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Abstract: The influence of the outer reinforcement layers on the repair structure and aerodynamic
performance was studied. Firstly, a continuous damage mechanics model was established, and the
3D Hashin criterion and cohesive zone material model were used to analyze the damage repair
model. The failure load deviation was 5.5%. Secondly, on the basis of the γ− Reθ transition model
and SST–ω turbulence model, the aerodynamic analysis model of DU300 airfoil was established. The
numerical simulation results showed that the lift coefficient and pressure distribution at the angle of
attack of 10◦ and 15◦ were deviated from the experimental values by 2%. Furthermore, 27 structural
repair models, nine 2D aerodynamic repair models, and a 3D full-scale blade model were designed.
It was found that, when the repair length accounted for 60% of the total model length, the failure
load increased by 22%, but the aerodynamic power with the repair length of 10 m was decreased by
0.137%. When the repair area was large and the repair height was from 4 mm to 6 mm, the failure load
was greatly increased by about 30%, and the aerodynamic pressure distribution and static pressure
field fluctuated significantly. The results show that the structural and aerodynamic characteristics
were closely related to the repair parameters.

Keywords: offshore wind turbine blades; spar cap damage; outer reinforcement layers; repair
parameters; structural performance; aerodynamic characteristics

1. Introduction

In recent years, due to global warming, the depletion of traditional energy sources,
and global energy structure transformation factors, countries around the world have
increased the use of wind energy [1]. Compared with onshore wind turbines (WTs),
offshore wind turbines (OWTs) have the advantages of abundant wind resources, lower
turbulence, larger construction space, smaller visual impact, lower noise pollution, etc.
These significant advantages have led to the rapid development of OWTs [2]. In addition,
OWTs have undesirable characteristics such as lower reliability, higher failure rates, and
higher operating and maintenance costs. Onshore WT accounts for about 20–25% of the
cost of wind power, while OWT accounts for an even larger proportion, up to 30% [3,4]. As
the key structure for WT to capture wind energy, OWT blades suffer higher mechanical
stress and higher probability of damage than those of onshore WT due to the adverse
offshore working environment and extreme wind conditions. As a result, the service life of
blades of OWT is significantly shorter than that of onshore WT [5].

The spar cap, as the most important bearing structure of the blade, is composed of
dozens of unidirectional (UD) layers, and it is very easy to introduce wrinkles, porosities
and other primary defects during molding [6]. In the offshore service environment of the
spar cap, internal primary defects gradually evolve into structural damage, experiencing
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damage initiation, damage accumulation, and unstable rapid expansion of the evolutionary
process, thus significantly reducing the blade strength and stiffness [7–10], and potentially
even causing blade collapse, which is very catastrophic for OWT [11]. According to the
results of NASA’s research, one of the major problems hindering the further application
of composite materials is damage repair, which is limited by the accuracy of structural
damage assessment and the reliability of repair implementation [12]. Therefore, the repair
technology of blade structure damage will be one of the important directions to ensure the
sustainable development of OWT.

At present, the most widely used repair method for WT blade spar cap structural
damage are patch repair and scarf repair [13]. There is no eccentric load in the scarf repair,
and it has certain advantages in the areas with high requirements for repair strength and
aerodynamic shape [14]. Considering the repair efficiency and the feasibility of overhead
operation, stepped-lap scarf repair is more suitable for WT blade damage repair than
tapered scarf repair [15]. At this time, the design of repair parameters has a significant
impact on the repair performance [16]. The outer reinforcement layers (ORLs) generate
an additional load transfer path, reduce the local stress concentration at the end of the
stepped-lap surface, and significantly improve the local stiffness and repair strength [17–20].
Lekou et al. [21] repaired the delamination damage with a thickness of up to 16 layers by
designing the patch shape and the number of ORLs, which made the repair strength reach
50–100% of that of the parent structure.

The ORLs of the spar cap will cause a slight deviation of the local aerodynamic
profile and affect the aerodynamic lift and pressure distribution of the blade [22–24]. Many
researchers have studied the impact of aircraft damage repair on aerodynamic performance.
For example, Kind [25] and Render [26] studied the impact of rectangular and circular
patches on aerodynamic lift coefficient of wings. Djelal et al. [27,28] studied the effects of
repair patches of different sizes on the aerodynamics of aircraft and wings. Etemadi [29,30]
compared the influence rule on the pressure coefficient of NACA-64 airfoil by using triangle
and star patch shapes, repairing only the underwing surface, repairing only the upper
wing surface, and repairing both wings at the same time. However, there are few studies
on the impact of WT blade repair on aerodynamic performance. It is only mentioned in
the international standard for WT blade that the repair should consider the impact on
aerodynamic characteristics, but there is no specific guidance basis [31].

Therefore, a reasonable and efficient repair method based on the optimization design
of ORLs is proposed in this paper to solve the lack of data foundation in the repair design
of OWT blades, aiming at considering the efforts on both the structural strength and
the aerodynamic performance. In this paper, using the stepped-lap scarf repair method,
the repair parameters of ORLs were designed as the repair height (RH), repair width
(RW), and repair length (RL), while the analysis models of the repair structure and repair
aerodynamics were created. The accuracy of the numerical analysis model was verified by
comparing the results to the test data. The influence rules of the quantitative optimization
design of the ORL repair parameters on the repair strength and aerodynamic characteristics
were studied, so as to realize the comprehensive evaluation of the repair design on the
blade operation safety and power generation efficiency.

2. Design of Repair Parameters of Outer Reinforcing Layers
2.1. Repair Parameters

As shown in Figure 1a, under the excitation of a complex wind environment with a
highly unsteady flow field, the nonlinear deformation of slender and huge blades becomes
more significant. Once the structural damage in the spar cap area is identified (Figure 1b),
the damage will spread and deteriorate rapidly, and it should be repaired immediately. The
Y-axis of the blade cross-section is the chord direction, the Z-axis is the direction from root
to tip, and the X-axis is perpendicular to the Y-axis. The center of blade profile coordinates
is the intersection point of the local deflected neutral axis and cross-section.
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Figure 1. Damage repair design of offshore WT blades structures: (a) nonlinear deformation of
blades in complex offshore wind environments; (b) spar cap damage of full-size blades; (c) blade
cross-section structure; (d) blade profiles; (e) implementation of stepped-lap scarf repair method
under high altitude operation; (f) schematic diagram of repair patch and ORLs; (g) repair process;
(h) design of repair parameters for ORLs.

The blade cross-section structure id shown in Figure 1c; the double shear webs,
pressure surface (PS), and suction surface (SS) constitute a multi-closed chamber thin-
walled structure, and the spar cap is located near the main inertia axis of the cross-section.
Figure 1d shows the area of the in-service WT blade spar cap after removal of paint from
the damaged structure, showing obvious delamination and resin accumulation, which
significantly reduced the local strength and stiffness of the spar cap. A stepped-lap scarf
method was used to remove the damaged area of the parent structure (Figure 1e,f), and
then the patch was filled back. In order to improve the stiffness and strength of the patch,
additional ORLs were laid over the repair area. The patch and the parent structure were
co-cured in the repair using by vacuum bag pressing method, and a protective coating of
paint film was finally rolled onto the repair area, as shown in Figure 1g.

It can be seen that the secondary co-curing of the spar cap parent structure and
patch, as well as the additional ORLs, inevitably led to slight deviation from the original
blade shape in the repair area. In this paper, the repair ORLs was optimized as the repair
width, repair height, and repair length (Figure 1h), thus quantifying the shape deviation
introduced by the repair ORLs.

2.2. Design of Repair Parameters

As shown in Figure 2a, the structural damage in the thickness direction of the spar cap
is marked by the red symbol, which destroys the continuity of the unidirectional 0◦ fiber.
The front view of Figure 2a shows the stepped-lap scarf repair model [32] (Figure 2b), the
parent structure is the undamaged spar cap area, the patch is the repair area indicated in
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blue, the stepped-lap joint surface is marked in red, and the ORLs are shown in green. The
repair length is the total length of the ORLs of the spar cap along the spanwise direction
of the blade. In order to ensure the connection performance between the patch and the
parent structure, a chamfer of 1:100 along the fiber direction is specified in the international
standard for blades [31]. The top view and side view of Figure 2a are respectively used
to show the repaired structure (Figure 2c,d); the repair height is the total thickness of the
ORLs, and the repair width is the plane width projected along the section arc length from
the leading edge to the trailing edge of the blade chord direction, with a chord chamfer of
1:10. The additional ORLs create an additional load transfer path and significantly improve
the failure load.
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In this paper, a 71 m WT blade (B71 blade for short) was taken as the research object,
whose spar cap was designed in the form of equal width and unequal thickness [33,34].
As shown in Figure 3a, the spar cap thickness of the B71 blade increased rapidly from the
initial stacking position of the blade root to the maximum thickness at 10 m of the blade,
keeping the spar cap stacking thickness constant in a long spanwise range of blade middle
section, and gradually decreasing from 40 m to the blade tip section. The minimum design
safety factor of the B71 blade spar cap was mainly concentrated in the 30–40 m range; hence,
this section was the tradeoff area between the layup thickness and the safety factor of the
spar cap. As shown in Figure 3b, the ultimate flapwise moment of the blade presented a
cubic spline curve distribution, and the load increased cumulatively from the tip to the
root. However, the output efficiency of the blade spanwise section was close to a linear



Energies 2023, 16, 712 5 of 24

distribution, increasing linearly from the blade root to the blade tip, and a tradeoff area
between the blade limit load and aerodynamic power generation efficiency was formed
near 30 m in the spanwise direction of the blade. Therefore, in this paper, in order to
consider the balance between aerodynamics and load in damage repair, the spar cap repair
area of 30–40 m in the spanwise was chosen to analyze the influence of the repair design of
the ORLs on blade structure and aerodynamic characteristics.
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2.3. Structural and Aerodynamic Repair Models

The spar cap length of the B71 blade was close to the blade length, and the width and
thickness of the spar cap were 500 mm and 45 mm, respectively. The aerodynamic shape of
the 30–40 m section was based on the DU300 airfoil. In this paper, the width of the spar cap
was reduced 10-fold, and the parent structure (10-layer UD) with an aspect ratio of 5:1 was
selected to simulate the structural repair analysis model of the spar cap (Table 1). Among
them, the repair width of the ORLs was defined as the percentage of the center line of the
spar cap projected to the chord length along the leading edge and the trailing edge, the
repair height was the product of the number of repair layering layers and the thickness of
the single layer, and the repair length was measured from the tip to the root of the blade.

Table 1. Structural repair analysis model.

RW RH RL
% mm mm

30 2 90

1 

 

 

250 mm

50 mm

RL

RW
Root Tip

LT

TE

Center line of Spar cap 50 4 145

80 6 200

This paper designed a structural repair model of 27 unidirectional laminates (Table 1)
with a repair width of 30%, 50%, and 80%, a repair height of 2 mm, 4 mm, and 6 mm,
and a repair length of 90 mm, 145 mm, and 200 mm, along with nine 2D aerodynamic
repair models of DU300 airfoils (Table 2). All repair analysis models were denoted as repair
width-repair height-repair length-up/down.
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Table 2. Aerodynamic repair analysis model.

Repair
Model

RW RH
% mm

0.3−2 30 2
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In the full-size 3D blade, the starting and ending positions of the ORLs were chamfered
along the spanwise and chord directions, respectively. The ORLs were laid on both the SS
and the PS spar cap. As shown in Figure 4, the 3D blade shape of the repaired spar cap
with a length of 10 m had a small deviation from the original shape.
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3. Validation of the Repair Analysis Model
3.1. Verification of Structural Repair Model

In this section, a 3D finite element structural analysis model for repairing the damage
of the unidirectional laminate of the spar cap was established. Using Fortran language, a
VUMAT subroutine was written to predict the failure of the repair structure. A continuous-
damage mechanics model (CDM) was used to describe the failure process of the parent
structure and the patch, and the in-plane damage of the parent structure and the patch was
predicted according to the 3D Hashin [35] criterion. Meanwhile, a cohesive zone model
(CZM) model [36,37] was applied to introduce damage state variables into continuous
damage mechanics.
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The bilinear CZM model [38] shown in Figure 5 was used to simulate the damage of
the stepped-lap joint surface. The constitutive equation of the stepped-lap joint surface
described the mechanical relationship between the traction force σ and the relative dis-
placement of the interface separation δ, and defined that the energy consumed by crack
growth was equal to the fracture toughness of the crack tip GC. In this paper, on the basis
of the bilinear CZM model, a cohesive element with 0 thickness was used to predict the
damage evolution of the stepped-lap joint surface.
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When the cohesive element is not damaged, its linear elastic constitutive relation is
as follows:

t = diag(Knn , Kss , Ktt)δ, (1)

where Knn, Kss, and Ktt are the normal tensile stiffness, in-plane shear stiffness, and out-
of-plane shear stiffness, respectively, and δ is the opening displacement. When cohesive
element damages begin to occur, the constitutive relation changes into

t = (1− D)diag(Knn , Kss , Ktt)δ, (2)

where D is the damage factor, with a range of [0, 1]. When D = 0, it means the material
is intact without damage. When D = 1, it indicates that the stiffness of the material has
degraded to zero.

The initial damage of the stepped-lap joint surface was determined as a function of the
quadratic nominal stress criterion [39], which comprehensively considers the interaction
among various modes: {

< tn >

t0
n

}2
+

{
ts

t0
s

}2
+

{
tt

t0
t

}2
= 1, (3)

where tn is the normal stress, ts and tt are shear stresses, t0
n, t0

s , and t0
t are the normal

strength and the two-shear strength of the stepped-lap joint surface, respectively. The < >
symbol denotes the Macaulay bracket.

< tn >=

{
tn tn > 0
0 tn ≤ 0

. (4)
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The Benzeggagh-Kenane [40] energy release rate criterion was adopted for damage
evolution and failure of the stepped-lap joint surface:

GC = GIC + (GI IC − GIC)

(
GI I

GI + GI I

)η

, (5)

where GIC and GI IC are the critical strain energy release rate of mode I and mode II, respec-
tively, and η is the ratio index of mixed modes; for a glass epoxy resin-based unidirectional
laminate, η = 2–3.

An analytical model of the unidirectional laminate repair structure was established
using Abaqus in this paper (Figure 6). Its geometry, material, layer, and load were identical
to the test samples in Section 4 of [15]. Eight-node linear hexahedral elements (C3D8R)
were used in the parent structure and patch of the structural analysis model, and eight-node
zero-thickness elements (COH3D8) were selected for the stepped-lap joint surface, with a
total of 5565 elements. The mesh sensitivity was checked to verify the mesh independence
response. The left end of the model was fixed, and the right end was uniformly loaded
with 0.5 mm/min displacement load in the z-direction (Figure 7). The parent structure
and patch of the repair structure analysis model exhibited orthogonal anisotropy, and the
stepped-lap joint surface adopted interface properties. The material properties are shown
in Table 3.

Table 3. Material property of unidirectional laminate. Nomenclature: Young’s modulus (E), shear
modulus (G), Poisson’s ratio (µ), critical energy release rate (GC), normal strength (t0

n), shear strength
(t0

s ), mixed mode ratio (η), fiber directional strength (X), transverse fiber direction strength (Y), and
fiber shear strength (S).

Ply Properties Cohesive Layer Properties [7]

E11 47,000 MPa GIC 0.969 kJ/m2

E22 = E33 12,690 MPa GI IC 1.719 kJ/m2

G12 = G13 = G23 3890 MPa t0
n 30 MPa

µ12 = µ13 0.26 t0
s 35 MPa

µ23 0.3 t0
t 35 MPa

XT 985 MPa η 2
XC 720 MPa
YT 43 MPa
YC 150 MPa

S12= S13= S23 43 MPa
The subscripts 1, 2, and 3 correspond to the direction of 0◦, direction of 90◦, and thickness, respectively; the
subscripts T and C correspond to the tension and compression.
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The load–displacement relationship between the numerical simulation and the test is
shown in Figure 8. The failure load of structural analysis was 63.1 kN, i.e., 5.5% different
from the test result (66.8 kN). When the analysis model of the repaired structure reached
the ultimate load of 63.1 kN, the stepped-lap joint surface in Figure 9a completely failed,
and the stress concentration at the corner of the stepped-lap joint surface was serious.
As shown in Figure 9b, the parent structure was torn apart from the stepped-lap joint
surface, and the matrix of the parent structure failed. In Figure 9c, the patch was completely
separated from the stepped-lap joint surface, and no obvious damage was observed on
the whole structure. This is consistent with the final failure mode (the matrix of parent
structure cracking and stepped-lap joint surface separation) studied in the repair model test.
Therefore, the failure location, failure mode, and failure load obtained by the numerical
simulation of the structural analysis model were basically consistent with the experimental
results, verifying the accuracy of the structural analysis model presented in this paper.

Furthermore, Figure 10a–f show the failure factor nephogram of the stepped-lap joint
surface extracted from six load steps. As the load continued to increase, the damage from
the end of the stepped-lap joint surface gradually expanded along the width direction,
and the whole stepped-lap joint surface finally separated. Therefore, the stepped-lap joint
surface was considered the key research area of the repair structure.
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3.2. Verification of Aerodynamic Repair Model

In order to study the influence of spar cap damage repair on the aerodynamic char-
acteristics, the CFD method was used to obtain the flow details of DU300 airfoil in this
section. Compared with the experimental aerodynamic characteristics, the correctness of
the aerodynamic analysis model was verified.
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The finite volume method was used to discretize the governing equations, and the
partial differential equations were transformed into numerically solvable algebraic equa-
tions on each grid node. The flow field parameters were stored by grid center format,
the pressure term was discretized by the second-order format, the coupling of pressure
and velocity was realized by the couple algorithm, the convection term was discretized by
the second-order upwind format, and the dissipation term was discretized using central
difference discretization format. In the second-order upwind scheme, the values on the
elements are calculated using the multidimensional linear reconstruction method, and the
values φ f ,SOU of the scalars φ on the surface f can be calculated as

φ f ,SOU = φ +∇φ·→r , (6)

where φ is the value at the center of the upstream cell, ∇φ is the gradient, and
→
r is the

displacement vector at the center of the upstream cell pointing to the center of plane f.
The discrete gradient term was realized using the element-based least square method. As
shown in Figure 11, DU-300 was a special wind turbine airfoil with a relative thickness of
30%, and the orthogonality between the mesh and the airfoil surface was ensured using
a C-type computational grid. In the boundary layer, the thickness of the first layer was
10-5c, and 40 layers of mesh were set along the normal direction with a height growth rate
of 1.1. The far field boundary was set 10c away from the airfoil. The front, upper, and
lower boundaries of the C-type grid were the velocity inlets, and the rear boundary was
the pressure outlet. The number of DU300 grids was 90,000, satisfying the requirements of
grid independence.

Figure 11. DU300 airfoil grid: (a) sliding interface marked by blue; (b) boundary layer grid.

The conservative unsteady incompressible Reynolds-averaged Navier–Stokes equa-
tion was adopted as the governing equation, and the shear stress transport model was
adopted as the turbulence model to accurately simulate boundary layer flow and separated
flow [41]. On the basis of the γ− Reθ transition model [42], many transition mechanisms
such as natural transition, crossing transition, and separated flow transition have been
considered [43,44]. We used the SIMPLE algorithm to solve the governing equations. The
first-order difference scheme was used for the initial pressure and momentum, while the
second-order upwind scheme was used for the stabilized pressure; the remaining terms
adopted the QUICIK scheme.

The calculated Reynolds number was set to 2 × 106. The pressure distribution of
the DU300 airfoil obtained by numerical simulation is shown in Figure 12. The pressure
coefficients for an angle of attack (AOA, α) of 10◦ and 15◦ were compared with the test
results [45–47]; the results show that the lift coefficient and pressure distribution obtained
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by numerical simulation were in good agreement with the experimental values, and the
deviation was within 2% (Figure 13). Consequently, the aerodynamic numerical simulation
method could accurately calculate the aerodynamic performance.
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4. Influence Analysis of Structural Performance
4.1. Failure Load

Table 4 shows the failure loads of 27 structural repair models. When the repair length
of the structural repair model (S16–S17–S18) changed from 90 mm to 145 mm, the maximum
value of failure load increased by 22%; however, when the repair length exceeded 145 mm,
the failure load was basically unchanged with the increase in repair width. This could be
verified by the adhesive repair theory [48]. With the increase in repair length, the loading
capacity of the structural repair model increased; however, until the repair length reached a
certain value, the stepped-lap scarf joint surface entered a complete plastic zone. After that,
the repair length continued to increase, and the loading capacity of the structure did not
improve significantly. Through simulation, it was found that, when the repair length of the
ORLs was 145 mm, accounting for 60% of the length of the structural repair model, it was
the most suitable. Meanwhile, compared with other structural repair models, the repair
height had a significant effect on the failure load. In particular, when the repair height
increases from 4 mm to 6 mm, the failure load increased significantly by about 30% with
the increase in the repair length and width. The effect of repair width on failure load was
relatively stable. When the repair width accounted for more than half of the structural
repair model width, the average influence degree on failure load was 7%.
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Table 4. Repair parameter design and failure load of ORLs of structural repair model.

ID
RW RT RL Failure

Load ID
RW RT RL Failure

Load ID
RW RT RL Failure

Load
mm mm mm kN mm mm mm kN mm mm mm kN

S1 15 2 90 94.8 S10 25 2 90 94.9 S19 40 2 90 102.3
S2 15 2 145 94.3 S11 25 2 145 101.7 S20 40 2 145 110.7
S3 15 2 200 93.2 S12 25 2 200 98.6 S21 40 2 200 109.4
S4 15 4 90 104.5 S13 25 4 90 98.3 S22 40 4 90 105.6
S5 15 4 145 101.5 S14 25 4 145 108.4 S23 40 4 145 117
S6 15 4 200 101.6 S15 25 4 200 108.2 S24 40 4 200 115.8
S7 15 6 90 116.3 S16 25 6 90 114.3 S25 40 6 90 121.5
S8 15 6 145 131.4 S17 25 6 145 140.3 S26 40 6 145 144.6
S9 15 6 200 138.1 S18 25 6 200 140.1 S27 40 6 200 144.7

4.2. Influence of Repair Length

In this section, the stepped-lap cohesive area of the structural repair model was taken
as the research object, and the interlayer normal stress distribution along the middle
line between the repair length and repair width of the cohesive layer marked in red was
extracted (Figure 14), so as to study the influence of repairing parameters of the ORLs on
the structural repair performance.
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As shown in Figure 15a, from the cohesive layer normal stress S33 of nine structural
repair models with a repair length of 200 mm, it can be seen that S33 along the repair length
was symmetrically distributed in a groove shape, and S33 increased rapidly at both ends
of the stepped-lap length, verifying that the shear damage at the end of the stepped-lap
surface was the most serious. In the middle region of the repair length, with the increase
in repair length, only the width and depth of the elastic groove increased continuously,
which did not affect the failure position and interlaminar stress distribution. As shown in
Figure 15b, for the curves corresponding to the relationship between limit failure load and
displacement of six structural repair models with repair heights of 4 mm and 6 mm and a
repair width of 25 mm, the slope before failure was basically the same, and the failure load
changed linearly with the increase in repair length. When the repair length increased from
90 mm to 145 mm, the failure load was greatly increased, and the distribution of the failure
load–displacement curve tended to be the same when the repair length was 145 mm and
200 mm. Therefore, the repair length could significantly improve the loading capacity of
the structure; however, when it was increased to 60% of the total length of the structural
repair model, the repair length had little effect on the failure load.
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4.3. Influence of Repair Heigth

Compared with Figure 16a, when the repair width and repair length were unchanged,
the failure loads of nine structural repair models (S1–S4–S7, S2–S5–S8, and S3–S6–S9) were
compared in three groups. With the increase in repair height, the failure load increased
gradually, and the loading capacity of the structural repair model increased, but the
improvement range was quite different. When the repair area (repair width× repair length)
was small, an increase in repair height caused a nearly linear increase in the failure load (the
increase was about 11%). When the repair area was large, the repair height increased from
4 mm to 6 mm, which led to a surge of failure load by 29–36%. Taking S5 as the research
object, the failure displacement was 1.15 mm when the repair width was 15 mm and the
repair length was 145 mm. The cohesive layer normal stress S33 of 0.4 mm, 0.6 mm, 0.8 mm,
and 1.0 mm was extracted (Figure 16b). With the increase in displacement loading point,
the S33 stress at both ends of the stepped-lap surface increased first and then decreased,
reaching the displacement loading point of 1.0 mm, and S33 at both ends dropped sharply.
The S33 in the middle of the stepped-lap surface fluctuated greatly with the increase in the
loading point, which verifies that the repair stepped-lap surface failed from both ends and
expanded along the repair length to the middle area. Therefore, the repair height played
an important role in improving the loading capacity of the structure, especially when the
repair area was large; the repair height caused the local stiffness of the bonded parts of
the ORLs to increase significantly, and it greatly increased the failure load of the structural
repair model.

4.4. Influence of Repair Width

Grouped by the repair width, the failure load distribution of the corresponding nine
groups of structural repair models is shown in Figure 17. With the increase in repair
width, the failure load fluctuation range of each structural repair model was small. This
is because the repair width was mainly distributed along the chord of the blade profile,
i.e., perpendicular to the fiber 0◦ direction, while the blade spar cap was stacked with the 0◦

unidirectional layer. Increasing the layup width in the vertical fiber direction led to limited
improvement in the loading capacity of the blade spar cap. Therefore, the repair width had
no significant improvement effect on the loading capacity of the structural repair model.
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5. Influence Analysis of Aerodynamic Performance
5.1. Lift and Drag Performance

Table 5 shows the airfoil lift coefficient and lift–drag ratio of the nine repair models.
When the repair width was less than half of the spar cap width, the lift coefficient of the
aerodynamic repair model was increased compared with the original DU300 airfoil, and
the lift coefficient of the model (0.3–2) was increased from 1.612 to 1.780 compared with
the original airfoil, which was 10% higher. When the repair width was close to the total
width of the spar cap, both the lift coefficient and the lift–drag ratio of the aerodynamic
repair model decreased, and the lift coefficient of the model (0.8–2) decreased from 1.612 to
1.550. As the AOA increased gradually, the influence of spar cap repair on the aerodynamic
characteristics increased significantly, and the failure AOA also changed. The stall AOA
of aerodynamic repair models 0.3–6 and 0.5–6 changed from 14◦ of the original DU300 to
16◦. Therefore, the lift coefficient and lift–drag characteristics of the 2D repair model were
closely related to repair width and height.
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Table 5. Lift coefficient and lift–drag ratio of 2D aerodynamic repair model.

Repair
Model

Cl Cl/Cd
- -

Original 1.612 54.82
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5.2. Influence of Repair Width

As shown in Figure 18, the repair heights were 2 mm and 4 mm. With the change
in repair width, the pressure distribution trend of the aerodynamic repair model was the
same, and the suction surface of the airfoil was more affected by repair than the pressure
surface. Near the 14◦ stall AOA, with the increase in the repair width, especially when
more than half of the original spar cap width or even close to the total width of the spar cap,
the aerodynamic pressure on the suction surface of the airfoil decreased significantly from
the leading edge to the repaired area. At this time, the pressure distribution envelope area
of the repair model with 80% of the spar cap repair width on the suction surface was less
than 30% and 50% of the repair width, resulting in a decrease in the airfoil lift coefficient,
which could be mutually verified with the lift coefficient distribution of the repair model
corresponding to Table 5.

Figure 18. Pressure distribution of aerodynamic repair models with different repair widths at α = 14◦:
(a) RH = 2 mm; (b) RH = 4 mm.
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5.3. Influence of Repair Heigth

As shown in Figure 19a,b, from α = 4◦ to α = 13◦, with the increase in the repair height,
the pressure distribution on the local suction surface of the spar cap varied greatly and the
pressure surface was basically unaffected by the repair height. However, when the stall
angle of attack exceeded 20◦ (Figure 19c), the fluctuation degree of aerodynamic pressure
distribution on the whole suction surface of the airfoil was significantly increased due to
the 6 mm repair height, and its influence on the aerodynamic characteristics of the pressure
surface increased. Figure 20 shows the static pressure field of the aerodynamic repair model
at α = 12◦ and α = 14◦; the influence of the 6 mm repair height on the static pressure field
of the suction surface of the spar cap was significantly higher than that of the 2 mm repair
height. Therefore, the influence of repair height on airfoil pressure distribution and static
pressure field changed significantly with the angle of attack.

Figure 19. Pressure distribution with 50% repair width: (a) α = 4◦; (b) α = 13◦; (c) α = 20◦.

Furthermore, the lift coefficient and pressure distribution of the 0.3–2, 0.5–4, and 0.8–6
aerodynamic repair models were compared, indicating that the repair width and repair
height should be coordinated (i.e., the ratio of repair width and repair height should be
optimized), so as to achieve smooth transition of aerodynamic shape in as wide a range as
possible, as well as achieve higher aerodynamic characteristics.

5.4. Influence of Repair Length

The calculation conditions of the 3D rotating blade of B71 were set as 7 m/s wind
speed, 13.618 rpm, 2 m hub radius, and 0◦ pitch angle. In this paper, the flow field of five
different density grids of the 3D blade was simulated, where the grid number increased
from five million to 18 million. The aerodynamic characteristics of the blade showed good
convergence, and the deviation of the calculation results was within 1%. According to the
mesh independence test results, a hexahedral mesh and periodic boundary conditions were
selected for the B71 blade, and the total number of meshes was 20.16 million (Figure 21).

In the calculation model state, taking the 0.8–6 repair model which seriously affected
the aerodynamic performance of the 2D airfoil as the reference, the overall aerodynamic
characteristics of the 3D rotating blade featuring a spar cap with a repair length of 30–40 m
repaired were compared. As shown in Figure 22, the differential pressure coefficient field
(pressure for the repaired blade minus pressure for the original blade) on the pressure
surface of the blade in the repair length fluctuated obviously. Moreover, the blade root
torque of the 0.8–6 aerodynamic repair model with the 30–40 m repair length of the spar
cap changed from 741,766 N·m to 740,751 N·m, and the aerodynamic power changed from
1057.81 kW to 1056.27 kW, i.e., a 0.137% decrease.
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Figure 20. Static pressure field: (a) 0.5–2, α = 12◦; (b) 0.5–6, α = 12◦; (c) 0.8–2, α = 14◦; (d) 0.8–6, α = 14◦.
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Figure 22. Differential pressure coefficient field of the repaired blade and original blade.

The aerodynamic pressure distribution of the 2D profiles with different spanwise
directions of the 3D rotating blades under the calculation model state was extracted, as
shown in Figure 23a–c. Along the initial chord position of the spar cap, the repair length
caused a stepwise change in the dynamic pressure distribution of the suction surface and
pressure surface of the 2D profile from the leading edge to the spar cap repair area, which
slightly reduced the envelope area. This resulted in a small decrease in the aerodynamic
characteristics of the repair section, which could be mutually verified by the lift coefficient
distribution of the 2D aerodynamic repair model shown in Table 5 in Section 5.1.
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Furthermore, using the vortex lambda2 analysis method [49–51], the surface vortex
was identified. Figure 24 shows that, in the repair area of the spar cap (R = 30–40 m), local
vortex shedding could be seen on the suction surface of the blade. However, as shown in
Figure 25, between the original and the repaired blades of the R = 37 m cross-section, the
local flow separation of the blade cross-section was not obvious, and the vorticity field in
the near-wake field was little affected.
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6. Results and Discussion

1. Aiming at the damage repair problem of the spar cap structure of offshore WT blades,
using the stepped-lap scarf joint repair model, the repair parameters of ORLs influ-
encing the repair strength and aerodynamic characteristics were divided into repair
width, repair height, and repair length. On the basis of the quantitative values of
repair parameters in design optimization of the blade ORLs, 27 unidirectional plate
structural repair models, nine 2D aerodynamic repair models, and a 3D full-scale
blade repair model were designed.

2. The accuracy of structural repair model and aerodynamic repair model was verified
experimentally.

• Abaqus was used to establish the three-dimensional stepped-lap scarf joint
repair model of the unidirectional laminate spar cap with damage elements. The
load–displacement distribution trend of the numerical simulation was consistent
with that of the experiment, and the failure load deviation was 5.5%. The final
failure mode (matrix cracking of parent structure and stepped-lap scarf joint
surface peeling) and failure location (stepped-lap scarf joint surface) were the
same as those observed in the test. It is clear that the damage gradually expanded
from the end of the stepped-lap scarf joint surface to the middle area, before
leading to the whole surface peeling.
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• The aerodynamic simulation analysis model of the DU300 airfoil was established
using Fluent, and the flow characteristics of the DU300 airfoil at 10◦ and 15◦

angles of attack were simulated. The lift coefficient and pressure distribution
obtained via numerical simulation were in good agreement with the experimental
values, and the overall error was within 2%.

3. A total of 27 structural repair models were designed to compare the influence of repair
parameter optimization in the design of ORLs on the failure load and cohesive layer
normal stress S33.

• The repair length could significantly improve the loading capacity of the structure.
When the repair length was increased from 90 mm to 145 mm, the maximum
failure load was increased by 22%. However, when the repair length exceeded
145 mm, only the width and depth of the elastic groove increased continuously,
which did not affect the failure load and interlaminar stress distribution.

• The repair height played an important role in improving the loading capacity
of the structure, especially when the repair area (repair length × repair width)
was large; the repair height caused the local stiffness of the ORL bonded parts to
increase, resulting in a significant increase in the failure load by about 30%.

• The repair width only increased the width of the spar cap in the chord direction
perpendicular to the fiber direction, which led to no significant improvement in
the loading capacity of the structural repair model.

• With the increase in the displacement loading step until the failure displacement,
the S33 at both ends dropped sharply. The S33 in the middle of the stepped-lap
surface fluctuated greatly with the increase in the loading point, verifying that
the repair stepped-lap surface failed from both ends and expanded along the
repair length to the middle area.

4. The 2D airfoil with nine groups of aerodynamic repair models and the 3D rotating
blade repaired model were designed for the slight deviation of the local spar cap
caused by the repair width, repair height, and repair length, and then subjected to
aerodynamic response analysis.

• The lift and drag properties of the spar cap repair models were closely related to
the width and height of the repair. The lift coefficient increased or decreased by
3.8–10% with different optimization design of the repair width and height.

• The influence of repair width and repair height on the aerodynamic pressure
distribution and static pressure field of the spar cap repair model changed signif-
icantly with the angle of attack, and the influence degree on the suction surface
was greater than that on the pressure surface. Repair height had a more sig-
nificant effect on the aerodynamic performance than repair width. The repair
width and repair height needed to be coordinated to achieve smooth transi-
tion of aerodynamic shape and reduce the influence of shape deviation on the
aerodynamic performance.

• Under the calculation model state, the torque and power of the 3D rotation blade
using the repair model with 30–40 m repair length, 80% repair width, and 6 mm
repair height were resolved by 0.137% compared with the original blade. In
addition, the 2D airfoil profiles at different spanwise positions of the 3D blades
were extracted; along the initial chord position of the spar cap, the repair length
caused a stepwise change in the aerodynamic pressure coefficient of the suction
surface and pressure surface of the 2D profile from the leading edge to the spar
cap repair area, but the vorticity field in the near-wake field was little affected.

• Therefore, by reasonably optimizing the repair length, repair width, and repair
height of the outer reinforcement layers, the comprehensive measurement of
structural characteristics and aerodynamic performance was realized, which can
provide technical support for the damage repair of the spar cap of the offshore
blade in service.



Energies 2023, 16, 712 22 of 24

7. Conclusions

Aiming at the damage repair problem of the offshore wind turbine blade spar cap,
the influence of the quantitative design of repair width, repair height, and repair length of
the outer reinforcement layer on the repair structure and aerodynamic performance was
studied. By reasonably optimizing the repair parameters of the outer reinforcement layer,
the balance between aerodynamic and structural repair could be realized. This can provide
an important application basis for repairing offshore wind turbine blades.
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