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H I G H L I G H T S  

• A coupled aeroelastic model based on actuator line technique and two-dimensional equivalently beam model is proposed. 
• The structural deformation of wind rotor blades leads to a decrease in average aerodynamic loads regardless of the inflow condition. 
• By altering the aerodynamic performance of wind turbines, the blade deformation further affects the wake velocity and vortex structure in the far wake region.  
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A B S T R A C T   

With the economic considerations of wind power generation, blades of wind turbines are gradually becoming 
longer and more flexible. Therefore, it is necessary to research the influence of coupling aerodynamic and elastic 
structure of blades of wind turbines. Moreover, in a wind farm, the turbulent wind is generated by the irregular 
movement of the atmosphere, which makes the elastic deformations of blades and the complex wake interference 
effect between wind turbines. Therefore, the coupled aeroelastic performance of the blade is applied to analyze 
the interaction of the wake flow field of two tandem wind turbines based on the elastic actuator line model and 
the Euler-Bernoulli beam theory. Firstly, the correctness of the coupled aeroelastic model is illustrated by 
comparing the aeroelastic response with OpenFAST software. Secondly, the influence of aeroelastic performances 
is researched on the structural deformations of blades. It is found that the aerodynamic power and thrust 
decrease after considering the deformations of blades. Furthermore, the interference effect on the thrust is more 
evident than aerodynamic power. Thirdly, the far wake region is affected apparently when the deformations of 
blades are taken into consideration, which causes the tip vortex interference phenomenon to delay. Finally, 
compared with the uniform inflow condition, the displacement and speed of the deformations of the blades are 
both increased under the turbulent inflow condition. Meanwhile, the disturbance of the wake vortex in the far 
wake region by the turbulent wind is stronger. Besides, by comparing the differences between the four vortex 
identification methods, it is significant that the ΩR method can better capture the vortex system behind the rotor 
plane without manual intervention threshold selection. The vortex structure also represents the vorticity of the 
wake vortex evolution.   

1. Introduction 

With the increase of wind turbine capacity, the rotor diameter of the 
wind turbines has been continuously increased, the stiffness of blades 
becomes smaller, and the flexibility becomes larger [1]. Therefore, the 
trend of turbine blades is to become enlarging in the future. This will 
lead to significant structural deformations of blades in wind turbines 

[2–4]. Meanwhile, when the wind turbine is operating under natural 
wind inflow conditions, the structure will be deformed or vibrated by 
alternating loads such as aerodynamic force, inertia force, and elastic 
force acting on the wind turbines. Hence, the flexible effect of blades 
cannot be ignored in the design and calculation, and the aeroelastic 
coupling (fluid–structure interaction) method must be used to calculate 
the structural stability and safety [5,6]. Besides, when the different 
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inflow wind passes through the rotor planes, environmental factors will 
become changeable, including decreased velocity, enhanced turbulence 
intensity (IT), and changed rotating wind direction [7]. And then the 
inflow wind of the downwind turbines varies accordingly with the 
development and evolution of vortex from the upwind turbines in a large 
wind farm, which leads to the loss of power and increasing fluctuation 
for the downwind turbines [8]. Meanwhile, the accurate prediction of 
the wake loss is significant for forecasting annual energy power [9], 
optimizing layouts [10], selecting the micro-siting of wind farms [11], 
etc. Therefore, it is necessary to study the wake interference of multiple 
wind turbines with considering blade deformations. 

The aerodynamic performance of wind turbines has been researched 
with various methods including the blade element momentum (BEM) 
method [12], the vortex lattice method (VLM) [13], and the actuator 
line model (ALM) [14,15]. It is worth noting that detailed information 
could be obtained, like the temperature field, pressure field, and wake 
velocity field in the CFD method, which includes the Reynolds-averaged 
N-S equations (RANS) [16], Large-eddy simulation (LES) [17], and 
direct numerical simulation (DNS) [18]. Therefore, many scholars used 
the CFD method in the research of characteristics of wake velocity. 
Johnstone and Coleman [19] applied the DNS to examine the effect of a 
series of wind turbines based on the actuator disk model (ADM) method 
in the Ekman boundary layer. Eriksson et al. [20] also used the ADM 
method to simulate the wake flow of multiple turbines based on the 
layout of the Horns Rev wind farm. However, the LES method was 
adopted in the research. The LES method was also used by Troldborg 
et al. [14], which aimed to observe the wake interactions in rows of two 
turbines based on the ALM method. Abkara and Porté-Agel [21] took the 
influence of atmospheric stability and Coriolis force into wake flow 
structure and evolution, which were based on the same method, 
focusing on the spatial distribution characteristics of velocity and tur
bulence characteristic quantity. Meanwhile, the theory of the atmo
spheric boundary layer was widely used to study the influence of 
interaction in the wind farm, including the wake effect in different wind 
turbine spacing [22] and the wake effect under various atmospheric 
conditions [23]. 

While the aeroelastic characteristic of a wind turbine is the interac
tion between the two-phase flow calculation, the deformations of the 
blades under the action of airflow load will affect the airflow field in 
return. It is the interaction under different conditions to produces all 
kinds of coupling aeroelastic phenomena. Furthermore, the variation 
occurs in aerodynamic performance due to the structural deformations 
of blades, which will further disturb the downstream wind turbines. 
Therefore, the research on the performance of multiple wind turbines in 
a wind farm considering deformations and disturbance effects is 
becoming a key issue in predicting loads and wake interference-effect. 
The most widely adopted methods are the one-dimensional equivalent 
beam model [24] and the three-dimensional finite element model (FEM) 
[25] in the deformations of the blades of the wind turbine. Moreover, 
there are three classical methods to discretize the blade, including the 
modal approach, multi-body dynamics method, and finite element 
methods [26–31]. Therefore, an amount of coupled aeroelastic methods 
are applied to solve the deformations of blades [28–37]. Jeong et al. 
[28] used the BEM combined free-wake model to research the aero
elastic characteristic under the shear inflow condition. Ma et al. [29] 
coupled the finite element model and ALM and studied the characteristic 
influenced by the aeroelastic performance. Castro et al. [30] inserted the 
multi-body dynamics code into CFD and simulated the aeroelastic per
formance of the wind turbine. Meng et al. [31] adopted the one- 
dimensional equivalent beam combined ALM to observe the wake 
interference between two wind turbines with considering the de
formations of blades in the wind turbine. 

Although many scholars conducted to study the blade deformations 
of the wind turbine by using various coupled aeroelastic models, limited 
works concentrate on the aeroelastic responses of wind turbines and 
wake flow fields under various inflow conditions. In this work, the 

elastic actuator line model (EALM) method combined with the Euler- 
Bernoulli beam theory is developed to research the performance of 
aeroelastic characteristics for wind turbines. In the EALM method, the 
aerodynamic loads are calculated by modified ALM, and the structural 
responses are predicted with the FEM. A weak two-way coupling 
approach is used to consider the interference effects between the aero
dynamic performance and the structural dynamic responses. The 
coupled aeroelastic performances include the aerodynamic loads of the 
rotor, deformations of the structure of the blade-tip and blade-root, and 
wake flow field characteristics. Moreover, the interference effect is also 
discussed when the aeroelastic is considered. Besides, the influence of 
turbulent inflow on deformations and aerodynamic performance is 
analyzed by comparing it with the uniform inflow condition. Finally, 
based on a variety of vortex identification methods, the mechanism of 
the complex viscous flow field of wind turbines is analyzed and 
compared to the flow field of a variety of vortex and captures the ability 
of vorticity in the different vortex structure identification methods. It 
found that the third generation of vortex identification method can be 
better used to analyze the flow field in the generation, evolution, and 
development mechanism, which provides a reference for the viscous 
flow CFD post-processing method. 

2. Numerical method 

2.1. Elastic actuator line model 

The ALM method is introduced by Sørensen and Shen [32], which 
has been extensively used in the simulation of the aerodynamics of wind 
turbines. The real space shape of blades in a wind turbine is not neces
sary, for the reason that the virtual body force is adopted to institute the 
blades in the ALM method. Therefore, it is not necessary to solve the 
fluctuation of the boundary at the surface of the blade in the simplified 
model. Besides, The rotating blades bring vortex shedding phenomenon 
also can be captured to provide the flow field message. Meanwhile, the 
price used for simulation is smaller than the three-dimensional numer
ical simulation. Therefore, the ALM method is a precise and effective 
method, which has been certificated by Vrana [33]. 

The segment of the blade is replaced by the body force based on 
blade element momentum in the ALM method. The force could be 
calculated in each actor point according to the blade aerodynamic data 
and the local inflow wind, which can be solved by the Eq. (1): 

f =
1
2

ρcU2
reldr(Clel + Cded) (1)  

where c is the segment length in x = r location; dr is the width of the 
segment. Cl and Cd are the drift and drag coefficients of the angle of 
attack angle α, and el and ed are the unit vector in the drift and drag 
direction. Urel is the local relative velocity of the blade element. 
Therefore, if the angle between relative inflow velocity and the rotated 
plane could be solved by the velocity vector triangle, the attack angle 
could be solved by Eq. (2): 

α = φ − θ
φ = arctan(Ua/Ut)

(2) 

Meanwhile, to avoid numerical errors, after the body force of blades 
is calculated, a regularization kernel function is needed to smooth a 
point to a sphere-shaped region. Therefore, a three-dimension Gauss 
Function is used to complete this work and reacted in the computing 
domain, which can be expressed by Eq. (3): 

ηε(d) =
1

ε3π3/2 exp

[

−

(
d
ε

)2
]

(3)  

where the ε = 2Δx(Δx is the width of the gird around the blade) is the 
Gaussian smoothing parameter, which is certificated by Troldbor [34] to 
prevent the numerical divergence of body force. After the Gauss 
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Function is applied, the body force in the location (x, y, z) could be 
calculated by Eq. (4): 

f ε(x, y, z, t) = f ⊗ ηε =
∑N

j=1
f(xi, yi, zi, t)

1
ε3π3/2 exp

[

−

(
di

ε

)2
]

(4)  

where the (xi, yi, zi) presents the ith actuator point, and the distance 
between (x, y, z) and (xi, yi, zi) could be presented by di. 

However, the structure deformations of wind turbine blades have not 
been considered during the operation. Therefore, the EALM method is 
proposed to consider the aeroelastic responses of blades, which com
bined the ALM and Euler-Bernoulli beam theory. In the EALM method, 
the slender wind turbine blades are simplified into the cantilever beam, 
and the EBM theory is utilized to calculate the blade deformations. 
Therefore, the velocity triangle of aerodynamic characteristics in the 
EALM method is described in Fig. 1. 

The relative wind speed vectors can be resolved by the following Eq. 
(5) in Fig. 1: 

Urel = Uin + UB + Us (5)  

in which the inflow wind speed is represented as Uin. The rotational 
velocity of the rotor is expressed as UB. The additional velocity induced 
by structural deformations is expressed as Us. Ω is the angular velocity, r 
represents the distance from the airfoil section to the blade root, ϕ is the 
inflow angle, and θt is the blade local twist angle. Meanwhile, the slender 
blades are simplified into the cantilever beam in the EALM method. 
Therefore, the deformations can be solved by EBM theory. Considering 
the complex structural and geometric characteristics of wind turbine 
blades, such as non-uniform cross-section, non-uniform mass, and stiff
ness along the radial direction, this work adopts the multi-degree-of- 
freedom model of discrete reference frame. The wind turbine blades 
are discretized by the finite element method, and the continuous beam 
structure is divided into discrete element systems connected with finite 
nodes, as shown in Fig. 2. Each discrete beam element contains two 
nodes, and each node position has three degrees of freedom, which can 
produce flapping deformation, edging deformation, and torsional 
deformation. 

The deformation in flap-wise deformation (direction 0), edge-wise 
deformation (direction 1), and span-wise deformation (direction 2) are 
calculated depending on the structural dynamic Eq. (6): 

[M][ẍ] + [Cx][ẋ] + [Kx][x] = [Fx]

[M][ÿ] +
[
Cy

]
[y] +

[
Ky

]
[y] =

[
Fy
]

[M]
[
θ̈
]
+ [Cθ]

[
θ̇
]
+ [Kθ][θ] = [Fθ]

(6)  

where the global mass matrix, damping matrix, and stiffness matrix are 
represented as [M], [C], and [K], respectively. [F] represents the loading 
vector acting on the beam element. It is noted that the aerodynamic 
force, the gravity force, and the centrifugal force are all considered in 
the loading vector. The deformation value of the elastic beam element in 
flap-wise direction,edge-wise direction, and span-wise direction are 
represented as [x], [y], and [θ], respectively. Moreover, the damping 
matrix can be determined by the mass matrix and stiffness matrix 7: 

[C] = ϛ1[M] + ϛ2[K] (7)  

where ϛ1, ϛ2 are the damping coefficients of the mass matrix and the 
stiffness matrix, respectively. These two coefficients can be obtained by 
the damping ratio and the natural frequency of the wind turbine blades. 

It is worth noting that the local attack angle should be calculated by 
Eq. (8) because the twist angle is considered in the EALM method: 

α = φ − θtotal (8)  

where theθtotal = θtwist + θpitch, in which the θtwist and θpitch are pre
sented as the local twist angle and blade pitch angle, respectively. After 
getting the attack angle, the following method for calculating body force 
fs generated from the airfoil segment is the same as the traditional 
actuator line model. Noted that the body force fs needed to be smoothed 
by using a three-dimensional Gaussian Function. 

2.2. Governing equations 

To capture more accurate flow field information, the LES method is 
adopted. While the body force considering the structural deformations 
needs to be added to the source term. The government equation can be 
written as Eq. (9): 

∇⋅U = 0  

∂U
∂t

+U⋅∇U = −
1
ρ∇p+ ν∇2U + fε (9)  

where U is the speed, ρ is the air density, and ν is the motion viscosity 
coefficient. The finite volume method is applied to discrete the gov
erning equation in the OpenFOAM, and the pressure implicit split 
operator (PISO) [35] algorithm to solve the momentum equation in the 
ALMpisoFoam. In the difference scheme, the first-order forward differ
ence is used for the time term, the second-order central difference is used 
for the convection term, and the second-order scheme showing non- 
orthogonal correction is used for the diffusion term. 

The anisotropic turbulent flow caused by large-scale structure and 
turbulent mixing can be dealt with with the LES method. Therefore, it 
attracted a lot of attention from researchers [36–38]. The large vortexes 
in the flow are directly calculated, while the small vortexes smaller than 
a certain scale are modeled by the sub-grid models. The velocity field is 
divided into large-scale velocity field and small-scale velocity field by 
spatial filtering. The N-S equation after using the filter function is shown 
in Formula 10: 

∂ũ
∂t

+ (ũ⋅∇)ũ = −
1
ρ∇p̃+ ν∇2ũ − ∇⋅(ũu − ũũ) (10) 

In this work, the standard Smargorinsky eddy viscosity model [15] is 
adopted and was used to solve the subgrid-scale (SGS) stress τSGS =

ũu − ũũ, where ̃u represents the filtered velocity vector field. Meanwhile, 
the SGS stress represents the effect of a small-scale vortex on a large- 
scale vortex. And then by adding the body force calculated by the 
EALM method with Gaussian smoothing into the equation on the right- Fig. 1. Velocity triangle in EALM method.  
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hand side, the simulation solution of the wake flow field can be achieved 
based on EALM and LES methods. 

2.3. Coupled aero-elastic analysis model 

When the EAM method is considered in the ALM method, the 
coupled aeroelastic analysis tool is formed as an in-house solver 
EALMpisoFoam. As shown in Fig. 3, the aerodynamic performances of 
the wind turbines are solved by the aerodynamic module, and the de
formations of blades are predicted by the structural module. The 
coupling effect between the aerodynamic module and structural module 
is realized through the transfer of force, velocity, and displacement of 
blades in the EALM method [29,31]. It is noted that the coupling effect 
of both modules is achieved by exchanging data in a loosely coupled 
manner. The aerodynamic loads are added to the external loading vector 
in the structural module, and the additional velocities induced by blade 
deformations are considered in the aerodynamic module. 

Based on the open-source toolbox OpenFOAM, the procedure of the 
EALM method is classified as a C++ class, which guarantees the friendly 
extensibility of the OpenFOAM solver. The solution process of EALM
pisoFoam is the in-house procedure for deformations of blades in wind 
turbines as illustrated in Fig. 4, in which the structural part and flow part 
are both initialized at the beginning of the simulation. Next, the aero
dynamic force is predicted by the ALM method, which will return the 
body force to the flow field and transfer the aerodynamic force to the 
assumed elastic beam. Then the governing equations of the structural 
part are solved according to the force calculated in the previous time 
step. Therefore, the position information and inflow condition of blades 
are updated when the current deformations of the structure are calcu
lated. In this procedure, the PISO algorithm is employed to couple the 
velocity and pressure inflow governing equations, which can ensure the 

velocity field and pressure field are updated at the end of the PISO al
gorithm. After repeating iterative solutions, the flow and structural in
formation can be obtained. 

2.4. Vortex methods 

The vortex structures exist in the wind turbines with different in
tensities and scales, which play an important role in analyzing the flow 
mechanism. Those different vortex structures can be used to identify the 
formation and maintenance of turbulence, which is of great significance 
to the study of the wake interference effect. For the vortex structures in 
wind turbines, on the one hand, the generation of wake vortexes plays a 
significant role in airfoil selection and aerodynamic performance. On the 
other hand, the evolution of the vortexes behind the rotor plane has an 
important influence on the mechanism and evolution of the wake vor
texes system in a wind farm. To research the aeroelastic characteristic 
and wake interference, it is necessary to capture the vortex. 

According to the generation and evolution of free vortexes generated 
by the airfoil, the tip vortex along the flow direction will be generated at 
the rear tip of blades in wind turbines. Meanwhile, the hub vortexes(root 
vortexes) along the flow direction will also be generated at the root of 
blade positions. At the same time, due to the rotation effect of the wind 
rotor, two large free vortex spiral downward and fall off freely, which 
can be shown in Fig. 5 [39]. 

However, there is no unified understanding of the capture and 
recognition of vortex structure. Even there are differences in the defi
nition of the vortex. To sum up, vortex structure identification methods 
are developed for three generations. The first-generation vortex identi
fication method is based on the Vorticity method. While many re
searchers found that the Vorticity identification method cannot 
accurately reflect the vorticity structure of the flow field, for the simple 
reason that it cannot distinguish between fluid motion due to rotation 
and shear. Therefore, the second generation vortex identification 
methods are proposed, which are represented by Q-criterion, λ, and δ 
methods. However, the second generation of vortex identification 
method is plagued by unclear physical meaning and artificial threshold 
selection, and cannot accurately grasp the little vortex structure in the 
flow field. Hence, the research team of Professor Liu Chaoqun [40] 
proposed the third-generation vortex recognition method. 

In first-generation vortex recognition methods, the vortex is defined 
as the curl of velocity vectors to capture vortex structures, as shown in 
Eq. (11): 

ω = ∇× V (11) 

The definition of the vortex has a clear mathematical meaning, 
which is represented by the gradient difference between the velocity in 
two directions. However, because the Vorticity recognition method does 

Fig. 2. Diagram of blades deformations in different directions.  

Fig. 3. Diagram of the coupling aero-elastic model.  
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not distinguish between rotation and shear motion, it exists in an un
reasonable physical meaning. Therefore, the second generation of vortex 
recognition methods, such as the Q-criterion, was proposed to capture 
vortex motion. The mathematical expression of the Q-criterion proposed 
by Hunt et al. [41] is shown in Eq. (12): 

Q =
1
2
(
‖B‖2

F − ‖A‖2
F

)
(12)  

where ‖ ‖F represents the Frobenius norm of the matrix. 
Q-criterion can take into account both antisymmetric tensors and 

symmetric tensors. Hence, it can represent vortex structures. However, 
the artificial selection of threshold is directly related to the success of 
vortex capture. Besides, the weak vortex cannot be taken into account. 

In recent years, the latest generation of vortex recognition methods are 
proposed, mainly including the ΩR method and the Liutex vector 
method. The vorticity ω is further decomposed into rotating part 
vorticity R and non-rotating pure shear vorticity S, which is shown in Eq. 
(13): 

ω = R+S (13) 

Because the direction of rotating vorticity R and non-rotating 
vorticity S is different. Therefore, ΩR is used as Eq. (14) to represent 
the ratio of rotating vorticity to total vorticity: 

Ω =
‖B‖2

F

‖A‖2
F + ‖B‖2

F + ε (14) 

Fig. 4. Flowchart of the elastic actuator line model.  

Fig. 5. Vortex behind rotor plane. The velocity vector triangle at the two-dimensional element is shown on the top; the wake vortex structure captured by abstract 
and Q-criterion is shown on the bottom. 
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in which matrices A and B are the symmetric and antisymmetric tensors 
of the velocity gradient, respectively. The epsilon is a small positive 
number that prevents division by zero. Meanwhile, the velocity gradient 
tensor has two complex characteristic roots whose imaginary parts are 
λci. Therefore the Liutex vector is defined as Eq. (15): 

R =

(

〈Ω, r〉 −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

〈Ω, r〉2
− 4λ2

ci

√ )

r (15) 

The ΩR method is a vortex recognition method combining the 
method with the Liutex vector, which is expressed as the ratio of the 
rotating vorticity. The vorticity can be expressed as Eq. (16): 

ΩR =
β2

α2 + β2 + ε
(16)  

where α and β are respectively normalized scalars after the change 
matrix changes. In practical engineering applications, the influence of 
threshold selection on vortex structure can be avoided in the ΩR method. 
Besides, it could measure the proportion of rotating parts in the plane 
perpendicular to the vortex axis. 

Based on the characteristics of the above vortex identification 
methods, it is shown in Table 1. As can be seen from the table, only the 
third-generation vortex identification method of the four vortex iden
tification methods can give the six elements of vortices, namely, relative 
intensity, absolute intensity, local rotation axis, vortex core, vortex core 
size, and vortex boundary. The third-generation vortex identification 
method can resolve the vortex structure in more detail and accurately. 
This method can not only solve the problem of physical ambiguity in the 
first generation but also solve the problem of shear pollution in the 
second generation. Meanwhile, the third-generation vortex recognition 
method has vector, scalar, and tensor forms. 

3. Simulation setting 

3.1. Numerical model 

The literature on the National Renewable Energy Laboratory (NREL) 
5 MW wind turbine is widely researched [42–46]. In this study, the 
aeroelastic performance of the 5 MW wind turbine is obtained by 
comparing and analyzing the aerodynamic loads of the wind turbines 
and displacements of blades under the same wind speed. The aeroelastic 
impact on the wake flow field is also considered through the different 
vortex recognition methods and wake interference between wind tur
bines. It is noted that the nacelle, tower, and control systems of the NREL 
5 MW turbine are not considered in the present work. 

In cases 1–8, the numerical models are all the 5 MW wind turbines. 
The parameters are shown in Fig. 6 and Table 2, and more detailed 
specifications of the wind turbine could be found in references [44,45]. 
From Fig. 6, the wind rotor and hub radius are 63 m, and 1.5 m, which 
indicates the blades of 5WM wind turbines are enough slender to be 
considered the elastic beam. In this work, when the EALM method is 
used to study the aeroelastic coupling performance of wind turbine 
blades, the blades are divided along the spanwise direction. The number 
of blade sections in both ALM and EALM methods is 64, and the appli
cability of this parameter has been proved in the work of Huang 
[46–48]. The structure stiffness dramatically varies along the span-wise 
direction of the wind turbine blades, which is shown in Fig. 7. 

3.2. Converging mesh 

To obtain accurate results of aerodynamic loads and displacements 
of deformations, the convergence tests are the key step to the grid in
dependence and numerical error in all simulations, in which background 
mesh sizes differ by 

̅̅̅
2

√
time. The total number of grids for the three 

scales is 2.455, 6.609, and 19.664 million, respectively. In terms of time 
step setting, the time step is set to 0.01 s, the sampling time is set to 0.1 s, 
and the total time step is set to 400 s. 

The results of aerodynamic thrust, torque, and displacement of two 
directions are depicted in Fig. 8, in which the thrust and the de
formations keep the same tendency in different mesh densities. It 
certificated that the EALMpisoFoam solve is independent in the grid 
converging. 

The mean values are shown in Table 3. The thrust error between the 
calculation results of the medium-scale grid scheme and the numerical 
results of the fine grid scheme is 2.460 %. The result of the coarse grid is 
about 3.873 % larger than that of the medium-scale grid. Therefore, 
depending on the error results of aerodynamic thrust and blade de
formations, it indicates that the aeroelastic responses of the wind turbine 
can be accurately predicted with the medium-scale grid. 

The gird uncertainty UG in the calculation is analyzed by the ITTC 
guidelines for Verification & Validation (V&V) in CFD numerical cal
culations. In grid uncertainty analysis, it is usually required to have at 
least three sets of grids with different densities, including a fine-scale 

Table 1 
Characteristics of vortex identification methods.  

Type Thresholds Vortex boundary Rotation strength Weak vortex capture local vortex axis 

Vorticity √ √ × × ×

Q criterion √ √ × × ×

Liutex √ √ √ × √ 
ΩR × √ √ √ √  

Fig. 6. Model of 5 MW wind turbine.  

Table 2 
[44,45]. Main parameters of the NREL 5 MW wind turbine.  

Properties Parameters 

Rating 5 MW 
Cut-in, Rated, Cut-out,Wind Speed 3 m/s, 11.4 m/s, 25 m/s 
Cut-in, Rated Rotor Speed 6.9 rpm, 12.1 rpm 
Overhang, Shaft Tilt, Precone Angle 5 m, 5 degrees, 2.5 degrees 
Rotor Mass 110,000 kg 
Nacelle Mass 240,000 kg 
Tower Mass 347,460 kg 
Coordinate Location of CM (− 0.2 m, 0.0 m, 64.0 m)  
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grid, medium-scale grid, and coarse-scale grid. The calculated values are 
represented by Si (i = 0,1,2) respectively. Thus, the grid convergence 
parameter RG is: 

RG =
ε21

ε32
=

S2 − S1

S3 − S2
(17) 

Different RG corresponds to different convergent forms: 0 < RG < 1 
corresponds to the monotone convergence, RG < 0 corresponds to the 
oscillation convergence, and RG > 1 corresponds to divergence, 
respectively. In the current numerical calculation, the convergence 
parameter RG is 0.619, which meets the condition of monotone 
convergence. Therefore, based on Richardson Extrapolation (RE), the 
numerical error is: 

δRE =
ε21

rPG
G − 1

(18)  

where rG represents the mesh refinement ratio,
̅̅̅
2

√
. PG is the order of 

observation accuracy. It is the order of analytical accuracy in numerical 
results, as Eq. (19): 

PG =
ln(ε32/ε21)

ln(rG)
(19) 

The grid uncertainty is: 

UG =

{⃦
⃦9.6 × (1 − CG)

2
+ 1.1 × [δRE]

⃦
⃦, [1 − CG]〈0.125

[2 × |1 − CG| + 1 ] × [δRE] [1 − CG]⩾0.125
(20) 

In which the correction coefficient is CG, which equals 2. 
Table 4 shows convergence parameters, order of observation accu

racy, numerical error, correction coefficient, and grid uncertainty in the 
process of grid uncertainty analysis. It can be seen from Table 4 that the 
numerical error obtained by the δRE method is 5.092 %S1, indicating that 
the numerical error estimated in the current calculation is very small. 
The uncertainty evaluated based on the above grid uncertainty method 

is 1.153 %SD. The above analysis shows that the numerical prediction 
results are well affected by the grid changes when the grid density 
reaches the medium scale. 

3.3. Computational domain 

In this work, the aerodynamic performance and the displacements of 
deformations are brought into focus when the elastic blades are taken 
into consideration in the EALM method. Besides, the interference of 
vortex between wind turbines is taken into account. Meanwhile, the 
results of turbulent wind are compared with uniform wind, which could 
be used to investigate the effect of inflow conditions when the de
formations of blades are calculated. Therefore, cases with and without 
considering blade deformations are calculated by EALM and ALM 
methods under a single wind turbine and two tandem wind turbines. 

Firstly, to prove the reliability of the EALM method, a single wind 
turbine numerical simulation is carried out in cases 1–4. Meanwhile, the 
displacements of blades in the EALM method are compared with open 
software OpenFAST-3.0 under the same conditions. The time step and 
total steps are 0.05 s and 600 s. The number of nodes in the calculation 
domain of vertical and longitudinal flow fields is set to 31, and the grid 
density is 5 m. Meanwhile, to ensure the consistency of environmental 
conditions, the influence of surface roughness is not considered. Besides, 
the aeroelastic performance is researched with and without de
formations of blades to investigate the effect of deformations in aero
dynamic performance and wake flow field. Table 5 presents detailed 
information on aeroelastic simulation cases. 

The computational domain setting for the aerodynamic simulation in 
cases 1–4 is depicted in Fig. 9(a), in which the cuboid-shaped region is 
set with the dimension of 1512 m(x) × 378 m(y) × 280 m(z), where the 
dimension is 12D in length, 3D in width, and 1.5D between the wind 
rotor and top boundary (D = 126 m). The wind turbine is placed in the 
longitudinal plane in the computation domain, which is 2D away from 
the inlet boundary. It is verified that this location is sufficiently far 

Fig. 7. [44,45]. Variation of the structural parameters of the NREL 5 MW wind turbine blades.  
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downstream for the operation of the turbines not to affect the uniformity 
of the inlet velocity profile. Meanwhile, the mesh is refined two times 
within the 1D region of the wind turbine and wake region, which makes 
the vortex captured. The grid distribution of the mesh is presented in 
Fig. 9(b)-(c), in which the background mesh and refined mesh are 8 m 
and 2 m, separately. The total cell number is 6.609 million. 

In the tandem arrangement of two wind turbines, the first wind 
turbine is the same as cases 1–4. the second wind turbine is 3D behind 
the first wind turbine (see Table 6). The computation domain is the same 
as the single wind turbine simulation except for the 3D distance in the 
axial direction between the upstream and downstream wind turbines. 
The total cell number is 8.426 million. 

Meanwhile, the influence of different conditions is researched, 
including the uniform wind and turbulent wind in the inlet boundary. 
For uniform wind, the uniform inflow wind velocity U0 = 11.4 m/s is 
adopted. While the turbulent inflow average wind velocity is the same as 
the uniform wind, in which the turbulence intensity (TI) of wind is 

Fig. 8. Aeroelastic performance in different mesh sizes.  

Table 3 
Mesh information of grid convergence test.  

Mesh setting  Thrust (kN) Error (%) Flap-wise displacement (m) Error (%) Edge-wise displacement (m) Error (%) 

Fine mesh S1  681.64  2.460  4.953  3.210  0.277  3.971 
Medium mesh S2  698.408  3.873  5.112  3.717  0.288  4.51 
Coarse mesh S3  725.459   5.302   0.301   

Table 4 
Calculation of grid uncertainty.  

RG PG δRE%S1 CG UG%SD  

0.620  1.380  5.092  0.613  1.153  

Table 5 
Detailed information on the elastic simulation cases.  

Case setting Method Wind Type Wind speed (m/s) 

Case 1 ALM Uniform ũ = (11.4,0,0)
Case 2 EALM Uniform ũ = (11.4,0,0)
Case 3 ALM Turbulent ũ = (11.4,0,0), IT = (0.2,0.02,0.02)
Case 4 EALM Turbulent ũ = (11.4,0,0), IT = (0.2,0.02,0.02)
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defined by Eq. (21). 

TI =
σ
ũ

(21)  

where the ũ represents the average wind velocity.σ is the standard de
viation of the wind speed. Besides, the boundary conditions are 
described in Fig. 10 [49], in which the velocity condition in the inlet 

plane is set fixedValue or turbulentInlet boundary condition for uniform 
inflow or turbulent inflow condition, respectively. There is no need to 
set surface conditions and add boundary layers because the boundary of 
blades is not necessary to be solved. 

4. Results and discussions 

4.1. Result comparison and verification of single wind turbine 

The aeroelastic principle can be described as the flow field will 
produce larger deformations and vibrations in the flexible blades of the 
wind turbine. Hence, it will influence the flow field around and structure 
deformations on the blades, which is a pressure to form mutual coupling 
of fluid and structure. 

When using the EALM method to calculate the fluid–structure 
interaction of the wind turbine, the accuracy of the fluid and structure 
should be ensured first. The ALM and EALM methods have been verified 
by Duan et al. [49] and Huang, Wan and Hu [50]. Therefore, this study 
first verifies the structural part of the EALM method. Firstly, a standard 
example of a cantilever beam with one end fixed and the other end free is 
selected. The theoretical solution of the free end of the cantilever beam 
is predicted by the EALM method are compared with the benchmark of 
Behdinan et al. [51]. The structural density is 0.004567 lb s2/in4; The 
Young’s module is 30e6psi; The moment of inertia is 100 in4. The time- 
varying force defined by Eq. (22) acts on the free end of the cantilever 
beam in Fig. 11(a). 

F(t) =

{
5 × 105t(lb)

− 5 × 105t + 106(lb)
(22) 

Fig. 11(b) shows the time history curves of displacements of the 
cantilever beam. With an impact force acting on the free end, the 
deformation of the cantilever beam first reaches the maximum value and 
then gradually decreases to zero. It can be seen from the comparison 
result in Fig. 11(b) that the deformation of the cantilever beam predicted 
by the EALM method is in good agreement with the theoretical value, 
indicating that the structural model of the EALM method can accurately 
predict the structural deformation. 

The reliability of the EALM method should be verified when we 
research the influence on blade structure and wake zone of the aero
elastic performance of blades. The deformations in the flap-wise direc
tion and edge-wise direction of blades are shown in Fig. 12, in which the 
black solid line represents the results calculated by the in-house pro
cedure EALMpisoFoam and the red solid line represents the results of 
open source software OpenFAST. From the history and mean results of 
deformations, the EALM methods could predict the distances of one- 

Fig. 9. Computation domain setting.  

Table 6 
Detailed information on the elastic simulation cases.  

Case 
setting 

Distance Method Wind Type Wind speed(m/s) 

Case 5 3D ALM Uniform ũ = (11.4,0,0)
Case 6 3D EALM Uniform ũ = (11.4,0,0)
Case 7 3D ALM Turbulent ũ = (11.4,0,0), IT = (0.2,0.02,

0.02)
Case 8 3D EALM Turbulent ũ = (11.4,0,0), IT = (0.2,0.02,

0.02)

Fig. 10. [49]. Boundary conditions in the computational domain. In the 
OpenFOAM, the velocity condition is fixedValue or turbulentInlet boundary 
condition in the inlet plane, inletOutlet in the outlet plane; slip in the top plane; 
fixedValue in the bottom plane; symmetryPlane in the left and right planes. The 
pressure conditions are zeroGradient boundary conditions except for the left 
and right planes. 
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order inside-plane and outside-plane deformations in flow and rotating 
direction in uniform wind inflow conditions. Moreover, the de
formations in the EALM method are nearly closed to the results in 
OpenFAST software in uniform wind conditions, in which the relative 

errors of average value are 3.750 % and 4.016 %, separately. Therefore, 
the EALM methods could be used to predict the deformations of blades 
in the wind turbine. 

As shown in Fig. 13, vortex structures behind the wind rotor are 

Fig. 11. The cantilever beam under a ramp-ramp load.  

Fig. 12. Aeroelastic deformations in flow and rotating direction.  
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caught by the first-generation eddy recognition Vorticity method, 
second-generation vortex recognition Q-criterion method, and third- 
generation vortex recognition Liutex and ΩR methods, respectively. 
Firstly, by comparing the free vortex structures captured by the four 
vortex identification methods, it can be seen that the four methods can 
capture the tip vortex generated at the blade tip position of the wind 
turbine and the root vortex generated at the blade root position of the 
wind turbine within a certain distance behind the wind turbine, which 
indicates that the third-generation vortex identification methods can all 
represent the vortex system behind the wind rotor to some extent. 

Moreover, comparing the differences between the four vortex iden
tification methods, it is significantly different from the results obtained 
by the second and third generation of vortex identification methods. In 
the Vorticity method, it is clear that this method cannot identify the 
evolution and development, for the vortex rings fall off and converge to 
become vortex sheets downstream without rotating. Otherwise, it shows 
that the first generation of vortex recognition method is not definite in 
the physical meaning. However, compared with the first-generation 
vortex identification method, the Q-criterion can better characterize 
the evolution of the two vortex systems behind the rotor plane. The 
distance between vortex rings increases with the increase of the flow 
direction distance until the phenomenon of vortex rings falling off and 
gathering into large vortex plates. For Liutex, a third-generation vortex 
recognition method can represent both the isosurface and the direction 
of the vortex. The isosurface is mag(Liutex) = 0.05, in which the Liutex 
method can not only identify tip vortices and root vortices but also 

capture the free vortices between tip vortices and root vortices, which 
are caused by the pressure difference during the wind rotor rotation. 
Alternatively, the third-generation vortex recognition method combines 
vorticity Ω with vector Liutex, which has the advantage that the Ω 
method does not require any conditional threshold value and measures 
the proportion of the rotating moving part perpendicular to the plane of 
the vortex axis. Therefore, it can be seen that the ΩR method can better 
capture the vortex system behind the wind rotor without manual 
intervention threshold selection. The vortex results also represent the 
vorticity of the wake vortex evolution. This indicates that the ΩR method 
can be used to analyze the vortex structure and velocity in the coupled 
aeroelastic method in a more detailed and accurate way. 

4.2. Wake interface effect with considering deformations in uniform 
condition 

The results of aerodynamic power and thrust are compared between 
the ALM and EALM methods with the same uniform inflow speed U =
11.4 m/s, which are shown in Fig. 14. From the curve of power, a sig
nificant decrease is noticed in the upstream wind turbine and the 
downstream wind turbine by comparing case 6 (shown as red full lines) 
and case 5 (shown as black dash lines). Meanwhile, it can be seen that 
the rotor power of upstream wind turbine in both cases variates slightly 
over time, while the power of downstream wind turbine fluctuates 
obviously and change little. 

Besides, From the time history of aerodynamic thrust in Fig. 14, it 

Fig. 13. Vortex in different inflow conditions and identification methods.  
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can be seen from these pictures that the trend of aerodynamic thrust is 
similar to the aerodynamic power. The same phenomenon of decreasing 
amplitude occurs in the thrust for both wind turbines when the de
formations of blades are considered. While the slight fluctuation is not 
found in the upstream wind turbine in aerodynamic thrust. Moreover, 
the fluctuation of amplitude has little difference when compared with 
the large change in the mean value of thrust. 

According to the research of Huang and Wan [47], the local attack 
angle has a greater impact on the power, while the local wind speed has 
more significant effects on the thrust. For the upstream wind turbine, the 
local attack angle of blades with structural deformation has a larger 
fluctuation amplitude and a smaller average value compared with that 
of the undeformed blades, leading to the decrease in average value and 
the increase in fluctuation amplitude of the power. For the downstream 
wind turbine, the local attack angle of blades with structural deforma
tion is opposite in the fluctuation amplitude aspect. Therefore, the 
power fluctuation of the downstream wind turbine is lower when the 
deformation is taken into account. 

Finally, by comparing the aerodynamic power and thrust, the in
fluence of blade deformations on the aerodynamic thrust is greater, 
which can be obtained by calculating the relative error for both wind 
turbines, as shown in Table 7. 

The Average values of aerodynamic power and thrust of wind tur
bines are shown in this Table 7, in which the ratio is obtained by case 6 
dividing case 5. The average power of considering the deformations is 
93.127 % and 99.528 % of case3 without deformations, respectively. 
Therefore, the average power changes very little, which indicates that 

the deformations may have bad effects on the aerodynamic loads of the 
wind turbines. 

Besides, the reduced amplitude of average thrust is greater than 
power in case 6. It can be seen from the mean value of thrust results that 
the thrust of the upstream wind turbine is only about 88.895 % of the 
power without considering the deformations of blades, and the thrust of 
the downstream wind turbine is only about 87.479 % after considering 
the deformation of blades. It suggests that the influence of deformations 
on thrust is more significant than that on the rotor power. Meanwhile, It 
can be seen that the influence of deformations on the aerodynamic 
thrust is more significant than the power, especially in the downstream 
wind turbine, in which the thrust is affected greater by the blade 
deformations. 

The time-history curve of deformations of blades along the direction 

Fig. 14. Aerodynamic power and thrust under different simulation methods.  

Table 7 
Time-averaged power output under different simulation cases.   

Uniform inflow 
condition 

Upstream wind 
turbine 

Downstream wind 
turbine 

Power ALM (MW)  5.1796  2.0974 
EALM (MW)  4.8236  2.0875 
Ratio % (case 6/case 
5)  

93.127  99.528 

Thrust ALM (kN)  713.887  484.175 
EALM (kN)  634.612  423.551 
Ratio % (case 6/case 
5)  

88.895  87.479  
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of × (flap-wise deformation, δ0), y (edge-wise deformation, δ1), and z 
(torsion-wise deformation, δ2) are shown in Fig. 15(a-c). The average 
deformations of blades in three directions can be depicted in Fig. 15(d). 
Table 8 shows the maximum and minimum values of flap-wise defor
mation, edge-wise deformation, and torsion-wise deformation, 
respectively. 

Firstly, an apparent flap-wise deformation in the structure of blades 
is observed, which is believed to be caused by the influence of the 
aerodynamic thrust. The structure deformation experiences a periodic 
vibration at the equilibrium position. The change period is almost equal 
to the rotational period of the turbine rotor. For the upstream wind 
turbine, the average deformation is 4.373 m, about 7 % of the diameter 
of the wind rotor radius. And then for the downstream wind turbine, the 
average deformation is 3.113 m, which is smaller than the upstream 
wind turbine. On the contrary, the velocity of flap deformation of the 

downstream wind turbine is faster, especially at the peak of de
formations. It is the effect of unsteady wind velocity in the plane of the 
wind rotor. Besides, the edge-wise deformation is smaller than the flap- 
wise deformation, which is about 10 % of the flow direction. The reason 
is that the force causing the edge-wise deformation is in the rotating 
direction lesser and the main wind direction is along the flow direction. 
To indicate comparison in a like manner, the average edge-wise defor
mation in the upstream wind turbine is 0.5458 m, which is closed to the 
downstream wind turbine compared with the flap-wise deformation. In 
contrast, the velocity of edge-wise deformation is nearly the same as the 
upstream wind turbine. Meanwhile, the same trend occurs in span-wise 
deformation, in which the average value is 2.709 degrees and 2.546 
degrees, respectively. Moreover, In the edge-wise direction, the 
deformed shape of the blade is a smooth parabolic shape. 

To sum up, because the wake velocity has decreased accordingly 
after the wind passes through the upstream wind rotor, the deformations 
of the downstream wind turbine blades are smaller than that of the 
upstream wind turbine blades. However, it is noted that the velocity of 
deformation is greater than the upstream wind turbine in the flap-wise 
direction. 

The average velocity field is shown in Fig. 16, in which the average 
value is obtained by the 380–400 s. To distinguish the effect of elastic 
blades and observe the expansion of rotor wake, a cross-section of 
average velocity is selected every 3D along the flow direction, in which 
the outline of diameter is marked by the black solid line in the first 

Fig. 15. Aeroelastic deformations in three direction.  

Table 8 
Maximum and minimum deformations in three directions.   

Value Upstream wind turbine Downstream wind turbine 

δ0 Max (m)  4.5082  3.4698 
Min (m)  4.2681  2.9458 

δ1 Max (m)  − 0.9527  − 0.7278 
Min (m)  − 0.1297  0.088 

δ2 Max (deg)  − 2.8094  − 2.6498 
Min (deg)  − 2.5878  − 2.4574  
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picture. Meanwhile, there are three aspects of difference that have to be 
addressed. 

The first difference involves the wind rotor, the deficit of velocity is 
smaller whether in the plane of the upstream wind rotor or downstream 
wind rotor, when the deformations of blades are considered in the EALM 
method in uniform inflow wind. The main reason may be the de
formations in three directions, especially the twist of blades. Therefore, 
the drop in wind speed is relatively smaller. The second difference is 
related to the diameter of the wind rotor, the diameter of the wind rotor 

becomes smaller in the EALM method mainly because of the flap-wise 
deformation, which is depicted by not filling the entire region of 
diameter D, especially in the plane upstream wind rotor. Furthermore, it 
makes the rotor swap area reduced than before the deformations are not 
considered, which will affect the aerodynamic power and thrust in 
Fig. 14(a). Besides, the smaller diameter of the upstream wind turbine 
will produce the minor wake expansion phenomenon, which is shown in 
3D in the EALM method by comparing it with the ALM method. Last but 
not least is the wake interference when the deformation is taken into 

Fig. 16. Average velocity field in ALM and EALM method.  

Fig. 17. Vortex in wind rotor in different vortex identification with EALM.  
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account. The wake interference is depicted not only in 0D-6D but also in 
the far-wake zone like 9D and 12D, especially the wake recovery phe
nomenon. The phenomenon will be explained in the following analysis. 

As shown in Fig. 17, vortex structures in the plane of both wind ro
tors are caught by the first-generation vortex recognition method 
Vorticity, second-generation eddy recognition method Q-criterion, and 
third-generation vortex recognition methods Liutex and ΩR, 
respectively. 

Firstly, the effect with different generation vortex recognition can be 
distinguished by comparing the results in the same locations and 
methods. The apparent deficit is shown when the Vorticity method is 
adopted in the cross-plane of the wind rotor, for the result is not a true 
vortex structure, especially in the bottom boundary. It is because the 
vortex caused by shear motion is not distinguished. Therefore, the 
Vorticity method is not the best method to capture the wake vortex 
structure behind the wind rotor. Alternatively, the blade tip vortex and 
blade root vortex could be captured by Q-criterion in the plane of the 
wind rotor in the upstream and downstream wind turbine. Therefore, 
the product evolution and development of the wake vortex of wind 
turbines could be demonstrated when the vector characteristic is over
looked. While it cannot be ignored when we take the real physical 
phenomenon and wake interference into account. 

Hence, compared with the Q-criterion method, the vector property is 
considered in the Liutex method. Meanwhile, the small vortexes are 
captured between the blade tip vortex and blade root vortex, which il
lustrates the Liutex method has advantages in the identification of a 
small vortex. It is noted that the Liutex method will present a better 
effect in the real shape of blades in wind turbines. Finally, the more 
detailed vortex structure is captured in the ΩR method. It is a better 
method than Liutex, for it avoids the influence of threshold selection on 
vortex structure in the uniform inflow condition. Therefore, we can 
choose the ΩR method to analyze the wake interference in a wind farm, 
which provided a subjective judgment for the development of the wake 
vortex. 

Besides, the influence of elastic blades can be analyzed with the 
third-generation eddy recognition methods ΩR. In the plane of the up
stream wind rotor, the blade tip vortex in the EALM method is lesser 
than in the ALM method. While the blade root vortex is the same as the 
result of the ALM method. It declares the deformations of blades mainly 
influence the blade tip vortex, for the deformations mainly occur in the 
blade tip too. And then more vortexes appeared in the middle blade, 
which is caused by the fluctuation of the blade. Moreover, in the plane of 
the downstream wind rotor, the wake interference is not apparent 
compared with the original ALM method. It can explain that the 

Fig. 18. Vortex sturcture in the downstream wind turbine with different vortex identification in the uniform inflow conditions.  
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deformations mainly influent the far-field region. 
As shown in Fig. 18, vortex structures behind the downstream wind 

turbine are caught by Vorticity, Q criterion, Liutex, and ΩR, respectively. 
The main differences occur in two aspects as the results of vortex 
structures in the plane of both wind rotors. On the one hand, the vortex 
is further decomposed into rotating part vorticity R and non-rotating 
pure shear vorticity S, which is corrected in the Liutex and ΩR 
methods. On the other hand, the third-generation vortex recognition 
method has the vector, scalar, and tensor forms, which correspond to the 
real physical mechanism of vortex formation and evolution. Therefore, 
we adopted the third-generation eddy recognition method ΩR to analyze 
the wake interference phenomenon in the far field. 

Consequently, on the one hand, the disordered phenomenon of the 
wake vortex of the downstream wind turbine is delayed because of the 
deformations. On the other hand, the integrative development of the 
wake vortex structure is delayed to appear when the downstream wind 
turbine is disturbed by the upstream wind turbine. Furthermore, the 
wake disturbance of the tip vortex occurs more significantly in the far- 
field instead of in the near wake region. For example, by comparing 
the wake vortex in ALM and EALM methods, the rolling and breaking of 
the wake vortex occurred in the far wake region behind the downstream 
wind turbine. It can declare that the wake interference is delayed and 
wake fusion occurs in the farther wake region. 

4.3. Wake interface effect with considering deformations in turbulent 
condition 

In the research of wake interference with considering deformations 
in uniform inflow conditions, the aerodynamic power and thrust are 
both reduced. Moreover, the influence of deformations on the aero
dynamic thrust is more significant than the power, especially in the 
downstream wind turbine. It can reflect the effect of deformations of 
blades in rated speed when the uniform inflow condition is studied, but 
the real atmosphere condition is unsteady and turbulent, in which the 
wind turbines work under the upstream wind turbines. Therefore, the 
turbulent inflow condition is researched, the aerodynamic power and 
thrust over time are shown in Fig. 19 and the average value is calculated 
in Table 9. 

Fig. 19. Aerodynamic power and thrust under different simulation methods.  

Table 9 
Time-averaged power output under different simulation cases.   

Turbulent inflow 
condition 

Upstream wind 
turbine 

Downstream wind 
turbine 

Power ALM (MW)  5.213  2.183 
EALM (MW)  4.857  2.142 
Ratio % (case 8/case 7)  93.171  98.122 

Thrust ALM (kN)  715.556  490.499 
EALM (kN)  636.275  427.931 
Ratio % (case 8/case 7)  88.920  87.244  
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Firstly, it is consistent with the conclusion of uniform inflow condi
tions in the reduction of aerodynamic power and thrust. Furthermore, 
the influence of blade deformations is larger in the thrust than the 
power. However, the power and thrust are not a rated constant value in 
upstream wind turbines and a regular changeable curve in downstream 
wind turbines whether it took the deformations of blades or not. It is the 
effect of turbulent wind, which causes the curve of power and thrust in 
an aperiodic change over time. Otherwise, from further analysis of the 
average results of aerodynamic power and thrust, the power relative 
ratio is 93.171 % and 98.122 %, separately. Meanwhile, the thrust 
relative ratios are 88.920 % and 87.244 %, separately. In contrast, the 
relative ratio of aerodynamic power and thrust is greater in turbulent for 
the upstream wind turbine than in the uniform inflow condition. While 
the average value ratio is lesser in the downstream wind turbine. 
Meanwhile, in terms of the influence of blade deformations on aero
dynamic power and thrust of the wind turbine, it can demonstrate that 
the axial induction factor is larger with considering structural de
formations of blades, especially in the upstream wind turbine inside of 
turbulent inflow. 

For the deformations in turbulent inflow conditions, the results in 
three directions over time are shown in Fig. 20 and the maximum and 
minimum values are calculated in Table 10. Comparing the result of 
structural deformations with the uniform inflow condition, the conclu
sions of blade deformations under turbulent inflow conditions have two 
similarities with that under uniform inflow conditions. On the one hand, 

the deformations in three directions of the upstream wind turbine are 
lesser than the results of the upstream wind turbine, which is because 
the wind speed has declined after passing through the upstream wind 
rotor. On the other hand, the velocity of deformations in three directions 
keeps consistent with the uniform condition. For example, as the 
deformation speed increases gradually, the deformation in the edge-wise 
direction is also increasing along the rotation direction until it begins to 
decrease to zero when the deformation velocity reaches the maximum. 
And then the deformation reaches the maximum. Since that the defor
mation velocity increases in reverse and the deformation begins to 
decrease due to the action of inertia. Therefore, the structural blades 
remain in a dynamic equilibrium position reciprocating motion. 

However, there are also some differences in numerical results be
tween uniform and turbulent inflow conditions. Firstly, the velocity of 
deformations is also greater than the results in the uniform condition for 

Fig. 20. Aeroelastic deformations in three direction.  

Table 10 
Maximum and minimum deformations in three directions.   

Value Upstream wind turbine Downstream wind turbine 

δ0 Max (m)  4.5886  3.5943 
Min (m)  4.1635  2.8806 

δ1 Max (m)  − 0.987  − 0.7531 
Min (m)  − 0.1157  0.1104 

δ2 Max (deg)  − 2.8758  − 2.7197 
Min (deg)  − 2.5539  − 2.4142  
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the flapping and edging deformations. Furthermore, a small fluctuation 
occurs in the deformation curve over time, especially in the upstream 
wind turbine. Therefore, the effect of turbulent wind on blade structure 
is to make the velocity of deformations increase and the fluctuation of 
deformations in the downstream wind turbine. Finally, the average de
formations in flap-wise and edge-wise directions are greater in turbulent 
inflow conditions than the average value in uniform inflow conditions. 
While the average deformation in the span-wise direction is lower, 
which is the reason that the turbulent wind fluctuates in ×,y, and z di
rections. The same conclusion can be obtained in the maximum and 
minimum values of deformations in three directions. 

The wake interference is researched through the wake velocity field. 
Meanwhile, the turbulent inflow causes a large fluctuation in wind 
speed, especially in the rotating wake zone. Therefore, the average ve
locity field of the z plane in hub height is shown in Fig. 21. It can be seen 
that the difference between ALM and EALM methods is mainly shown in 
the far-wake zone. Two main aspects of difference could be observed 
apparent. On the one hand, the velocity decline is smaller in the plane of 
the downstream wind rotor when the EALM method is adopted. On the 
other hand, the recovery process of the wake velocity is accelerated in 
the far wake region when the EALM method is adopted. This conclusion 
is consistent with the conclusion of Ma [52]. 

To sum up, the wake velocity in the far wake region considering 
structure deformation is larger than that without structure deformation, 
indicating that the deformation of the blades accelerates the recovery 
process of wake velocity in the far wake region. 

As shown in Fig. 22, vortex structures in the wind rotor are caught by 
the Vorticity, Q-criterion, and Liutex and ΩR methods, respectively. It 
can be seen that the vortex caused by shear motion is not distinguished 
when the Vorticity method is adopted in turbulent inflow conditions. It 
is worth noting that the vortex generated by turbulent wind fluctuations 
is also captured outside of the wind rotor area shown in Fig. 22 (mag 
(Vorticity) = 0.5). Therefore, compared with the uniform wind 

condition conclusion, the first-generation vortex recognition Vorticity 
method is also not a good method in wake interference of wind turbines 
when the turbulent wind condition is used. Furthermore, whether in 
uniform and turbulent conditions, the ability to capture the wake vortex 
of the wind turbine is good in the Q-criterion and Liutex methods. 
Furthermore, more detailed and smaller vortexes are captured in the 
Liutex method compared with the Q-criterion. 

Nevertheless, the third-generation vortex recognition method ΩR has 
the same advantages in the capture of wake vortex when the turbulent 
condition is simulated. Firstly, it can express the wake vortex structure 
more clearly because the vortex structure caused by the turbulent wind 
fluctuation is also grasped. Moreover, due to the expansion and inter
ference phenomenon in the process of vortex evolution of wind turbines 
in turbulent conditions, the energy exchange between the turbulent 
wind and wake vortex can be obtained apparently in the ΩR method. 

The same as the uniform wind inflow condition, the wake vortex 
structure behind the downstream rotor plane is analyzed. As shown in 
Fig. 23, vortex structures are caught by Vorticity, Q criterion, and Liu
tex, respectively. Firstly, a large number of vortex plates appear in the 
front and rear of the wind rotor in the Vorticity method, which is the 
same as the uniform inflow condition. Otherwise, the influence of de
formations of blades for wake vortex is not obvious when the Q criterion 
is used, while it is apparent distinguished when the third-generation 
eddy recognition methods Liutex are adopted. It is because the veloc
ity property is taken into account in the Liutex method. The wake vortex 
interference in turbulent inflow conditions can be analyzed depending 
on the Liutex method. The apparent disturbance occurs in the tip vortex 
when the ALM method is adopted, while the inference is delayed. 
Otherwise, the third vortex ring of the downstream wind turbine is 
completely in the wake of the upstream wind turbine. 

However, it is impossible to intercept a fixed region to exclude the 
interference of small vortices because of the expansion of the wake. 
Therefore, the ΩR method is not shown in the turbulent condition. 

Fig. 21. Average wake velocity field in ALM and EALM method.  
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5. Conclusions 

In this work, a coupled aeroelastic analysis tool is proposed based on 
the elastic Euler-Bernoulli beam theory and ALM method, which could 
be used to simulate the aerodynamic and elastic performance of blades 
in three directions under different inflow conditions by using the LES 
method. Firstly, the reliability is certificated by comparing it with the 
OpenFAST software. Meanwhile, the influences are analyzed for the 
aerodynamic power, thrust, and wake vortex. Moreover, the wake in
teractions between two NREL-5 MW wind turbines in the tandem layout 
are studied by considering the deformations of the blades of wind tur
bines. It is worth noting that the typical vortex recognition methods are 
adopted to analyze the three-dimensional rotating wake vortex structure 
behind the wind rotor. Several conclusions can be drawn from the 
simulation results. 

The structural deformations of blades lead to a decrease in the 
average aerodynamic power and thrust whereas in uniform conditions 
or the turbulent inflow condition. Furthermore, the blade deformations 
have great effects on the aerodynamic thrust than the aerodynamic 
power. 

The velocity of deformations in flap-wise and edge-wise directions is 
greater than the results in the uniform condition. And then a small 
fluctuation in the deformation curve over time, especially in the up
stream wind turbine. Furthermore, the maximum, minimum, and 
average deformations in flap-wise and edge-wise directions are greater 
in turbulent inflow conditions than the average value in uniform inflow 
conditions. However, the average deformation in the span-wise direc
tion is lower. 

Because the blade diameter and rotor swept area of the rotor plane 
both decrease with considering the blade deformations, the diameter of 
the vortex ring decreases accordingly. The characteristics of wake vortex 
structure, wake expansion, and wake recovery in the far wake region are 
altered by influencing the aerodynamic performance. Firstly, the wake 
velocity loss significantly increases in the far wake region, while the 
recovery process of the wake velocity is accelerated under uniform and 
turbulent inflow conditions. Secondly, for the upstream wind turbine, 
the rotation speed of the tip vortex decreases during the spiral move
ment to the downstream, while the distance (pitch/vortex ring spacing) 
between the tip vortex generated by the adjacent blades increases. 
However, for the downstream wind turbine, the radial distance of the tip 
vortex trajectory increases, while the pitch decreases correspondingly. 
Finally, the disturbance of the tip vortex occurs in the farther wake re
gion in the EALM method. The rolling and breaking of the wake vortex 
also occur in the farther wake region behind the downstream wind 
turbine. 

By comparing the differences between the four vortex identification 
methods, it is significant that the ΩR method can better capture the 
vortex system behind the wind rotor without manual intervention 
threshold selection. The vortex results also represent the vorticity of the 
wake vortex evolution. 

In the present work, we focus on the coupled aeroelastic performance 
for the wake interference in tandem layout under different inflow con
ditions. While the influence of different layouts is not taken into account 
with coupled aeroelastic of the wind turbines in a wind farm. Therefore, 
the wake interference effect of different layouts also needs to be 
researched by considering the deformations of blades. Furthermore, it 

Fig. 22. Vortex in wind rotor in different vortex identification with EALM.  
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also can be applied to simulate the influence of blade deformations on 
coupling aerodynamic-elastic-hydrodynamics of a floating offshore 
wind turbine or a floating wind farm. 
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[42] Dose B, Rahimi H, Herráez I, Stoevesandt B, Peinke J. Fluid-structure coupled 
computations of the NREL 5 MW wind turbine by means of CFD. Renew Energy 
2018;129:591–605. 

[43] Yu Z, Zheng X, Ma Q. Study on actuator line modeling of two NREL 5-MW wind 
turbine wakes. Appl Sci 2018;8:434. 

[44] Chow R, Van Dam CP. Verification of computational simulations of the NREL 5 MW 
rotor with a focus on inboard flow separation. Wind Energy 2012;15:967–81. 

[45] Jonkman J, Butterfield S, Musial W, Scott G. Definition of a 5-MW reference wind 
turbine for offshore system development (No. NREL/TP-500-38060). National 
Renewable Energy Lab. Golden, CO USA, 2009. 

[46] Bazilevs Y, Hsu MC, Akkerman I, Wright K, Takizawa K, Henicke B, et al. 3D 
simulation of wind turbine rotors at full scale. Part I: Geometry modeling and 
aerodynamics. Int J Numer Meth Fluids 2011;65:207–35. 

[47] Huang Y, Wan D. Investigation of Interference Effects Between Wind Turbine and 
Spar-Type Floating Platform Under Combined Wind-Wave Excitation. 
Sustainability 2020;12:246. 

[48] Siddiq AM, Wan D. Investigation of Interference Effects Between Wind T Platform 
Under Combined Wind-Wave Excitation. Sustainability 2019;12:248. 

[49] Duan X, Wang J, Wan D. CFD Investigations of Wake Flow Interactions in a Wind 
Farm with 14 Wind Turbines. Int J Offshore Polar Eng 2020;30(3):257–65. 

[50] Huang Y, Wan D, Hu C. Numerical Analysis of Aero-Hydrodynamic Responses of 
Floating Offshore Wind Turbine Considering Blade Deformation, Proceedings of 
the Thirty-first (2021) International Ocean and Polar Engineering Conference 
Rhodes, Greece, June 20 – 25, 2021, PP. 450-458. 

[51] Behdinan K, Stylianou MC, Tabarrok B. Co-rotational dynamic analysis of flexible 
beams. Comput Methods Appl Mech Eng 1998;154:151–61. 

[52] Ma Z, Zeng P, Lei LP. Analysis of the coupled aeroelastic wake behavior of wind 
turbine[J]. J Fluids Struct 2019;84:466–84. 

J. Zheng et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0306-2619(22)01618-X/h0100
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0100
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0105
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0105
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0110
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0110
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0115
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0115
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0120
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0120
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0125
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0125
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0130
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0135
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0135
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0135
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0140
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0140
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0140
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0145
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0145
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0150
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0150
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0150
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0155
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0155
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0160
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0160
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0170
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0170
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0175
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0175
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0185
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0185
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0185
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0190
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0190
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0190
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0195
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0195
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0200
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0200
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0210
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0210
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0210
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0215
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0215
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0220
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0220
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0230
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0230
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0230
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0235
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0235
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0235
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0240
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0240
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0245
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0245
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0255
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0255
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0260
http://refhub.elsevier.com/S0306-2619(22)01618-X/h0260

	Numerical investigations of coupled aeroelastic performance of wind turbines by elastic actuator line model
	1 Introduction
	2 Numerical method
	2.1 Elastic actuator line model
	2.2 Governing equations
	2.3 Coupled aero-elastic analysis model
	2.4 Vortex methods

	3 Simulation setting
	3.1 Numerical model
	3.2 Converging mesh
	3.3 Computational domain

	4 Results and discussions
	4.1 Result comparison and verification of single wind turbine
	4.2 Wake interface effect with considering deformations in uniform condition
	4.3 Wake interface effect with considering deformations in turbulent condition

	5 Conclusions
	Funding
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


