the shear centre are small
compared to the other side of the blade, that is measurement from position O, L
Es and Dy are small compared to M,N, E, and D,

The results in, , and indicate that two sets of measurements, marked with yellow,
distinguish from the rest. The first one is the strain measurements placed at Sm on
the transition area between the box and the trailing edge panels E,, and the second
one is at the cap centre at 10m section Fs. Both measurements are placed on the
suction side and reveal similar behaviour.

The strain gauges at 10m, position F and 5m, point E;, were examined in order to
explore if the longitudinal and transversal strains were interchanged. The
investigation was performed by placing a finger on the actual strain gauge and
checking which signal responded to the finger temperature. The strain gauges
appear to be interchanged and the corrected values are marked with blue colour in
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the tables. The original results are not presented here, as they are gathered in

Appendix B.
Table 4.4. Strain measured at the transition between the box and the panels (E) at 35% Rise
load.
Suction side Strain gauge Eg [uS] Pressure side strain gauge E, [uS]
Outer | Inner | Outer | Inner | Outer | Inner | Outer | Inner
L L T T L L T T
3 m -290 -290 70 210 1000
4 m -450 -450 20 290 1100 -490
4.5m 900 -350 -900
5m 50 -550 -550 100 900 -250 -750
Sm -550 -550 50 100 Sm suction side corrected values
6 m -600 -600 220 230 1000 -650
7 m -790 -700 200 320 1050 -500 -710
8 m -800 -800 550 50 900 800 -430 -320
9 m -800 -950 700 150 1000 950 -450 -490
10 m -790 -800 260 440 1100 1100 -400 -550
Table 4.5. Strain measurements from pull Ecombined_070910 at 55% Risg load at the transition
between the cap and the trailing edge panels (position E).
Suction side Strain gauge E; [uS] Pressure side strain gauge E, [uS]
Outer | Inner Outer | Inner | Outer | Inner | Outer | Inner
L L T T L L T T
3 m -500 -500 330 170 1800
4,5 m 1800 -600 -1700
5m 300 -1000 | -1000 | App. 0 1700 | -500 -1400
Sm -1000 | -1000 | 300 App. 0 | 5Sm Suction side corrected values
6 m -1150 | -1100 | 400 250 1800 -1250
7 m
8 m -1500 -100 1550 -600
9 m -1800 100 1800 -900
10 m
11 m
12 m
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Table 4.6. Strain measurements from pull Ecombined 020110 and 010910 at point F (cap mid-
point) at 35% of the Rise load.

Suction side Strain gauge F; [uS] Pressure side strain gauge F,, [uS]
Outer | Inner Outer | Inner Outer | Inner Outer | Inner
L L T T L L T T

3 m =700 -800 700 690

4 m -820 -880 750 750

5 m -1050 | -1000 800 750

6 m -1100 | -1000 800 800

7 m -1100 -880 600 30 900 750 -300 -300

8 m -1150 1000 900

9 m -1300 | -1050 950 950

10 m 100 | -1000 |-1100 | 600 950 950 -520 -180

10m -1100 | -1000 100 | 600 10m Suction side corrected values

I1m -1150 | -1100 1000 900

12m -1200 | -1100 1050 700

Table 4.7. Strain measurements at the cap midpoint. (position F) from pull Ecombined_070910

at 55% Risg load.
Suction side Strain gauge F, [uS] | Pressure side strain gauge F,, [uS]
Outer | Inner | Outer | Inner | Outer Inner | Outer | Inner
L L T T L L T T
3m |-1390 |-1590 1200 1250
4 m |-1600 |-1650 1400 1400
5m |-1900 |-1800 1450 1450
6 m -2100 | -1800 1500 1500
7 m |-2100 |-1750 | 1100 | 50 1600 1400 | -600 -500
8 m |-2100 1800 1600
9 m |-2250 |-1950 1750 1750
10 m 50 | -1800 | -2000 | 1200 1750 1750 | -250 -1050
10m -2000 | -1800 | 50 1200 10m suction side corrected values
I1m |-2100 |-2000 1800 1750
12m | -2100 | -2000 1200 1900

Two strain measurements both at position Es, the first in 8m and the next in 9m
section, are marked with yellow. The measurement results from these are presented
in as they change from positive to negative (tension into compression) during the
tests.
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Figure 4.35. Strain measurements at the transition between the box and the trailing edge panels
(position E). Pull Ecombined_070910 is presented at 55% Risg load and pull
Econbined_020910 is at 35% Rise load.
The strain measurements on the web at 35% Risg load are presented in . The
notation N, O, L and M corresponds to the strain measurement placement on the
web, see . At the root region, the strain in positions O and L are small compared to
N and M. This reflects the loading direction (combined, flap- and edgewise).
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Table 4.8. Strain measurements on the web at 35% Rise load

Position N Position O
Distance
3min -700 680 -100 -25 180 45
4min -800 800 60 100 10 10
7 min -800 590 10 250 -50 60
10 min -1000 600 -50 180 -100 180
Position L Position M
3m -10 10 -140 700 -300 180
4 m out -160 50 -100 650 0 220
4min -200 135 -100 -450 0
7 mout -490 190 -250 680 -230 280
7min -400 210 -200 720 -275 250
10 m out -750 120 -350 400 -510 0
10 min -510 280 -75 700 -410 180

The strain measurements at the mid-point of the panels (position D) were taken at
of the 35% Risg load, see .

The strain measured on the suction side is significantly lower than on the pressure
side. The strains on the pressure side panel have the same magnitude as on the cap.
The small strain values at the suction side are in agreement with small
deformations of the suction side panel, see,, and Apendix D.
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Table 4.9. Strain measurement at panel midpoint (position D) at 35% of the Rise load.

Suction side strain gauge D, [uS] | Pressure side strain gauge D, [uS]

Outer | Inner | Outer | Inner | Outer Inner | Outer | Inner

L L T T L L T T
3 m| -10 -10 100 5 1000 900 -700 | -250
3.5m 950 |- 720 | -180
3.75m 920 1050 | -1000 | -150
4 m| -50 ~0 -50 50 920 1050 -900 | 100
4.25m 1150 900 -975 =0
4.5m 1225 970 -850 -90
4.75m 1000 1000 -790 =0
5 m 30 65 -225 -40 850 900 -55
5.25m 1000 900 | -1000 | -100
6 m| -70 -15 -120 -10 850 790 -650 | -200
7 m | -55 - 60 -55 850 700 -600 | -200
8 m |-110 -42 - 40 30 700 550 -320 | -250
9 m |-120 -40 - 18 50 590 620 -310 | -340
10 m -90 - 60 60 950 820 -450 | -450

The strains close to or at the trailing edge are presented for 35% Rise load. The

strains in this region are of the same magnitude as at the cap, see, and .

Table 4.10. Strain measurements on the panels close to the trailing edge at 35% Rise load.

Suction side strain gauge B [uS] | Pressure side strain gauge B, [1S]
Outer | Inner | Outer | Inner | Outer Inner | Outer | Inner
L L T T L L T T
7 m | 600 650 -700 250 850 800 -150 | -1000
8 m | 625 575 -400 -70 750 650 - 200 -500
9 m | 600 600 -290 | -200 600 700 -300 -420
10 m | 630 550 -220 | -275 1000 800 -370
Table 4.11. Strain measurements at the trailing edge close to the root at 35% Rise load.
Trailing edge root part A [uS]
Outer | Inner | Outer | Inner
L L T T
3 m 920 800
4 m | 850 ~0 750 -600
5 m 850 890
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Table 4.12 Strain measurements at the trailing edge from 7m section, 35% Riseg load

Trailing edge
Suction side SG | Pressure side SG
A, [1S] Ay [1S]
Outer L Outer L
7 m | 680 800
7.5m | 750 750
8 m | 740 760
8.5m | 780 710
9.5m 970
10 m | 790 950
10.5m | 800 850
11 m | 800 950
11.5m | 790 950
12 m | 790 900
12.5m | 800 870
13.5m | 690 790
14.5m | 720 820
15.5m | 700 880
16 m 800
22 m | 450 500

In order to present all measurements the strain at the trailing edge panel is

presented as well, see showing results for 35% of Risg load.

Table 4.13. Strain measurements at the leading edge at 35% Rise load

Leading edge
H [uS] H [uS]
Outer L Outer T
4 m |-700 300
7 m | -600 300
10 m | -650 250
16 m | -400
22 m | -25 5
40
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5. Summary

This report presents tests carried out on a truncated blade from SSP technology A/S
under a combined flap and edgewise load. The blade was tested with 55 % of a
Risg extreme load at angle of 30° from the flapwise plane in direction towards the
leading edge. The load was applied to the suction side of the blade using a new
loading technique. The newly developed loading method uses anchor plates and the
loads were applied on the suction side only.

The influence of the load adjustment was examined revealing that the deformations
of panels and web were reluctant to follow (decrease) when the bending moment
was reduced. The deflection measurements were repeated three times and
compared to each other. These results showed that there was some variation
between the first test performed after the blade has been rotated and the following
ones. The results from the investigations indicate that the blade is not a perfectly
elastic structure. It is suggested that the blade had been pre-deformed slightly from
the loading direction it has been exposed to, and the adjustment of the shape to the
current load case is included in the measurement.

The local deformation of the trailing edge showed that in 10m section the blade
was twisted first clockwise and then counter clockwise as the loads increased and
that in 22m section the trailing edge deforms considerably.

The transverse shear distortion phenomenon was examined and in the measured
sections it was observed. The load will be increased in a forthcoming test to
investigate whether this unstable behaviour will continue to failure or it will
stabilize.
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7. Appendices

A Measurement equipment and its placements
B Strain and deflection measurement data

C Acoustic Emission

D Deformation of the sections

E Extracting horizontal deflection

F Graph with repeated deflection measurements

G FEM analysis of combined load.
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A Measurement equipment at its placements
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B Data presented by Graph tool
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Measurement of pull at 35% Risg@ load (Other groups)

23

800

Ecombined_020910
strain measured @ 3[m] from root

700 A
600 -
500 +

500 1000 1500 2000
Local bending moment [KNm]

24 Ecombined_020910
strain measured @ 3[m] from root
100

-200

7300
3
00
00 -
n
-600
-700 A
-800 4
-900

0 500 1000 1500 2000
Local bending moment [KNm]

XSG 202_1 (ECombined_020910.bin)

XSG 201_1 (ECombined_020910.bin)

XSG 204_1 (ECombined_020910.bin) XSG 203_1 (ECombined_020910.bin)

Local bending moment [kKNm]

25 Ecombined_020910 26 Ecombined_020910
strain measured @ 3[m] from root strain measured @ 3[m] from root
2 120
0 T % T T 100 =
X
2 A X
2 XX 80
b
7 X D50
= XX XX =
=-6 c
© X ;§°< 840
n-8 X X;(XX % &
X
xggg 20 A
-10 - X
FE X
212 0 ‘
X
-14 -20
0 500 1000 1500 2000 0 500 1000 1500 2000
Local bending moment [kNm] Local bending moment [kNm]
XSG 68_1 (ECombined_020910.bin) XSG 67_1 (ECombined_020910.bin) XSG 68_2 (ECombined_020910.bin) XSG 67_2 (ECombined_020910.bin)
58 Ecombined_020910 59 Ecombined_020910
strain measured @ 3[m] from root strain measured @ 3[m] from root
50 250
X
0 200 ggoek
| X
-50 XX
o0 | 150 | X
G 7)
= =
=150 200
IS IS
#00 ’st &3
Dey | %(%?(
X xX
-250 - X S
0 N IPPNINES taia
-300
-350 -50
0 500 1000 1500 2000 0 500 1000 1500 2000

Local bending moment [kKNm]

XSG 112_1 (ECombined_020910.bin)

XSG 111_1 (ECombined_020910.bin)

XSG 112_2 (ECombined_020910.bin) XSG 111_2 (ECombined_020910.bin)

Appendix 49 of 136




60

Local bending moment [kNm]

Ecombined_020910 61 Ecombined_020910
strain measured @ 3[m] from root strain measured @ 3[m] from root
1200 50
1000 1 0
-50
800 -
-100 A
%600 %50
c c
'B400 - ‘@00 1
@ %50
200
-300
0 ' -350 -
-200 -400
0 500 1000 1500 2000 0 500 1000 1500 2000
Local bending moment [KNm] Local bending moment [KNm]
XSG 253_1 (ECombined_020910.bin) XSG 253_2 (ECombined_020910.bin)
64 Ecombined_020910 65 Ecombined_020910
strain measured @ 3[m] from root strain measured @ 3[m] from root
20 800
0 T
600 -
-20 A
40 400 A
Z60 - 2
c 200
580 | s OO
P00 - ? 0
-120
-200 A
140 S e 999
-160 -400
0 500 1000 1500 2000 0 500 1000 1500 2000

Local bending moment [kNm]

XSG 151_1 (ECombined_020910.bin)
XSG 151_3 (ECombined_020910.bin)

XSG 151_2 (ECombined_020910.bin)

XSG 153_1 (ECombined_020910.bin)
XSG 153_3 (ECombined_020910.bin)

XSG 153_2 (ECombined_020910.bin)

Local bending moment [kKNm]

66 Ecombined_020910 67 Ecombined_020910
strain measured @ 3[m] from root strain measured @ 3[m] from root
800 200
600 | M {X(
150 >

400
#F#0 @00 |
= =
c0 i I =
@ POOBOMK s
7200 750

-400

0

-600

-800 -50
0 500 1000 1500 2000 0 500 1000 1500 2000

Local bending moment [kKNm]

XSG 152_1 (ECombined_020910.bin) XSG 152_2 (ECombined_020910.bin)

XSG 158_1 (ECombined_020910.bin) XSG 158_2 (ECombined_020910.bin)

XSG 152_3 (ECombined_020910.bin)

XSG 158_3 (ECombined_020910.bin)

Appendix 50 of 136




30 Ecombined_020910 28 Ecombined_020910
strain measured @ 3[m] from root strain measured @ 3,5[m] from root
1200 1200
1000 1000 -
800 800
©600 8600
= =
'®400 8400
& (]
200 200
O T O T
-200 -200
500 1000 1500 2000 0 500 1000 1500 2000
Local bending moment [KNm] Local bending moment [KNm]
XSG 113_1 (ECombined_020910.bin) XSG 70_1 (ECombined_020910.bin) XSG 69_1 (ECombined_020910.bin)
29 Ecombined_020910 62 Ecombined_020910
strain measured @ 3,5[m] from root strain measured @ 3,5[m] from root
100 1000
0 T T
800
-100
-200 600
D300 2
s ‘=400 ¢
00 g
B500 P200 -
-600
0 T
-700
-800 -200
500 1000 1500 2000 0 500 1000 1500 2000
Local bending moment [kNm] Local bending moment [kNm]
XSG 70_2 (ECombined_020910.bin) XSG 69_2 (ECombined_020910.bin) XSG 250_1 (ECombined_020910.bin)
63 Ecombined_020910 21 Ecombined_020910
strain measured @ 3,5[m] from root strain measured @ 4[m] from root
100 800
0 700
-100 600 - X
-200 500 $
oo Qoo |
‘e c
‘00 'S00
%00 XX 00
-600 100
-700 0 >2X(
-800 -100
500 1000 1500 2000 0 500 1000 1500 2000

Local bending moment [kKNm]

Local bending moment [kKNm]

XSG 250_2 (ECombined_020910.bin)

XSG 251_2 (ECombined_020910.bin)

XSG 206_1 (ECombined_020910.bin)

XSG 205_1 (ECombined_020910.bin)

Appendix 51 of 136




22

Ecombined_020910
strain measured @ 4[m] from root

40 scEE O Froimed2928910
strain measured @ 4,5[m] from root

100 1200
0 1000
-100
-200 800
W_3OO @
=-400 =600
5500 S400 |
%-600 7]
-700 200 A
-800 0 |
-900
-1000 -200
500 1000 1500 2000 0 500 1000 1500 2000
Local bending moment [KNm] Local bending moment [KNm]
XSG 208_1 (ECombined_020910.bin) XSG 207_1 (ECombined_020910.bin) XSG 257_1 (ECombined_020910.bin)
41 Ecombined_020910 42 Ecombined_020910
strain measured @ 4,5[m] from root strain measured @ 5[m] from root
100 200
0 100
-100 o
-200 0
+300
o 7100
=400 %2 00
5500 3
h-600 700
-700 -400
-800
900 X, 500
-1000 -600
500 1000 1500 2000 0 500 1000 1500 2000
Local bending moment [kNm] Local bending moment [kNm]
XSG 256_2 (ECombined_020910.bin) XSG 257_2 (ECombined_020910.bin) XSG 120_1 (ECombined_020910.bin) XSG 119_1 (ECombined_020910.bin)
43 Ecombined_020910 44 seEE0 (Foimed2928910
strain measured @ 5[m] from root strain measured @ 5[m] from root
200 1000
100 A 800 -
0
600
7% 7)
= =
200 ‘2400 -
g g
#B00 Droo |
-400 -
0 T T
-500 A
-600 -200
0 500 1000 1500 2000 0 500 1000 1500 2000

Local bending moment [kKNm]

Local bending moment [kKNm]

XSG 120_2 (ECombined_020910.bin)

XSG 119_2 (ECombined_020910.bin)

XSG 122_1 (ECombined_020910.bin)

Appendix 52 of 136




45 Ecombined_020910 19 Ecombined_020910
strain measured @ 5[m] from root strain measured @ 5[m] from root
100 900
0 800 -
-100 700 -
200 | 600 -
o 00
Z00 2
c 400 -
‘00 '3
& 00
-500
200 A
600 - 100
-700 0 T *X T
800 -100
0 500 1000 1500 2000 0 500 1000 1500 2000
Local bending moment [KNm] Local bending moment [KNm]
XSG 122_2 (ECombined_020910.bin) XSG 121_2 (ECombined_020910.bin) XSG 210_1 (ECombined_020910.bin) XSG 209_1 (ECombined_020910.bin)
20 Ecombined_020910 46 Ecombined_020910
strain measured @ 5[m] from root strain measured @ 6[m] from root
200 100
0 . | 0
200 | -100 A
— 0
Ba00 - %30
£ =200
8600 g
) #00
-800 A 500 |
-1000 X -600
-1200 -700
0,00E+00 5,00E+02 1,00E+03 1,50E+03 2,00E+03 0 500 1000 1500 2000
Local bending moment [kNm] Local bending moment [kNm]
XSG 212_1 (ECombined_020910.bin) XSG 211_1 (ECombined_020910.bin) XSG 124_1 (ECombined_020910.bin) XSG 123_1 (ECombined_020910.bin)
47 Ecombined_020910 48 Ecombined_020910
strain measured @ 6[m] from root strain measured @ 6[m] from root
300 1200
250 A 1000 - K
200 A 800
o | D00 |
£ £
oo £400
n n
50 - 200
0 e 0 T
-50 -200
0 500 1000 1500 2000 0 500 1000 1500 2000

Local bending moment [kKNm]

Local bending moment [kKNm]

XSG 124_2 (ECombined_020910.bin)

XSG 123_2 (ECombined_020910.bin)

XSG 125_1 (ECombined_020910.bin)

Appendix 53 of 136




49

Local bending moment [kNm]

Ecombined_020910 17 Ecombined_020910
strain measured @ 6[m] from root strain measured @ 6[m] from root
100 900
0 I | 800 -
700 -
-100 A
600 -
00
=300 200
= £
ZI %”00 1
200 A
-500 A
100
600 1 , X
x 0 T T
-700 -100
0 500 1000 1500 2000 0 500 1000 1500 2000
Local bending moment [KNm] Local bending moment [KNm]
XSG 126_2 (ECombined_020910.bin) XSG 214_1 (ECombined_020910.bin) XSG 213_1 (ECombined_020910.bin)
18 Ecombined_020910 54 Ecombined_020910
strain measured @ 6[m] from root strain measured @ 7[m] from root
200 1000
900
0 800 X
-200 - 700
— —600
£400 1 3500 |
£ £
$600 - 400
n 300
-800 - 200
-1000 100
0
-1200 -100 |
0 500 1000 1500 2000 0 500 1000

1500
Local bending moment [kNm]

XSG 216_1 (ECombined_020910.bin)

XSG 215_1 (ECombined_020910.bin)

XSG 218_1 (ECombined_020910.bin)

XSG 217_1 (ECombined_020910.bin)

55

50

Ecombined_020910
strain measured @ 7[m] from root

56

200

-200

[uS]
B
8

Strlain
(2]
o
o

o
S
S

-1000

500 1000
Local bending moment [kKNm]

-1200

Ecombined_020910
strain measured @ 7[m] from root

1500

0 500

1000
Local bending moment [kKNm]

1500

XSG 218_2 (ECombined_020910.bin)

XSG 217_2 (ECombined_020910.bin)

XSG 220_1 (ECombined_020910.bin)

XSG 219_1 (ECombined_020910.bin)

Appendix 54 of 136




57 Ecombined_020910 9 scEE O Froimed2928910
strain measured @ 7[m] from root strain measured @ 8[m] from root
700 100
600 - 0 T T T T
-100
500 -
-200
#%0 7B00 3
= =
800 1 00
] o
#00 | 00
-600
100 A
-700
0 SOSHOOO OOROOK -800
-100 -900
0 500 1000 1500 200 400 600 800 1000 1200 1400
Local bending moment [KNm] Local bending moment [KNm]
XSG 220_2 (ECombined_020910.bin) XSG 219_2 (ECombined_020910.bin) XSG 132_1 (ECombined_020910.bin)
10 scER0 Foimed2028910 1 scERO (Fomed2028910
strain measured @ 8[m] from root strain measured @ 8[m] from root
70 L( 900
800 ]
60 K | X?‘
X X 700
50 1 XX( 600
@0 | X 00
£ < z
= X 200
80 1 x B00
] n
20 X 200
><X 100
10
O T
X
0 —X: T T T -100
0 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
Local bending moment [kNm] Local bending moment [kNm]
XSG 132_2 (ECombined_020910.bin) XSG 134_1 (ECombined_020910.bin)
12 sER G FoMed2928910 52 Ecombined_020910
strain measured @ 8[m] from root strain measured @ 8[m] from root
50 1200
0 ' 1000
50 1 800
0 | %
= 1600
450 1 =
8 '®400
&#00 &
250 | 200
-300 0 '
-350 -200

0 200 400 600 800

Local bending moment [kKNm]

1000 1200 1400

200

400 600 800 1000 1200 1400
Local bending moment [kKNm]

XSG 134_2 (ECombined_020910.bin)

XSG 222_1 (ECombined_020910.bin)

XSG 221_1 (ECombined_020910.bin)

Appendix 55 of 136




53 scER 0 Froimed2920910 31 Ecombined_020910
strain measured @ 8[m] from root strain measured @ 8[m] from root
200 700
O T /x‘ T T T 600 T
-200 A XSS( 500 -
5400 #’00
= =
=600 - ‘300 -
g g
”800 - @00 -
-1000 A 100 A
-1200 0 > T
-1400 -100
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Local bending moment [KNm] Local bending moment [KNm]
XSG 223_1 (ECombined_020910.bin) XSG 56_1 (ECombined_020910.bin) XSG 55_1 (ECombined_020910.bin)
32 Ecombined_020910 33 Ecombined_020910
strain measured @ 8[m] from root strain measured @ 8[m] from root
50 ‘ 800
0 w . 700 -
-50 A S 600
-100 A 500 |
750 1 %)
400 A
=200 X 00
250 | Z
n |
"300 | 200
-350 - ,SS( 100 A
-400 » 0 X T
-450 -100
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Local bending moment [kNm] Local bending moment [kNm]
XSG 56_2 (ECombined_020910.bin) XSG 55_2 (ECombined_020910.bin) XSG 58_1 (ECombined_020910.bin) XSG 57_1 (ECombined_020910.bin)
34 Ecombined_020910 35 Ecombined_020910
strain measured @ 8[m] from root strain measured @ 8[m] from root
100 0 T
0 I -20 A
-100 A
-40 X
200 - 08¢ 4
£ =60 1
200 £
n c/>_80 |
-400 A
-500 | ’SX( -100
-600 -120

0 200 400 600 800 1000 1200 1400

Local bending moment [kKNm]

0 200 400 600 800 1000 1200 1400

Local bending moment [kKNm]

XSG 58_2 (ECombined_020910.bin) XSG 57_2 (ECombined_020910.bin)

XSG 88_1 (ECombined_020910.bin) XSG 87_1 (ECombined_020910.bin)

Appendix 56 of 136




36 Ecombined_020910 37 Ecombined_020910
strain measured @ 8[m] from root strain measured @ 8[m] from root
40 800
30 700 -
20 600
10 A 500 -
%o | . S00
c c
F0 ‘@300
%o %00
-30 &M 100
-40 0 T
-50 -100
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Local bending moment [KNm] Local bending moment [KNm]
XSG 88_2 (ECombined_020910.bin) XSG 87_2 (ECombined_020910.bin) XSG 90_1 (ECombined_020910.bin) XSG 89_1 (ECombined_020910.bin)
38 Ecombined_020910 1 Ecombined_020910
strain measured @ 8[m] from root strain measured @ 9[m] from root
50 700
0 T 600 X
-50 A 500 -
7H00 1 7200 1
= =
<50 00
g g
7200 Foo
-250 - x‘x 100 -
-300 X 0 X T
-350 -100
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Local bending moment [kNm] Local bending moment [kNm]
XSG 90_2 (ECombined_020910.bin) XSG 89_2 (ECombined_020910.bin) XSG 60_1 (ECombined_020910.bin) XSG 59_1 (ECombined_020910.bin)
2 Ecombined_020910 3 Ecombined_020910
strain measured @ 9[m] from root strain measured @ 9[m] from root
50 800 |
0 | 700 W
50 A 600 - X?X
500
7% %)
= 200
=150 - c
® ‘@00
7200 X Do |
-250 A 100
-300 1 0 4 :
-350 -100
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Local bending moment [kKNm]

Local bending moment [kKNm]

XSG 60_2 (ECombined_020910.bin) XSG 59_2 (ECombined_020910.bin)

XSG 62_1 (ECombined_020910.bin) XSG 61_1 (ECombined_020910.bin)

Appendix 57 of 136




Ecombined_020910
strain measured @ 9[m] from root

5 Ecombined_020910
strain measured @ 9[m] from root

Local bending moment [kKNm]

50 20
0 T T T 0 ! ! 1
-50 A
-20 A
-100 A
= =
‘=200 - ‘=60 -
g g
Fo0 80 |
-300 A X
-100 A
-350
-400 - ”X& -120 1
-450 | -140
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Local bending moment [KNm] Local bending moment [KNm]
XSG 62_2 (ECombined_020910.bin) XSG 61_2 (ECombined_020910.bin) XSG 92_1 (ECombined_020910.bin) XSG 91_1 (ECombined_020910.bin)
6 Ecombined_020910 7 Ecombined_020910
strain measured @ 9[m] from root strain measured @ 9[m] from root
60 700 i
X
50 1 600
40 1 500 -
30
o 400 A
0
=0 300
c
O 1 £ e
& 00 |
O T T T %
10 1 % 100 -
20 0 D T
-30 -100
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Local bending moment [kNm] Local bending moment [kNm]
XSG 92_2 (ECombined_020910.bin) XSG 91_2 (ECombined_020910.bin) XSG 94_1 (ECombined_020910.bin) XSG 93_1 (ECombined_020910.bin)
8 Ecombined_020910 13 sEp0 (Fomed2928910
strain measured @ 9[m] from root strain measured @ 9[m] from root
50 200
0 % ' 0 .
-50 A
-200 A
-100
@50 4 3—400 1
= £
00 8-600
P50 - @
-800 A
-300 >
350 | -1000 A
-400 -1200
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Local bending moment [kKNm]

XSG 94_2 (ECombined_020910.bin) XSG 93_2 (ECombined_020910.bin)

XSG 136_1 (ECombined_020910.bin)

Appendix 58 of 136




14 SAEBQ rerie 2920910 15 sAERQ rerirech2920910
strain measured @ 9[m] from root strain measured @ 9[m] from root
180 1000
160
x>ié<><§< 800 -
140
120 600
%00 %)
= X 2400 -
©80 X s
P60 X P00
X
40 X \)ZXZ(
X 0 1X T T
20 X
0 XX T -200
200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Local bending moment [KNm] Local bending moment [KNm]
XSG 136_2 (ECombined_020910.bin) XSG 138_1 (ECombined_020910.bin)
16 sCEEa reimed2 920910 50 Ecombined_020910
strain measured @ 9[m] from root strain measured @ 9[m] from root
100 1000 ‘
0 ' 800 -
100
600
Qoo g
E E400
00 £
Z 9200
-400
-500 0 '
-600 -200
200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
Local bending moment [kNm] Local bending moment [kNm]
XSG 138_2 (ECombined_020910.bin) XSG 226_1 (ECombined_020910.bin) XSG 225_1 (ECombined_020910.bin)
51 Ecombined_020910 68 Ecombined_020910
strain measured @ 9[m] from root strain measured @ 10[m] from root
200 1200
0 ’53%2;2 ' 1000 - ?x
-200 800 -
W400 @
e 3600 1
5600 =
s £400 >
800 n
-1000 N%Xg( 200 1
-1200 0 T
-1400 -200
200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200

Local bending moment [kKNm]

Local bending moment [kKNm]

XSG 228_1 (ECombined_020910.bin)

XSG 227_1 (ECombined_020910.bin)

XSG 230_1 (ECombined_020910.bin)

XSG 229_1 (ECombined_020910.bin)

Appendix 59 of 136




69

100

Ecombined_020910 70
strain measured @ 10[m] from root

200

o

[N
=
IS}

[uS]
N
8

Strlain
(o]
o
o

-800

x& -1000

-1200

200 400 600 800 1000 1200
Local bending moment [KNm]

Ecombined_020910
strain measured @ 10[m] from root

T T

N

200 400 600 800 1000 1200
Local bending moment [KNm]

XSG 230_2 (ECombined_020910.bin)

XSG 229_2 (ECombined_020910.bin)

XSG 232_1 (ECombined_020910.bin)

XSG 231_1 (ECombined_020910.bin)

71

800
600
400
200

1 [uS]
N
o
o o

-400
-600
-800
-1000
-1200

Strain

Ecombined_ 020910
strain measured @ 11[m] from root

/

S

Ecombined_020910 72
strain measured @ 10[m] from root
1200
¢ 1000
800
%ﬁi&( ' 8600
£
e 8400
n
200 A
K 0
%
-200
200 400 600 800 1000 1200 0

Local bending moment [kNm]

200 400 600 800 1000 1200
Local bending moment [kNm]

XSG 232_2 (ECombined_020910.bin)

XSG 231_2 (ECombined_020910.bin)

XSG 234_1 (ECombined_020910.bin)

XSG 233_1 (ECombined_020910.bin)

73

200

T
F N}
o o
o o o

o
o

$train
[ee] o
o

o

Ecombined_020910 74
strain measured @ 11[m] from root

1200

Ecombined_020910
strain measured @ 12[m] from root

I 1000

Pz

200 400 600 800 1000 1200 0

Local bending moment [kKNm]

200 400 600 800 1000
Local bending moment [kKNm]

XSG 236_1 (ECombined_020910.bin)

XSG 235_1 (ECombined_020910.bin)

XSG 238_1 (ECombined_020910.bin)

XSG 237_1 (ECombined_020910.bin)

Appendix 60 of 136




75 Ecombined_020910
strain measured @ 12[m] from root
200
0 T T T
-200
400
)
=
=-600
s
$r-800
-1000
-1200
-1400
200 400 600 800 1000
Local bending moment [KNm]
XSG 238_2 (ECombined_020910.bin) XSG 239_1 (ECombined_020910.bin)

Appendix 61 of 136



B.2.a

Measurement of pull at 35% Risg@ load (Main section)
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B.2.b

Measurement of pull at 35% Risg load (AED section)
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B.2.c

Measurement of pull at 35% Risg@ load (Other groups)
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18 Ecombined_020910 3 Ecombined_020910
deflection measured @ 4[m] from root deflection measured @ 5[m] from root
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6 Ecombined_020910 22 Ecombined_020910
deflection measured @ 7[m] from root deflection measured @ 7[m] from root
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29 Ecombined_020910 9 Ecombined_020910
deflection measured @ 10[m] from root deflection measured @ 10[m] from root
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1 Ecombined_020910 12 Ecombined_020910
deflectopn measured @ 11[m] from root deflection measured @ 12[m] from root
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B.3

Measurement of pull at 55% Risg@ load (Other groups)

23 Ecombined_070910 24 Ecombined_070910
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60 Ecombined_070910
strain measured @ 3[m] from root
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30 Ecombined_070910 28 Ecombined_070910
strain measured @ 3[m] from root strain measured @ 3,5[m] from root
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22 Ecombined_070910 40 Ecombined_070910
strain measured @ 4[m] from root strain measured @ 4,5[m] from root
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45 Ecombined_070910
strain measured @ 5[m] from root
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49 scER A IFroimed’ 978910 17 Ecombined_070910
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57 Ecombined_070910 9 Ecombined_070910
strain measured @ 7[m] from root strain measured @ 8[m] from root
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53 scER o Froimed’ 978910 31 Ecombined_070910
strain measured @ 8[m] from root strain measured @ 8[m] from root
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36 Ecombined_070910 37 Ecombined_070910
strain measured @ 8[m] from root strain measured @ 8[m] from root
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B.4

Measurement of pull at 55% Risg@ load (Other groups)

Local bending moment [kNm]
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C Acoustic Emission

Blade test at VIM facility

1615140-00 (AFM PSP for this work)

Erik and Kaj use this, Malcolm uses SESS instead

Combined loading

Blade is twisted (120deg counterclockwise seen from the tip) with trailing edge up

Tuesday 07" September 2010

1100 Kaj and Erik set up sensors and cabling

1230 Malcolm arrives and sets up laptop and Pocket PAC

Pocket PAC running bladetest01.lay (40dB THS, 26dB gain from inline preamp)
100907SSP80.dta

CH1 4mS Central spar

C2 10,5m S Central spar

Both sensors are sensitive returning hits from strip flicks 1,0m away on sensor face

The blade will be tested to 55% load at 1400 this afternoon

CH2 (10.5m)
CH1 (4m)
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Test set up

1315 During the sensor check | notice that the cables take CH1 to 10m and CH2 to 4m. I'll swap the PIN
connections at the Pocket PAC so we stay with the planned instrumentation described above. Otherwise both
sensors seem to be connected well and ready to test.

1330 AV on (Erik Vogeley to help), then Test plan specifies load to 12,5% and then ARAMIS on and AE on.
The test will be up to 50%, perhaps 55%, without pauses and then down again. Per loads and updates with load
levels. Malcolm to advise AE responses; note that 4m is in focus for two reasons — the first that there may be
damage present, also that buckling here is a possibility.

1420 No data acquisition - Load to 13%
1430 AV onand ARAMIS on

1438 13% and increasing

1439  20%
1440 25%
1441  30%
1442 35%
1443  40%
1445 45%
1446  50%

1447 55% AND UNLOAD
Unloading process in complex with only a few hits of long duration

Once at 40% (1505) the AE system is stopped
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GRAPHS (extracted from DiSP system bladeviewer.lay)
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Hitz vz Time[zec] <4l Channels>
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Energy vz Time[zec] <4l Channels>
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Notes:

There is some activity from load level 35% on both sensors (mostly CH2, 10,5m) increasing up to the maximum
load of 55%.

Only one event of significance occurs on CH2 (10,5m) at approximately 530s, when the blade is at maximum
load (55%). The hit is AMP 78dB with an energy content of almost 250.

Appendix 99 of 136



D Deformation of the sections

Deformationen af vingen for to snit 4 og 7 meter.

4 Meter

Test: Ecombined_020910 — 35% last.

Section 4m based on the 3m section

ASM resultater [mm]
I-) 2,9

K-J -0,45
G.-E, 0

G,-E. 0

D.-D, -3,9

F. D, D, F
| NT [mm] 1,5 0 -4,25 -0,4

Appendix 100 of 136




7 meter

Test: ECombined_070910 — 55% last.

Section 7m Main section

ASM resultater [mm]

I-J -1,2

K-J -0,6

G.-E, -1

G,-E, 1,5

D.-D, -3,5

Fs Ds Dy Fo

| NT [mm] 0,8 -1 -2 1,4
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Test: Ecombined_070910

Deformationen af vingen for tre snit, 10, 16 og 22 meter.

10m section

Section 10m

ASM malninger [mm]
I-J 0,1
K-J 0,1
G,-E, 0,35
G,-E, -0,15
D,-D, 0,3
G, — E; G,—A E.-A
Global udbgjning [mm] -1,07 -2,21 -1,14
Fs Ds DP Fp
| NT [mm] 1,4 -0,75 3 0,4
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16m section

Section 16m

. D,
Fo
E
A
Gs - Es Gs_ A ES -A
| Global udbgjning [mm] -1,82 -13,4 -11,6
F. D, D, Fo

| NT [mm] 0 -0,5 -0,3 N/A
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22m section

Section 22m

Gs— E

G,—A

E.- A

| Global udbgjning [mm]

21,9

-16,5

-38,4
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E Calculation of the global horizontal deflection.

Vingens bevaegelse er ned mod gulvet og den samlede flytning af vingen denne vej er ca. 1 m. Det er derfor
ngdvendigt at korrigere malingen for denne bevaegelse nar man vil bestemme vingens vandrette bevagelse.

Nedenfor at angivet de ngdvendige mal der er taget i hallen for at bestemme den vandrette bevaegelse.

Vandret pa gulv. Fra veeg til f a-e Eg
4,95 0,68 0,36

Lodret fra gulv til a tile Tilg
4,60m 3,95m 3,60m

22m

vandret Fra veeg til f a-e e-g
4,10 1,08 0,46

Lodret fra gulv til a tile Tilg
4,20 3,35 3,10

16m

vandret Fra veeg til f a-e e-g
3,75 1,13 0,64

Lodret fra gulv til a tile Tilg
3,60 2,80 2,53

Overslag over vandret bevaegelse i 22m.

Nedenfor er vist fremgangsmaden og resultatet af beregningen af den vandrette bevaegelse samt stgrrelsen af
den vandrette beveaegelses indflydelse pa den lodrette bevaegelse.
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AL\X »
<&

X+Ly

Billedet viser ssmmenhangen mellem de registrerede laengdeandringer af ASM-malingerne Y og L, samt den
deraf fglgende sidevers forskydning AX.

AX=J(X+L)*—-Y2—-X

Billedet viser det sideveerts forskydning, og den betydning denne har pa malingen af vingens lodrette
bevaegelse. L, er differensen mellem afstanden til vingen i ubelastede tilstand L, og den registrerede
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lengdeaendring af ASM-malingen Y. Den vandrette bevagelses indflydelse pa den lodrette bevaegelse findes

som AY, hvor AY er forskellen mellem den registrerede maling og den lodrette bevaegelse.

Veardierne i for L1 og Y i tabellen er resultater fra Pull Ecombined070910

Tabellen viser ssmmenhangen mellem den sidevaerts forskydning og den lodrette udbgjning. Det ses tydeligt
at den sideveerts forskydning har negligerbar betydning for den lodrette udbgjning.

AY=Lg—\/(Lg—Y)2—AX2—Y

Section 22m 16m 10m

X 4950 4100 3750
Lg 3600 3100 2350
L1 158,5 19,4 -25
Y 1150 512 167,5
vandret forskydning

AX 27,4 -12,5 -28,8
korrektion for lodret udbgjning som fglge af AX

AY 0,153 0,030 0,190

40
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20
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-10
-20
-30

Vandret global udbgjning

I

10 15
Afstand fra rod [m]
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F  Repeated deflection measurement graphs.

Results of deflection measurements from pull Ecombined 300810, Ecombined 010910,
Ecombined 020910 put together.
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0,05
: i T

-0,05 *

0,1 ~0—0
-0,15 Y ‘::

-0,2 <&
-0,25 > 4

-0,3

0 500 1000 1500 2000 2500

€ ASM-100-9Com35 A ASM-100-7 Comb35

Combined load 35%

deflection measured 3m

0 500 1000 1500 2000 2500
B ASM-100-10 Com35

Appendix 108 of 136



Combined load 35%

deflection measured 3m
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Combined load 35%

deflection measured 4m
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Combined load 35%

deflection measured 4m
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Combined load 35%

deflection measured 7m
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Combined load 35%

deflection measured 16m
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Combined load 35%

global deflection 16m
250

200

150

100

50

0 100 200 300 400 500 600

# ASM-2000-2Com35 B ASM-2000-3Com35 A ASM-4000-1Com35

Combined load 35%

global deflection 22m
600

500

400

300

200

100

-100

0 50 100 150 200

# ASM-2000-5Com35 B ASM-6000-1Com35 A ASM-4000-2Com35

Appendix 122 of 136




Combined load 35%

glabal deflection 10m,16m and 22m
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G FEM analysis of combined load

10MPC, Tgjninger-X

Figuren viser tveer tgjningerne, og som det se at figuren er der tildens til buling i radius 3.5, 9 og 11.5m.

Aag, Tgjninger-X

Figuren viser tveer tgjningerne, og som det se at figuren er der tildens til buling i radius 3.5, 9m.
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10MPC, Tgjninger-X

Patran 2006r2 08-Mar-10 166812

Fringe comberd_1 Drmpes2. AT Incr=10 Trne=1 00000, Stran. Elashe Global System. ) Componsnt, A2 Lier 1

5 0008
ditadt_Frrge
Max 3 45-003 @Nd 48635
Min 5 353-003 @Nd 47258

Figuren viser tveer tgjningerne, for vinge udsnittet mellem 8.5 og 9.5m. Tgjningerne viser tegn pa buling.

Aag, Tgjninger-X

Patran 2006r2 06-Mar-10 1653 30

Fivgs. cortired_sg-sug-shor, A3 inci=10 Time=1 00000, Stran, Elaste Global System X Cormporsnt, Al Laps |

£ 00003
dotat_Frrge
Max 3 34003 GND 48750
Min -4 56-003 @Nd 472658

Figuren viser tvaer tgjningerne, for vinge udsnittet mellem 8.5 og 9.5m. Tgjningerne viser tegn pa buling.

Appendix 125 of 136




10MPC, Relative deformationer-X

Patrani 200862 08-Mar-10 16 1058
Frnge: Cornb_Relatra, Iner=10 Tene

o_2. Displacermant, Transiaton X Cormponant, (NON-LAYERED]

Dt Com_Relat, Iner=10 Trne=] D0000_2, Displacement, Transiation

Figuren viser de relative kant deformationer, for vinge udsnittet mellem 8.5 og 9.5m. Deformationerne viser
tegn pa buling. Deformationerne er skaleret med en faktor 10.

Aag, Relative deformationer-X

Patran 2006r2 06-Mar-10 16 10 48
o= O Tirnas§ 00000
=10 Trmem] 00000, Displacerr

dation, X Component, (NDN-LATERED)

Figuren viser de relative kant deformationer, for vinge udsnittet mellem 8.5 og 9.5m. Deformationerne viser
tegn pa buling. Deformationerne er skaleret med en faktor 10.
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10MPC, Relative deformationer-Y

Patran 200602 08-Mar10: 161131
Frirvges Cofnb_Ristative, Iner=10 Time

OO000_2. Drsplacerrsnt, Transtaton. ' Compornt, (NON-LAYERED]

Do’ Cormt_Palatve, Incr=10Trne=1 00 Displacoment, Trariahan

dNg 43576
dataut_Defomiaton
Wi 6.01-002 B 43555

Figuren viser de relative flapvis deformationer, for vinge udsnittet mellem 8.5 og 9.5m. Deformationerne viser
tegn pa buling. Deformationerne er skaleret med en faktor 10.

Aag, Relative deformationer-Y

Patran 2006r2 08-Mar-10 1611 16

Frnge: Comb_Relatra, Irer=10 Tine rarlaton, Y Component, (NDH-LATERED)

Dedormn: Comb_Relathe, incr=10Trne=1 00000, Desplacernent Translshon.

Figuren viser de relative flapvis deformationer, for vinge udsnittet mellem 8.5 og 9.5m. Deformationerne viser
tegn pa buling. Deformationerne er skaleret med en faktor 10.
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10MPC, Relative deformationer-X

splacament, Transtaton X Cormponsnt, (NON-LAYERED)

placemerd Traralaton

Figuren viser de relative kant deformationer, for vinge udsnittet mellem 18 og 19m. Deformationerne er
skaleret med en faktor 10.

Aag, Relative deformationer-X

X Cornporant, (NON-LAYERED)

Figuren viser de relative kant deformationer, for vinge udsnittet mellem 18 og 19m. Deformationerne er
skaleret med en faktor 10.
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10MPC, Tgjninger-X

ar-10 1 62854

82 AT Incr=10.Time=1 00000, Stran. Elashe Global System. X Componsnt, A2 Lier 1

Figuren viser tveer tgjningerne, for vinge udsnittet mellem 18 og 19m.

Aag, Tgjninger-X

Figuren viser tvaer tgjningerne, for vinge udsnittet mellem 18 og 19m hvor aaget er placeret i 18.6m.

10MPC, Tgjninger-Y
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1 00000
aetadt_Frngs

Max 1 93003 @Na BS387
M 3 5+ 3

Figuren viser “ud af planet” tgjningerne, for vinge udsnittet mellem 18 og 19m.

Aag, Tgjninger-Y

Mar-10 1629 04

wrt, A incr=10 Tene=1 00000, Stran, Elashe Global System v Coenponent, Af Laysr |

Figuren viser "ud af planet” tgjningerne, for vinge udsnittet mellem 18 og 19m hvor aaget er placeret i 18.6m.
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10MPC, Tgjninger-Z

Patran 2006r2 06-Mar-10 162929

Fringe comberd_1 Drmpes2. AT Incr=10 Tene=1 00000, Stran. Elashe Global Systern. Z Component, A1 Layer |

Figuren viser langsgaende tgjningerne, for vinge udsnittet mellem 18 og 19m.

Aag, Tejninger-Z

Patran 2006r2 06-Mar-10 162920

Fiinvga. coerned_asg-sug-short, A3 Incr=10 Trne= 1 00000, Stran. Elashe Global Systerm Z Componant, A1 Laye |

Figuren viser tvaer langsgaende, for vinge udsnittet mellem 18 og 19m hvor aaget er placereti 18.6m.

10MPC, Min Principal Tgjning
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Patran 2008r2 06-Mar-10 16 33 48

Fiinga. cornbined_|Orr Terar=1 00000, Strain. Elzshe Global System. Min Prrcpal A1 Layee |

Figuren viser minimum principal tgjningerne set fra sugsiden af vingen.

Aag, Min Principal Tgjning

Patran 2006e2 06-Mar-10 1633 06

0. Strin, Bl Global Systeen Hin Prrcpal A1 Liyer 1

Mae-4 75008 GHE 67370
Min-1 634002 SN 69392

Figuren viser minimum principal tgjningerne set fra sugsiden af vingen.
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10MPC, Max Principal Tgjning

bal Systeen. Mo Principal A% Lier 1

o
&

Figuren viser maksimum principal tgjningerne set fra sugsiden af vingen.

Aag, Max Principal Tgjning

Syatern M Princpal A% Lier 1

Figuren viser maksimum principal tgjningerne set fra sugsiden af vingen.

10MPC
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Figuren viser placering af MPC’er (RBE 3) samt resulterende rod-kraefter og momenter.

Aag

I T N alziy
i | vem | zam | e Yh | e | @ =
e

TN (O | ASCAcOD | MNED | SN 000 | WU N0 | Bl

Figuren viser placering af MPC’er/ag (RBE 2) samt resulterende rod-kraefter og momenter.
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Aag, 13.21m

Figuren viser placering af inderste MPC/ag og placering af traek punkt saledes at kraften gar gennem [0,0,0].
Traekpunktet er placeret 50mm over vingeskindet.

Aag, Relative deformationer-Y

01 02 03 0.4 . 0.7 08 09 1
-0.005

-0.01 \
-0.015 \‘
-0.02 \
-0.025 \
-0.03 \
-0.035 \

Time

Relative Disp Y [m]

Figuren viser den relative deformation i flapvis retning i 3.5m, grafen viser forskellen mellem center
deformationer af sug siden minus den gennemsnitlige deformation af hjgrne punkterne.

Aag, Relative deformationer-Y
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Figuren viser den relative deformation i flapvis retning i 9m, grafen viser forskellen mellem center
deformationer af sug siden minus den gennemsnitlige deformation af hjgrne punkterne.
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Risg DTU is the National Laboratory for Sustainable Energy. Our research focuses on
development of energy technologies and systems with minimal effect on climate, and
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