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Abstract

Wind turbine rotor blade sub-component testing (SCT) confines the structural validation to
design critical blade parts. SCT can replicate the stress state of the blade structure closer to
field conditions than full-scale blade testing. Hence sub-component testing could augment
towards increasing the reliability of rotor blade structures. This work presents a novel single
actuator test setup for rotor blade sub-components under combined loading. Two different
configurations, elaborated for an inboard and an outboard trailing edge sub-component, are
compared to assess the scalability. The impact of the structural and geometric sub-
component properties, as e. g. the ratio between bending and axial stiffness, on the critical
test rig components is identified as a scaling design driver.
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1 Introduction

Wind turbine rotor blade sub-component testing (SCT) confines the structural validation to
design critical blade parts. These detailed tests can mimic the stress state a blade is exposed
to in the field more accurately than full-scale blade tests can [4]. Hence SCT could augment
towards increasing the reliability of rotor blade structures.

One of the blade regions most sensitive to fatigue is the trailing edge bond line. In the
outboard region of rotor blades the geometry, the design of this bond line and the
surrounding structure is relatively continuous along the blade span. Towards the blade root
in the inboard region the trailing edge geometry, the surrounding structure and the bond
line design is subjected to discontinuities. There are several test setups elaborated for SCT of
the outboard trailing [1-3]. However, their applicability on corresponding inboard sub-
components is not yet assessed.

Test configurations applied for structural rotor blade full-scale and SCT differ compared to
other branches such as aerospace or automotive. Present testing of full-scale rotor blades is
conducted with relatively simple setups as described in [4]. While the static test requires
multiple shear force introduction points along the blade span to effect a multi-linear bending
moment distribution, the fatigue test requires just a single actuator exciting the structure to
oscillate in resonance.

Alternative fatigue test methods for full-scale blades propose different excitation strategies,
e. g. the excitation of the blade hub introducing a bending moment at the blade root [5].

If it comes to fatigue testing of blade segments or sub-components, various methods
differing from the full-scale approach can be found. A novel method [6] arranges the blade
segment simply supported at both sides with a single actuator introducing a shear force
exciting the structure in resonance. The resulting bending moment distribution along the
specimen shows a parabolic shape.

With decreasing scale and mass of the specimen, the corresponding eigenfrequency is
increasing drastically. As a consequence fatigue resonance testing of specimens such as
trailing edge sub-components is not efficient. Single actuator test rigs were designed to test
trailing edge components which mimic the structural response of the full-scale experiment.
The specimen is mounted in between two rotating arms hinged on a strong floor while an
actuator is connecting these arms [2, 3].

This work presents an alternative single actuator test setup for rotor blade sub-components
under combined loading. Two different configurations, elaborated for an inboard and an
outboard trailing edge sub-component, are compared to assess the scalability.
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2 Test setup

The test setup proposed in this work is designed with a single actuator (Figure 1) allowing
the flexible adjustment of combined static and fatigue loading scenarios for blade sub-
components, which are either cut out of a full-scale blade or manufactured separately. The
shown test setup is not applicable for full cross-sections.
The specimen is glued into load frames at its span-wise edges, which are mounted to ball
joints R and T. Joint T is mounted to a stiff wall and joint R is mounted to a vertical beam that
is hinged on a strong floor at joint B. The actuator is mounted between another stiff wall
(joint C) and the vertical beam (joint D) allowing for a flexible positioning along the height,
which makes it possible to operate the actuator in its most efficient position w. r. t. force
and displacement.
The concept allows the adjustment of the following parameters: (a) the distance between
the axis through ball joints R and T (RT-axis), and the line of centroids z.’ defines the bending
moment distribution M along the specimen due to an eccentrically introduced force F, and
(b) the superposition of the resulting normal force distribution N and M defines the target
strain distribution across the cross-section. This concept is described in detail by Rosemeier
et al. [1]. The shape of the bending moment distribution depends on the shape of the line of
centroids z./, which can be influenced by the shape of the specimen’s cut along the span or
by addition of material or springs connected in parallel to the specimen.
The design critical components of the setup are the shafts of the ball joints Rand T,
especially when they are subjected to a bending moment introduced via shear force in the
global xy-plane through joint R, for example, which can be determined by
ey

R
where /.-l is the distance between the action lines through the ball joint shafts [1], L is the
span-wise distance between the ball joints and F is the axial force introduced into the

. . . Iely 1 . .
specimen. For example, with a ratio ofth= gthe allowable axial force F for a ball joint can

be reduced by 50 %. This shear force Qg can be eliminated when the specimen is tilted such
that the action line of the introduction and reaction forces at R and T positions, respectively,

coincide with the shafts of the ball joint, or in other words if /.-, = 0.

Moreover, another challenge of the test concept is the existence of a rigid body motion
about the RT-axis, since, in the ideal case, a ball joint does not constrain the rotational
degree of freedom about its shaft axis. Connecting the specimen to the strong wall with
springs would reduce the risk of rotation about the RT-axis. In the described setup, however,
the specimen is mounted horizontally. Therefore, the gravity load augments the constraint
of the rigid body motion.
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Figure 1: Side view of the setup (a): a segment cut cross-section (black) of a full cross-section (grey) is cut out and
clamped between ball joint R and T. Ball joint T is connected to a stiff wall. Ball joint R is connected to vertical beam,
which is mounted to a strong floor at hinge B. An adjustable actuator connects the beam at joint D with another stiff wall
at joint C. The front view into plane A-A is shown in (b).

3 Methods and Results

The structural response of the suggested test setup is analyzed using the example of a 34 m
blade design. An inboard and an outboard trailing edge sub-component of approximately

3 m length were virtually cut out having their target mid cross-sections at 21 % and 71 %
blade length, respectively. The segments were further cut in span-wise direction such that
only the area of interest remains, in this case the trailing edge cell including one main shear
web.

An analytical beam model on the basis of Euler-Bernoulli beam theory [13] was assembled
with cross-section properties determined by the Beam Cross Section Analysis Software
BECAS [7-10]. Moreover, finite element shell models of the full-scale blade test and the sub-
component test setup were implemented in ANSYS APDL [11]. The blade parameterization
and input generation for the models was conducted using workflows of the FUSED-Wind
framework [12].

The positions of the load introduction points at the specimen edges (R and T in Figure 1)
were determined using the analytical model of the full and the cut cross-section. The
structural response of the static full-scale leading-to-trailing edge (LTT) load case was chosen
as reference.
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Figure 2: Geometric and structural properties for an inboard (a) and an outboard cross-section (b). The upper figures
show the full cross-sections of the blade, whereas the lower figures show the cut cross-sections considered for a sub-
component test (SCT). Besides the elastic axes x’ and y’ and its centroid C, the neutral axis n; due to the bending moment
M1 of static full-scale leading-to-trailing edge (LTT) load case is highlighted. The axial load introduction point F needs to
be used in an SCT to reproduce the same neutral axis as in the full-scale LTT load case.

The geometric and structural properties of the inboard and outboard cross-sections are
shown in Figure 2. The neutral axis nsin the full cross-section, determined from the loading
of the LTT load case, is replicated by an eccentric axial force F in the cut cross-section.
Because of the larger inclination angle 6; between the load axis and the elastic axis y., the
contribution of the flat-wise bending stiffness El, is more prominent for the inboard cross-
section compared the outboard cross-section. This becomes more apparent when
comparing the cantilever arm components of the eccentricity perpendicular to the elastic
axes x.’ and y.’ of the axial force F (Figure 2, dash-dotted green axes in lower figures).
The magnitude of the force Fis influenced by the ratio between the bending stiffness E/ and
axial stiffness EA of the specimen, which can also be expressed by the radius of gyration as
[14]:

El

r= |—

EA

The flat-wise ry is larger by a factor of 4.3 while the edge-wise r, is larger by a factor of 2
when the inboard cross-section is compared to the outboard (Figure 3a). Furthermore, the
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chord-wise distance d between the centroid of the full and the cut cross-section is also larger
by a factor of 2 (Figure 2 and 3b).
Moreover, the force F contributes to the actuator work, which is defined as [14]:

1
W==F-6
2

where 6 is the axial displacement of the joint R. The work required for the inboard cross-
section is larger by a factor of 5.8 (Figure 4a). The contribution of F, however, is more
prominent by a factor of 3.6 for the inboard compared to the outboard cross-section
(Figure 4b). Assuming an axial strain amplitude of £, = 1000 um/m for a fatigue test, the ball
joints R and T need to resist an axial load amplitude F of 404 kN and 113 kN for inboard and
outboard cross-section, respectively. Considering the static test load of the LTT load case,
the ball joints need to resist an axial ultimate force F of 944 kN and 163 kN, respectively.
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Figure 3: Radii of gyration r (a) and distance of the centroids d as shown for the chord-wise direction in Figure 2 (b). The
inboard cross-section is compared with the outboard cross-section.
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Figure 4: Actuator work W required reaching an axial strain level of 1000 pm/m at the trailing edge bond line (a) and
resulting axial load F at the ball joints (b). The inboard cross-section is compared with the outboard cross-section.
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Comparing the structural response of both cross-sections (Figure 5) it is apparent that the
target strain distribution is irregular along the specimen’s span of the inboard cross-section
compared to the outboard cross-section (Figure 6). This is due to the more prominent
geometric and structural changes in the inboard blade region, whereas the cross-section at
the outboard region can be considered as prismatic extrusion of the target cross-section.
Focusing on the axial strain &, across the cross-section surface, the analytical models deviate
more from the finite element models for the inboard cross-section compared to the
outboard (Figure 7).
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Figure 5: Finite element models of an inboard (a) and an outboard (b) cross-section. The color scale shows the axial strain
£,at 20 % load level of the final test load of the leading-to-trailing edge (LTT) load case.

%102 %102
l T I — FSTI(FEM) T T 0 T T —— FSTl (FEM) T T
—4&  FST (experiment) —4&  FST (experiment)
£ 0 —e— BJSCT (FEM) £ —e— BJSCT (FEM)
~ ~ -1t .
£ £
a a
c —1 c
£ s o i
W W — =
£ —2r 7 £ ==
© IS — = i
N 5 73
n _3 L — w
E ¢ E
£ [ D - _ S 4 -
T 4f >~ _ /A e
b~ - b~
o o
5§ 51 - § 7T :
— —
_6 ! I 1 1 I _6 ! 1 1 ! 1
6.0 6.5 7.0 7.5 8.0 23.0 235 24.0 24.5 25.0
Position along span in m Position along span in m
(a) (b)

Figure 6: Validation of the full-scale blade (FST) and sub-component (SCT) FE models with the full-scale experiment using
the full-scale leading-to-trailing edge (LTT) load case. The longitudinal strain &, along the trailing edge bond line at 20 %
load level of the final test load is shown for an inboard (a) and an outboard cross-section (b).
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Figure 7: Verification of the sub-component test’s (SCT) analytical (AM) and finite element model (FEM) with the full-
scale test’s (FST) models. The longitudinal strain g, is plotted along the target cross-section surface coordinate s [1] for an
inboard (a) and an outboard cross-section (b).

4 Conclusions

The test rig boundary conditions and the structural response were compared for two sub-
component test configurations, an inboard and an outboard cross-section to assess the
scalability of the proposed test setup.

It is shown that the actuator work W is larger by factor of 5.8 for the inboard compared to
the outboard cross-section while the force F is larger by a factor of 3.6, which makes a
relative contribution of 62 %. It is rather favorable to have a displacement dominated work,
because the ball joints are the design critical components in the proposed test setup. The
required actuator work and resulting force at the ball joints depend on the geometric and
structural properties, i. e. the inclination angle 6; between the load axis and the elastic axis,
the ratio between bending and axial stiffness expressed by the radius of gyration, as well as
the distance of the centroids of full and cut cross-section. For economic reasons, we
propose: (a) to minimize the loads at the ball joints by tilting the specimen within the test rig
and (b) to reduce the distance between the full and cut-cross section while keeping the radii
of gyration low, i. e. by either choosing a reasonable span-wise cut, or by adding material or
a springs connected in parallel to the specimen.

The validation of analytical and finite element models has shown good agreement with
experimental results. The verification of the analytical model has shown slight deviations for
the inboard cross-section compared to the outboard cross-section. A more advanced
analytical model than the used model on the basis of Euler-Bernoulli theory is required to
capture the response of such a curved thin-walled structure. For the purpose of the setup
design, however, the used beam model is sufficient.
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