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Abstract: This paper examines the potential for reducing the cost of energy for super-scale wind
turbines through the use of a downwind configuration. Using nonlinear aeroelastic modeling, the
responses of 10 MW upwind and downwind wind turbine blades are simulated and compared under
shear wind conditions. The study evaluates the impact of both nonlinear and linear aeroelastic models
on the dynamic response of different blade sizes, highlighting the need for a nonlinear approach.
Results indicate that the linear model overestimates blade deformations (18.14%) and the nonlinear
model is more accurate for predicting the aeroelastic response of ultra-long blades of 86.35 m. The
study also finds that the downwind turbine blade experiences smaller flapwise moment (17.53%),
and blade tip flapwise deformation (33.97%) than the upwind turbine blade, with increased load and
deformation fluctuation as wind shear increases.
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1. Introduction

The growth in wind turbine blade length, particularly for offshore applications, has
been dramatic in recent decades. However, this increase in size is pushing the limits of
conventional wind turbine designs, particularly with respect to the minimum clearance
between blade tip and tower, which is crucial to prevent structural damage. To meet
this requirement, designers have traditionally employed strategies such as increasing the
bending stiffness of blades and implementing large prebend, rotor cone angle, and uptilt
angle. However, these solutions pose significant challenges for upscaling upwind rotors,
particularly in terms of reducing the Cost of Energy (CoE).

Recently, the literature suggested that downwind rotor configurations may offer
lower CoE compared to traditional upwind designs [1,2]. Cost reduction is achieved
thanks to lighter and more flexible blades, due to relaxed tip-clearance distance require-
ments. Research on the downwind rotor design or simulation is increasing. Noyes et al. [3]
designed a 13 MW two-bladed downwind rotor and calculated its load and other perfor-
mance parameters. Their results show that a two-bladed pre-aligned rotor with a cone
angle of 15◦ reduced the blade damage equivalent load by 19.0%, and the rotor blade mass
is reduced by 27.4% compared with the unmodified three-bladed rotor under the class
IIB wind condition. Chao [4] built a 25 MW downwind two-bladed wind turbine model
at a certain scale on the basis of the 13.2 MW unit model. They studied the wind energy
capture and blade load under the control of variable cone angles and found that the rotor
with the cone angle control strategy has higher wind energy capture and smaller load. In
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recent years, some companies have also attempted to design large-scale downwind wind
turbines. SWAY A/S developed a three-bladed downwind floating wind turbine using
a single tension-leg platform, of which a 1:6.5 scale prototype was installed and tested
off the coast of Norway [5]. Hitachi has installed 2 MW downwind wind turbines on
land [6] and 5 MW downwind offshore wind turbines in the coastal wind farm of Ibaraki
Prefecture in Japan [7].

Previous research on downwind wind turbines has focused on the comparisons be-
tween upwind and downwind rotors. Frau et al. [8] employed computational fluid dy-
namics simulations to compare the performance of upwind and downwind turbines. Their
findings revealed that the output power of the downwind turbine was increased by 3%, but
its thrust was approximately 3% higher than the upwind turbine under similar working
conditions. Sun et al. [9] conducted a similar investigation and observed that the downwind
turbine had lower power and higher thrust. A multidisciplinary design approach was
used to reduce the CoE of a 10 MW downwind wind turbine by 1.7%, which resulted in a
1.2% decrease in annual energy output compared to an upwind turbine [1]. Lee et al. [10]
compared the maximum and average loads of the upwind and downwind blades and con-
cluded that the downwind blade experienced lower ultimate load and less fatigue damage.
Namura et al. [11] conducted a comparison of the optimized the 10 MW downwind turbine
and the upwind turbine with conventional prebend of 6 m at high speeds. The results
showed that the downwind turbine had lower COE due to its lighter and more flexible
blades. Kress et al. [12] developed a modular scale model wind turbine suitable for upwind
and downwind operation, based on a Hitachi 2 MW wind turbine, and conducted test
experiments. They found that the downwind turbine could generate 5% more power than
the upwind turbine and had better yaw stability. Although previous research has mainly
focused on comparing the output power and loads between upwind and downwind rotors,
there have been few investigations into blade aeroelastic responses, particularly under
unsteady wind conditions.

It is a crucial field of research as the shear wind condition can significantly impact the
dynamic response of large-scale wind turbines. Due to the substantial difference in wind
speed between the top and bottom of the rotor, the rotational blades can cause evident
periodic load fluctuations. The objective of this study is to address the research gap by
investigating the aeroelastic responses of 10 MW upwind and downwind wind turbine
blades under shear wind conditions, utilizing a nonlinear aeroelastic model. Additionally,
we will compare the impact of nonlinear and linear aeroelastic models on the dynamic re-
sponse of various blade sizes to demonstrate the indispensability of adopting the nonlinear
model. The study aims to provide insight into the potential of downwind configurations to
overcome the challenges encountered in upscaling upwind rotors and enhancing the CoE
of super-scale wind turbines.

2. Methodology

The aeroelastic model of a wind turbine comprises two main components: the aerody-
namic model and the structural model. Blade Element Momentum Theory (BEMT), the
vortex wake method and the computational fluid dynamics (CFD) method are usually
adopted in the aerodynamic model [13]. The aeroelastic models in the literature are nor-
mally based on the BEMT, which can be efficiently used for wind turbine blades. There are
two main categories of structural dynamics models: the 3D Finite-Element Method (FEM)
model and the 1D equivalent beam model [13]. The former is useful for detailed analysis
of stress distribution in the blade, and is often coupled with an aerodynamic model to
create an aeroelastic model for wind turbine blades. However, the computational cost of
3D FEM is high when coupled with Computational Fluid Dynamics (CFD) for aeroelastic
modeling [14,15]. In contrast, the 1D beam model is much faster and requires less computa-
tion time, making it an attractive alternative if properly constructed. Linear and nonlinear
beam models are the two primary types of 1D beam models, with the Euler-Bernoulli beam
model [16] and the Timoshenko beam model [17] being the most widely used linear models.
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However, these models are not appropriate for blades with large deflections. Linear beam
models contain the assumption of small deflections, which is invalid for very flexible
blade design, as such blades often experience large deflection. To account for these larger
deflections, the Geometrically Exact Beam Theory (GEBT) [18–20], which is a nonlinear
beam model, has been applied as the nonlinear beam model by many researchers.

In this paper, the OpenFAST aero-elastic simulator is used to establish the blade
aeroelastic model. The classic BEMT is used in the AeroDyn module to determine the
aerodynamic loads applied to the blade, considering the dynamic wake effects. As for
blade structural dynamics, the BeamDyn module uses the nonlinear GEBT and the finite
element discretization method.

2.1. Coordinate System

The coordinate system of the aeroelastic model is presented in Figure 1. The global
coordinate (X, Y, Z) is an inertial reference frame, with its origin located at the bottom center
of the tower. The blade reference coordinate system (Xr, Yr, Zr) is a rotating coordinate
system that moves with the rotor, with its origin located at the center of the blade root.
The Xr axis points downstream along the axis of rotation. The Yr axis points to the blade
trailing edge and is parallel to the chord line with zero twist angle. The Zr axis points from
the blade root to the blade tip along the blade axis.
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2.2. Blade Element Momentum Theory and Modification

By combining the blade element theory with the momentum theory, the axial induced
factor a and the tangential induced factor a′ can be obtained.

a =
1

4 sin2 ϕ

σCn
+ 1

(1)

a′ =
1

4 sin ϕ cos ϕ

σCt
+ 1

(2)

(1) Blade tip loss correction

A major limitation of the BEMT is that vortices shedding from the tip into the wake
have no effect on the induced velocity field. The influence on the blade load of induced
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velocity near the blade tip is most obvious. Prandtl modified the BEMT to make up for this
shortcoming using the correction factor Fw as:

Fw =
2
π

cos−1 e− f 1 (3)

where f1 =
B
2
(

R− r
r sin ϕ

).

(2) Hub loss correction

Like the tip loss correction, the hub loss model is used to correct the induced velocity
of the vortex near the hub of the rotor, adopting almost the same implementation method
as the Prandtl tip loss model. Its expression is the same as Equation (3), where f 1 is replaced
by f 2:

f2 =
B
2
(

r− Rhub
Rhub sin ϕ

) (4)

(3) Glauert modified model

Another limitation of the BEMT is that the theory will fail when the induced factor
is greater than about 0.4. This happens with high tip speed ratio when the rotor enters a
turbulent wake state (a > 0.5). To compensate for this effect, Glauert proposed a correction
method for the rotor thrust coefficient based on experimental measurements. The total
induced velocity for each blade element must be calculated using a combination of blade
tip loss and Glauert correction. Buhl [21] modified the empirical relationship to include the
correction of blade tip loss as follows:

a =
18Fw − 20− 3

√
CT(50− 36Fw) + 12Fw(3Fw − 4)

36Fw − 50
(5)

(4) Skewed wake correction

The BEMT was originally designed for axisymmetric flows. A skewed wake is ex-
tended behind the rotor when the rotor is rotating in a yaw angle. The BEMT needs to be
modified to account for this skewed wake effect. Pitt and Peters [22] proposed a revised
model under steady flow, as follows:

askew = a[1 +
15π

32
r
R

tan
χ

2
cos ψ] (6)

where χ the skewed angle of the wake as:

χ= (0 .6a + 1)γ (7)

2.3. Blade Structural Dynamic Model

The motion governing equation [23] of the GEBT is as follows:

.
h− F′ = f (8)

.
g +

.
ũh−M′ + (x̃′0 +

.
u′)

T
F = m (9)

For nonlinear finite element analysis, the discrete and incremental forms of displace-
ment, velocity and acceleration are:

q(x1) = Nq̂ ∆qT = [∆uT ∆cT ] (10)

v(x1) = Nv̂ ∆vT = [∆
.
uT ∆ωT ] (11)

a(x1) = Nâ ∆aT = [∆
..
uT ∆

.
ω

T
] (12)
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where q =
[
uT cT] . The displacement field in the element is approximately:

u(ξ) = hk(ξ)ûk (13)

u′(ξ) = hk′(ξ)ûk (14)

where ξ ∈ [−1, 1] is the natural coordinate of the element.

3. Comparison of Nonlinear Response with Linear Response under Steady Conditions
3.1. Calculation Example and Aeroelastic Model Constructing

To explore differences in dynamic response characteristics among blades with varied
lengths calculated by the linear and nonlinear aeroelastic models, the Wind PACT 1.5 MW [24],
NREL 5 MW [25] and DTU 10 MW [26] wind turbines are studied as the calculation examples
in this section. The basic parameters of the wind turbines are in Table 1.

Table 1. Parameters of different wind turbine sizes.

Name Wind PACT 1.5 MW NREL 5 MW DTU 10 MW

Rated power (MW) 1.5 5 10
Rotor diameter (m) 70 126 178.3

Rated rotational speed (rpm) 20.46 12.1 9.6
Rated wind speed (m/s) 12 11.4 11.4

Hub center height (m) 84 90 119

For the above three wind turbines, two different aeroelastic models are established
based on the OpenFAST platform. The classical BEMT is used in the AeroDyn module to
determine the aerodynamic loads applied to the blades, taking into account the dynamic
wake effect. As for the blade structural dynamics, the ElastoDyn module uses Linear Euler-
Bernoulli Beam Theory (LBT) and the assumed modes discretization method, while the
BeamDyn module uses the nonlinear GEBT and the finite element discretization method.
The flow chart of the BEMT-LBT coupled model in the OpenFAST simulator and the flow
chart of the BEMT-GEBT coupled model are shown in Figure 2.
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3.2. Effects of Two Aeroelastic Models on Different Blade Responses

This section presents the comparisons of the aeroelastic results of the flapwise average
deformations under the rated wind speed from the BEMT-LBT model and the BEMT-GEBT
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model. Figure 3a–c show the flapwise average deformations of the 1.5 MW, 5 MW and
10 MW wind turbine blades, respectively. The flapwise deformations exhibit nonlinear
variation along the span under the aerodynamic load. In our simulation, the blade tip
displacement of the DTU 10 MW wind turbine is calculated to be 7.5 m. This value is higher
than the blade tip displacement of 6.2 m reported in Ref [11] for a wind speed of 70% of the
rated value. However, it is important to note that our simulation is carried out at the rated
wind speed, which is higher than the wind speed used in the reference study. Therefore, the
larger blade tip displacement of 7.5 m in our simulation is reasonable and consistent with
the expected behaviour of the blade under the rated wind conditions. Slight differences
between the models to simulate the WindPACT 1.5 MW blade are showed in Figure 3a.
This is because the 1.5 MW blade is not flexible and its structural geometric nonlinearity is
not obvious. However, the differences between the models to simulate the NREL 5 MW and
DTU 10 MW blades are large, especially near the blade tip, and the flapwise deformations
are overestimated by the linear BEMT-LBT model. The difference value of the DTU 10 MW
blade reaches a maximum of 1.66 m at the blade tip.
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Figure 3. Flapwise average deformation along the blade span of the Wind PACT 1.5 MW (a), NREL 5
MW (b) and DTU 10 MW (c) wind turbine blades.

Figure 4 gives the comparison of blade tip flapwise deformations of the three different
size wind turbine blades between two aeroelastic models. The reference results of 5 MW
and 10 MW are from references [27,28] respectively. Both used the GEBT in the blade
structural dynamic model.
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The difference between the two models on the blade tip flapwise deformation of the
Wind PACT 1.5 MW wind turbine is slight. With the increasing size and flexibility of the
wind turbine blade, the difference in tip flapwise deformation between them gets bigger.
The deformation of the NREL 5 MW blade predicted by the linear BEMT-LBT model is
0.78 m larger than that predicted by the nonlinear BEMT-GEBT model. The predictions of
the DTU 10 MW blade have a difference of 1.66 m. It can be predicted that as the blade
becomes longer, the difference between the two model calculations will further increase.
For the ultra-long blade, the blade is more flexible, and it is more accurate to use the GEBT
to establish the aeroelastic model for analysis.

4. Comparison between Upwind and Downwind Wind Turbines under Shear Wind
4.1. Description of Shear Wind

When wind turbines operate in the atmospheric boundary layer, both aerodynamic
performance and blade deformation are affected by the shear wind. Therefore, it is necessary
to study the coupling response of blades under the shear wind condition. There is an
atmospheric boundary layer at the height of 0~2000 m on the earth surface, and the wind
speed changes along the height H within this range. The variable wind speed can be
expressed as:

V(H) = Vhub(H/Hhub)
α (15)

where Vhub is the wind speed at hub height Hhub and α is the wind shear factor.
The DTU 10 MW upwind and downwind wind turbine blades are used in the example

calculation in this section. The diameter of the rotor is 178.3 m, so the difference between
the top and bottom of the rotor is obvious. The hub height is 120 m. When the wind speed
at the hub center is rated at a speed of 11.4 m/s, wind speed variations of different wind
shear factors from the rotor bottom to the rotor top are showed in Figure 5. The wind shear
factor is affected by terrain, roughness, temperature and season. Its value can usually range
from 0.1 to 0.5, so the wind shear factor is set as 0.1, 0.2, 0.3, 0.4 and 0.5 respectively. It is
found that the wind speed difference between the top and bottom of the rotor increases as
the wind shear factor increases. The wind speed difference at α = 0.5 reaches 9.37 m/s.

4.2. Comparison of Aerodynamic Performance

Figure 6 shows the normal force coefficient and tangential force coefficient at 80% sec-
tion of the blade when the wind shear factor ranges from 0.1 to 0.5. Under the condition
of shear wind, the blade aerodynamic coefficient fluctuates periodically with time, and
with increasing wind shear factor, the fluctuation range of the aerodynamic coefficient also
becomes significantly larger. The peak values of the normal force coefficient from 0.1 to
0.5 of wind shear factors are 0.194, 0.346, 0.489, 0.620 and 0.743, respectively. The peak
values of the tangential force coefficients from 0.1 to 0.5 are 0.052, 0.090, 0.126, 0.159 and
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0.191, respectively. The fluctuation range of the upwind wind turbine when the wind shear
factor is 0.3 is close to that of the downwind wind turbine when the wind shear factor is
0.2, indicating that the aerodynamic coefficient of the downwind wind turbine is more
significantly affected by the wind shear factor. Under the wind shear condition, the inflow
wind speed is exponentially distributed in height. The wind speed of the blade rotating
through different heights during the operation of the wind turbine is a periodic state, which
makes the downwind turbine bear the fatigue load. Therefore, the influence of wind shear
should be considered in the design process of ultra-long blades.
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Figure 7 shows the downwind axial thrust of a wind turbine with different wind
shear factors. The axial thrust of a downwind wind turbine fluctuates periodically with
time under wind shear. The fluctuation amplitude under different wind shear factors has
little difference and does not change with the change of wind shear factors. However, for
downwind turbines, the value of axial thrust decreases with the increase of wind shear
factor. The axial thrust value decreases noticeably, especially when the wind shear factors
are 0.1, 0.2 and 0.3. When the wind shear factor is large (α = 0.4, 0.5), the influence of
different wind shear factors on the downwind turbine thrust is not significant. The thrust
of an upwind wind turbine is significantly smaller than that of a downwind wind turbine
when the wind shear factor is 0.3. The range of fluctuation is also not much different. Under
the same wind shear factor of 0.3, the axial thrust of the downwind turbine has a maximum
value when that of the upwind turbine is minimum.
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Figure 8 shows the downwind aerodynamic torque of the wind turbine with different
wind shear factors. The aerodynamic torque of a downwind turbine fluctuates periodically
with time, and the fluctuation amplitude does not change with the change of wind shear
factor under wind shear, similar to the axial thrust. However, contrary to the axial thrust, the
aerodynamic torque of the downwind wind turbine increases gradually with the increase
of the wind shear factor. When the wind shear factor is 0.5, 0.4 and 0.3, the increase of the
aerodynamic torque value is more obvious, while when the wind shear factor is 0.2 and 0.1,
the aerodynamic torque value has little difference. The torque of an upwind wind turbine
is smaller than that of a downwind wind turbine when the wind shear factor is 0.3. It also
appears that the aerodynamic torque of the downwind turbine has a maximum value when
that of the upwind turbine is minimum under the same wind shear factor of 0.3.
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4.3. Comparison of Aeroelastic Responses

The blade aerodynamic load shows a periodic response with time under the shear wind
condition. The blade structural dynamic response is induced by the periodic aerodynamic
load, and then reacts against the aerodynamic load. The aeroelastic response occurs due to
the coupling effect of aerodynamic and structural loads. The blade root load is one of the
important parameters in downwind turbine design. Figure 1 shows the direction of blade
root loads of Fx, Fy, Mx and My.
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Figures 9 and 10 illustrate the blade root loads of the downwind and upwind wind
turbines at different wind shear factors. The frequency of load and bending moment equals
to the rotation frequency of the rotor, which is basically unchanged. It can be observed
that all the blade root loads undergo periodic changes with time under the shear wind
condition. Specifically, the upwind wind turbine’s blade root Fx is significantly higher than
that of the downwind wind turbine. In contrast, the fluctuation amplitudes of blade root
Fy at different wind shear factors remain almost constant. The fluctuation amplitude of
the blade root My, however, increases with the rise of the wind shear factor and attains
maximum and minimum values at the top and bottom of the rotor, respectively. Moreover,
the blade root My of the upwind wind turbine is greater than that of the downwind wind
turbine at the same wind shear factor of 0.3. Additionally, the fluctuation amplitudes
of Mx remain almost the same, similar to that of Fy. Furthermore, it was observed that
the blade root ultimate aerodynamic thrust Fx and the blade root flapwise moment My
decreased consistently in the downwind configuration. This decrease can be attributed to
the lower rotor swept area that reduces the thrust and the centrifugal forces that counteract
the aerodynamic thrust to decrease the flap moment of the coned rotor blades.
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Figure 9. Blade root loads Fx and Fy at different wind shear factors (α = 0.1, α = 0.2, α = 0.3, α = 0.4
and α = 0.5 are for the downwind blade). (a) Fx. (b) Fy.
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Figure 10. Blade root bending moments Mx and My at different wind shear factors. (a) Mx. (b) My.

In Figure 11, the blade tip flapwise deformation and edgewise deformation under
different wind shear factors are presented. It can be seen that both the flap deformation
at the blade tip and the blade deformation change periodically with time under the effect
of wind shear. Both the blade tip flapwise and edgewise deformations exhibit periodic
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changes with time due to the wind shear. As the wind shear factor increases, the fluctuation
amplitude of flapwise deformation becomes more pronounced, which corresponds to a
significant change in flapwise moment. The maximum blade tip deformation occurs at
α = 0.5 and reaches 6.48 m, while the minimum blade tip deformation occurs at α = 0.1
and is 5.46 m. The downwind blade tip deformation is about 2 m smaller than that of the
upwind blade tip deformation at the same wind shear factor of 0.3. This difference can be
attributed to lower aerodynamic thrust and lower flapwise moment experienced by the
downwind turbine compared to the upwind turbine.
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Figure 11. The flapwise and edgewise deformation at different wind shear factors. (a) Blade tip
flapwise deformation. (b) Blade tip edgewise deformation.

5. Conclusions

This study has investigated the aeroelastic responses of Wind PACT 1.5 MW, NREL
5 MW and DTU 10 MW wind turbine blades under steady wind condition by using
both linear and nonlinear aeroelastic models. The results have shown that for blades
of a Wind PACT 1.5 MW wind turbine or smaller, there is no significant difference in
dynamic responses calculated by the two aeroelastic models. However, for the ultra-long
blades of the NREL 5 MW and DTU 10 MW wind turbines, the linear aeroelastic model
overestimates their deformations, and it is more accurate to predict the aeroelastic response
by the nonlinear aeroelastic model.

It can be concluded that the downwind wind turbine exhibits more fluctuation in the
aerodynamic force coefficient compared to the upwind wind turbine. Additionally, the
axial thrust and aerodynamic torque of the upwind wind turbine are significantly greater
than those of the downwind wind turbine. Furthermore, the fluctuation amplitude of the
force coefficient and torque of the downwind turbine increase with increasing wind shear
factor, while the axial thrust decreases.

The aeroelastic response of 10 MW upwind and downwind wind turbine blades was
also simulated and compared under shear wind conditions using the nonlinear aeroelastic
model. The results have shown that the blade root thrust and flapwise moment, and the
blade tip flapwise deformation of the downwind wind turbine blade, are all significantly
smaller than those of the upwind wind turbine blade. Additionally, the fluctuation am-
plitude of the load and deformation increase with the increase of wind shear factor. This
suggests that the downwind configuration has the potential to provide significant benefits
in terms of load reduction and weight reduction for super-scale wind turbines, making it
an attractive option for the broader wind energy industry.
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Nomenclature

a axial induced factor
a′ tangential induced factor
ϕ inflow angle (◦)
σ local solidity
Cn force coefficient normal to the rotor disc
Ct force coefficient tangential to the rotor disc
Fw correction factor
B number of blade
R radius of the rotor (m)
r radial position of the local blade element (m)
Rhub radius of the hub (m)
ψ azimuth Angle (◦)
χ skewed angle of the wake (◦)
γ yaw angle of the incoming flow (◦)
h linear momentum in the inertial coordinate system (N·m)
g angular momentum in the inertial coordinate system (N·m)
F resultant force on the section of the beam (N)
M Resultant moment on the section of the beam (N·m)
f distributed forces on the beam structure (N)
m distributed moments on the beam structure (N·m)
u one-dimensional displacement of a point on the datum line
x0 displacement of a point under the beam reference line
q the array of elements
N shape function matrix
ˆ column matrix of value at node
ûk kth node value
hk(ξ) p-order polynomial Lagrangian interpolation shape function of node k
H Height (m)
V(H) wind speed at height H (m/s)
Vhub wind speed at hub height Hhub (m/s)
α wind shear factor
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