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Abstract: Two modeling methods of the root insert for wind turbine blade are presented, i. e. , the local mesh op-
timization method (LLMOM) and the global modeling method (GMM). Based on the optimized mesh of the local
model for the metal contact interface, LMOM is proposed to analyze the load path and stress distribution charac-
teristics, while GMM is used to calculate and analyze the stress distribution characteristics of the resin layer es-

tablished between the bushing and composite layers of root insert. To validate the GMM, a tension test is carried
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out. The result successfully shows that the shear strain expresses a similar strain distribution tendency with the

GMM's results.
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0 Introduction

Currently, the connections of the wind tur-
bine blade root mainly adopt T-bolt and root in-
sert. T-bolt modeling and analysis method has
been mastered by many domestic research institu-
tions. Lit used ANSYS to establish the finite el-
ement analysis model of T-bolt. The stress analy-
sis and strength check were carried out for fiber
reinforced polymer (FRP) and bolts of root con-
nection in order to guide the design, optimization
and material selection for T-bolt. Pan'* and his
group focused their research on the method for fi-
nite element (FE) modeling of complicated lay-
ered structures. In consideration of the character-
istics of repeated layers in root structure for wind
turbine blade, the sub-laminate method was in-
troduced for calculating equivalent stiffness. The
FE model of root structure was established while
it was treated as unique material, and the effect
of loads on boundary conditions is also discussed,

as well as the contact states between nuts and
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holes.

However, root insert technique has still been
in the product design and test verification phase
for domestic wind power research institutes so
far. The key analytical methods are monopolized
by the minorities of foreign research institutions
who own public patents related to the configura-
tion, design and process manufacturing method.
In 1990, the connection of root insert was firstly
published by Fayette Manufacturing Corporation
which created the precedent of the root insert con-
figuration design™. In 2009, GAMESA pointed
out that the bushing and composite layers of root
insert had two forms of double shear joint™™. In
2010, VESTAS claimed that the length of bush-
ing design could be changeable™. In 2014, Li-
anZhong proposed a method to manufacture root
insert bushings for wind turbine blade by pultru-
sion processt™.

In recent years, with the rapid development

of large wind turbines, there has been a growing

trend of large blades. T-bolt due to its own limi-
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tations is gradually replaced by root insert. How-
ever, there are few publicly available resources
related to the technical research of root insert™.
Therefore, it is the key technology to master the
accurate modeling and calculate analysis for root
insert of blade design. There is a possibility that
the efficient and accurate modeling and simulation
for root insert may provide more accurate simula-

tion data for the strength test which needs long

circle and high price, or can even replace it.

1 Coulomb Friction Contact

According to the root insert of wind turbine
blade, the nonlinear contact of the contact inter-
faces is analyzed using the Coulomb friction mod-
el. Mechanics define the contact as a complex
problem, because the boundary conditions are
highly nonlinear. The movement of the objects
should be traced accurately, and the interactions
of those should be traced as well after the con-
tact. The two contact objects must fit the no pen-
etration constraint condition, that is

Auy *n< D @)
where Au, is the incremental displacement vector
of point A, n the unit normal vector, and D the
contact distance tolerance.

Coulomb friction is widely used. The Cou-
lomb friction contact model is expressed in
Eq. (2)

6, <— uc,t (2)
where o, and 6 denote the normal stress and the
tangential friction stress of contact node, respec-
tively. wu is the friction coefficient, and ¢ the tan-
gential unit vector in the direction of the relative
slipping velocity.

The Coulomb friction is a highly nonlinear
property that relies on the normal force and the
relative sliding speed, it is an implicitly function
of velocity and displacement increment. The val-
ue consists of two parts: one is the contribution
of the tangential friction force, and the other is

the contribution of the system stiffness matrix.

2 Mesh Optimization and Metal
Contact Interface Analysis

Modeling analysis and test model of this pa-
per are selected from teeth-bushing and cylinder
bolt which are widely used in wind turbine engi-
neering at present. Fig. 1 shows the integral com-

ponent type and the model relationship.
2.1 Optimization of mesh topology

To discuss the load path of bushing and the
characteristics of contact stress, two-dimensional
(2D) cross-sectional symmetrical model is used
because the components of the root insert are
complicated. The model is divided into three main
metal member, called the bolt, bushing and
flange. Mesh topology optimization model is built
for the main load path of contact interface, which
can be an effective way to avoid the stress concen-
tration caused by the mesh quality, and improves
the nonlinear accuracy of the contact area.

To simplify the structure reasonably, high-
order accurate topology optimization with 1 to 2
mesh is applied to contact areas manually (Fig.
2), and a few automatic meshes are acted on non-
power transmission parts. Three load cases are
carried out on the 2D model which are preload.
preload and tension, preload and compress, using
the Coulomb friction contact model. Setting the
coefficient of friction as 0. 2, the characteristics of
the shear stress distribution in the metal contact

interface are calculated.
2.2 Analysis of metal contact interface

2.2.1 Flange-bushing contact stress analysis
The distribution stress curves of the Cauchy
stress and the contact normal stress in the flange
and bushing contact interface elements are calcu-
lated under three load conditions. The abscissa is
shown in Fig. 2, the correspondence of the flange-
bushing contact elements are from top to bottom.
Fig. 3 shows that the distribution trends of

Cauchy stress in the contact interface area in-

crease from the inside out, and stress distribution
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(a) Flange-bolt contact interface (b) Flange-bushing contact interface

of Root Insert Contact Interface -+

(c) Thread contact interface

Fig. 2 Topology optimization of metal contact interfa

curve is consistent with the stress contour. The
external force is transferred from the flange-bush-

ing contact surface through bushing, so the ten-

sion unloads the bushing, while the compress up-

loads the bushing. The force transferring path

between the flange and bushing is verified by the

three Cauchy stress curves.
Flange-bolt contact stress analysis

Fig. 4 shows the distribution stress curve of

the flange-bolt contact interface elements. The

abscissa is shown in Fig. 2, the correspondence of

the flange-bolt contact elements are from top to
bottom. The external force is transferred from
the flange-bushing contact surface through bush-
ing, the flange-bolt contact interface stress levels
of the three load conditions are substantially the
same. Stress concentration appears in the corner,
and the local stress exceeds the material yield
strength, therefore, the material is set to elastic-
plastic and recalculated. Fig. 5 shows the stress
distribution of the flange-bolt contact section,

which indicates that the elastoplastic modeling




12 Transactions of Nanjing University of Aeronautics and Astronautics

[V )

Preload
Preload and tension
Preload and compress

Stress Cauchy / MPa
—_— N W B
S S «

oS3 S

10 20 30 40 50 60 70
Elements' ID number
(a) Cauchy stress curve

(b) Cauchy stress contour

Fig.3 Cauchy stress curve and stress contour of con-

tact interface between flange and bushing

can improve the stress concentration in the corner
to a certain extent after using the characteristics
of the elastoplastic material. Got to this point,
the contact element generates plastic deforma-
tion, and the contact Cauchy stress and normal
stress level are within the material yield strength

range.

25001
2000r
1500
1000
500
0 L . )

0 10 20 30 40 50 60
Elements' ID number

Stress Cauchy / MPa

Fig. 4 Cauchy stress curve of contact interface between
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Fig. 5 Normal stress distribution of contact interface
between elastoplastic flange and elastoplastic

bolt

2.2.3

Fig. 6 shows the normal stress distribution of

Thread analysis

the threads. The abscissa is shown in Fig. 2, and
the correspondence of the thread contact elements
are from left to right. Fig. 7 shows the normal
stress distribution results of the first five threads.,
and the stress distribution of the thread contact
elements is greatly influenced by the contact anal-
ysis of the thread section, which presents obvious
fluctuation. The first thread stress is the largest,
and the rest is in a descending order. The fifth
thread has fallen about 50%, so it is important to

focus on the load capacity of the first 4—5 thread

in calculation and analysis.

Fig. 6 Normal stress contour of threads contact interface
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Fig. 7 Normal stress of threads contact interface

Above all, mesh topology of the metal con-
tact interface for root insert is optimized, and the
analysis accuracy of the contact interface is im-
proved. In the case of uploading the preload and
external force on the flange-bushing, flange-bolt
and thread, using the Coulomb friction contact
model, the load path of root insert is given, and
the distribution characteristics of the Cauchy
stress and normal stress in the metal contact in-
terface are also calculated. Based on the nonlinear
contact analysis, though the interface is optimized
by mesh topology. the stress distribution is still

not strictly continuous, which may be associated
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with the nonlinear force of the contact surface.

3 FE Modeling and Shear Stress
Analysis of Contact Interface
Between Bushing and Composite

Layers

Section 2 mainly discusses the mesh optimi-
zation modeling and contact analysis of the metal
contact interface for root insert, while the Section
3 sets the multiple complex contact constraint for
the entire root insert. The relationships of the
constraint components are shown in Table 1.
There are eleven pairs of constraints, using the
Coulomb friction model with the friction coeffi-

cient 0. 2.

Table 1  Multiple complex contact constraints of integral

root insert

1D Contact component
1 ) Plug
Bushing )
2 Resin
Composite layers/Bushing/
3 Resin/UD circular/ Flange
UD triangle/UD wedge
4 Flange Bearing inner ring
5 Blade nut Bearing inner ring
6 ) ) Hub nut
Bearing outer ring
7 Hub
8 ) Bearing inner ring
Bearing ball top ) )
9 Bearing outer ring
10 Bearing inner ring
Bearing ball bottom ] ]
11 Bearing outer ring

To calculate the interfacial shear stress be-
tween bushing and composite layers, considering
the form of manufacturing process, an isotropy
resin layer is established on the surface of the
composite layers. The thickness of the layer is
0.1 mm, the elastic modulus of the resin layer
3 000 MPa, and the poisson ratio 0. 3 (Fig. 8).
Using the Coulomb friction model, the contact is
analyzed with both preload and tension loading at
the same time. After the simulation, the in-plane
shear stress of resin layer is extracted (Fig. 9)
which shows that the stress is distributed evenly.

Along the spanwise direction of blade root,

the in-plane shear stress in the middle of the resin

Frictional contact of
bushing and resin

Fig. 8 Resin modeling between bushing and composite

layers

Fig. 9 In-plane shear stress contour of resin layer

level is extracted, and the distribution of the val-
ues is shown in Fig. 10. The distribution of the
in-plane shear stress along the spanwise direction
approaches to a balance. A certain volatility ex-
ists, which is caused by the teeth shape design of
the bolt. The strength analysis assumption of the
connection part is mentioned by the universal
wind turbine design standard GL2010"7. It be-
lieves that, both in the blade web-shell joints and
the blade leading-trailing edge joints, the shear
stress distribution of joints could be seemed as a
steady shear stress distribution. The root contact
is not mentioned and the contact interface of the
root insert is also not involved in GL2010 because
the analysis stresses of which are not completely

steady state distribution.
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Fig. 10 In-plane shear stress curve of resin layer
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4 Tension Test of Root Insert

An experiment of root insert integral compo-
nent is shown in Figs. 11. The strain gauges are
embedded equidistantly along the longitudinal di-
rection in the contact interface between bushing
and composite layers, and the distance of each is
50 mm. Local strain is measured in the test sec-
tions at six locations by the use of MTS to load
tension force (Fig. 12). The test begins with the
loading started and ended when the bolt is pulled
out. During the test the force-time curve of root

insert is monitored, and the strain is also

recorded.

Fig. 11

Manufactured products of root insert

Fig. 12 Tension test of root insert

The two-way tensile loading is used in the
experiment. The calculation model of the root in-
set and the analysis method is discussed in chap-
ter 3. Fig. 13 shows the strain distribution trends
of the experimental result when the bolt is pulled
out and the calculation results are obtained by the
GMM's FE model. It is proved to be a similar
strain distribution to a certain extent. Therefore,

the method of modeling and analysis by FEM

seems to be very promising and can be used in
root insert design for wind turbine blade. Never-
theless, there is a certain difference of the stress
distribution near the loading section between the
experimental value and calculated value because

of the influence by loading boundary condition.

Strain distribution of test
Strain distribution of FEM
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Fig. 13  Strain distribution of interface between bushing

and composite layers

5 Conclusions

LMOM and GMM are successfully simulated
and tested to analyze the root insert interface for
wind turbine blade according to the Coulomb fric-
LMOM analyzes the load

path of the root insert and the stress distribution

tion contact model.

characteristics of the metal contact interface by
mesh optimization. GMM calculates and analyzes
the stress distribution characteristics of the isot-
ropous resin between the bushing and composite
layers on the premise of multiple complex contact
constraints. The GMM results are tested by the
tension test of the root insert integral component
which shows a similar strain distribution tenden-
cy. This provides a good modeling and analysis
basis for the calculation and simulation of the root
insert for wind turbine blade. LMOM and GMM
provide a good modeling and analysis basis for the
calculation and simulation of the root insert for
wind turbine blade. Although a lot of improve-
ment can be made in LMOM and GMM, we see a
possibility that those models can be developed to
give accurate analysis predictions, which makes

root insert test become unnecessary.
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