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Abstract: In order to develop super-large wind turbines, new concepts, such as downwind load-
alignment, are required. Additionally, segmented blade concepts are under investigation. As a simple
example, the coned rotor needs be investigated. In this paper, different conning configurations,
including special cones with three segments, are simulated and analyzed based on the DTU-10 MW
reference rotor. It was found that the different force distributions of upwind and downwind coned
configurations agreed well with the distributions of angle of attack, which were affected by the blade
tip position and the cone angle. With the upstream coning of the blade tip, the blade sections suffered
from stronger axial induction and a lower angle of attack. The downstream coning of the blade tip
led to reverse variations. The cone angle determined the velocity and force projecting process from
the axial to the normal direction, which also influenced the angle of attack and force, provided that
correct inflow velocity decomposition occurred.

Keywords: coned rotor; aerodynamics; wind turbine; computational fluid dynamics

1. Introduction

Wind turbines are increasing in size and rated power in order to meet the requirement
of wind energy development and further reduce the cost of energy (COE). Commercially
available wind turbines are reaching 15 MW and are expected to achieve a power levels of
20 MW with even larger rotor diameters. As the blade mass increases subcubically with the
blade length [1], the mass per blade would surpass 75,000 kg for a 20 MW wind turbine [2],
which will give rise to difficulties in the design and construction of such systems. Adopting
carbon fiber laminates in the major load-carrying region, such as the cap, can reduce the
blade mass. Smart blades with advanced control strategies, together with add-ons, such
as moving trailing edge flaps, can reduce the load and cost [3]. However, the utilization
of advanced materials and the smart control techniques is constrained by cost [2]. Blade
structure optimization [4–6] can also reduce blade mass. An optimization study on a 5 MW
wind turbine rotor [6] found that the blade-tower clearance impedes the further reduction
of blade mass, which implies the importance of coned, tilted, and prebending rotors. These
ideas are not new, and have already been commercially applied. The coned rotor can
reduce the static and dynamic loads [7], which will greatly reduce the blade weight and
cost. Prebending blades are manufactured with their stacking lines flexed toward the wind.
Compared with coned and tilted rotors, prebending blades can be mounted on the nacelle
without the need to modify the design of the latter.

Based on the ultralight, load-aligned rotor concept, a downwind design by Loth et al. [2,8]
was proposed to orient the resultant force of blades along the span-wise direction. Their
blades are mostly under a tensional force and suffer fewer bending moments than tradi-
tional blades. Additionally, downwind rotors have a larger tower clearance. Therefore,
this load-aligned downwind design will get rid of the rotor-tower clearance constraint and
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make the full use of the material strength, which allows more flexible and lighter blades
to be manufactured. It was found that a two-bladed rotor following this concept leads
to a mass saving around 27%, based on a 13.2 MW reference rotor [9,10]. Qin et al. [11]
upscaled the load-aligned design from 13.2 MW to 25 MW. Additionally, segmented blades
and outboard pitching ideas were discussed as a means of overcoming the increased edge-
wise loads of load-alignment. Wanke et al. [12] compared a 2.1 MW three-bladed upwind
turbine with the downwind counterparts. It was concluded that downwind configurations
have no clear advantage over the original upwind design. This conclusion was made on
the condition that downwind rotors are not specially redesigned for downwind conditions;
redesigns may yield different results. Bortolotti et al. [13] compared 10 MW upwind and
downwind three-bladed rotors, with and without active cone control. They found that
downwind designs, despite having reduced cantilever loadings, did not show obvious
advantages over upwind designs. Ning and Petch [14] published an integrated design of
5–7 MW downwind turbines and compared it with its upwind counterparts. It was found
that 25–30% of the rotor mass could be reduced at Class III wind sites. The overall cost of
energy was reduced by only 1–2%, because the benefits of a reduced rotor mass are offset
by a larger tower mass, required to maintain the overhang of the mass center in downwind
configurations. They noted the potential to reduce the cost of energy by using downwind
rotors, but also acknowledged that more studies are needed. In short, discussions on the
downwind and load-alignment concepts are ongoing, and the shift to downwind designs
will require more studies.

Inspired by the above studies on load-aligned or downwind concepts, the present
paper puts forward a conceptual design, as shown in Figure 1. This concept actively cones
the blade tip rather than the whole blade. When wind velocity increases from cut-in speed
to rated speed, the blade tip cones further downwind to make the outer part of blade
actively load-aligned. However, the inner part of blade is prebended to a fixed load-aligned
shape and is fixed to the hub. The maximum thrust of the rotor normally appears near
the rated power condition. This new concept can reduce the blade root flapwise bending
moments with the alliance of a fixed load-aligned part and an actively load-aligned part.
When the wind speed approaches the cut-off speed, the thrust force gradually decreases.
Meanwhile, the rotor has a constant rotational speed and a constant centrifugal force, so
that the blade tip can cone upwind slightly to meet the new load-aligned condition. Under
extreme wind conditions such as typhoons, the blade tip will fold and pitch to a feathered
state. This active tip-conning process consumes less energy than the original load-aligned
concept [9,10] which cones the whole blade, and may consume a non-negligible amount
of power [13]. Additionally, the new concept has a mass center closer to the tower which
introduces smaller tower base moments than the original load-aligned concept; this is
especially beneficial under very strong winds. Last but not least, the downwind concepts
can extend the cut-off wind speed to a larger value (for example 30 m/s), as they have a
larger tower-blade clearance compared to the upwind configuration.
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The present paper mainly focuses on the aerodynamic aspects related to these designs.
In [9–14], although different simulation tools were utilized, the aerodynamic computations
were all based on Blade Element Momentum (BEM) theory. However, classical BEM
theory is not suitable for coned rotors, especially with a large cone angle. Mikkelsen
et al. [15] applied the traditional BEM method to a coned rotor. It was found that obvious
errors appeared, even if a proper decomposition of the inflow velocity on coned blades
was made. The inapplicability of the classical BEM method was also noted by Madsen
et al. [16] and Crawford et al. [7,17]. Crawford corrected the BEM method by applying
a vortex method as well as the proper decomposition of the inflow velocity in the rotor
plan [17]. The conclusions in the above studies [9–14] contain strong uncertainties due to
the application of classical BEM to coned rotors. So, it is of vital importance to accurately
compare the aerodynamic characteristics of these designs, which is the foundation of all
of these concepts. Nevertheless, aerodynamic research on coned, tilted and prebended
rotors is very limited. Notably, computational fluid dynamics (CFD) methods with three
dimensional (3D) body-fitted meshes are scarce. Actuator disc (AD) CFD methods are one
of the commonly used numerical methodologies. Madsen and Rasmussen [18] compared
four downwind rotors utilizing the AD CFD method, and found that the span-wise axial
induction distributions and power coefficient were obviously influenced by the out of plane
bending. With the help AD CFD, Mikkelsen et al. [15] also found a similar influence of
coning on inducted velocities. It was also found that the upwind conning had a 2–3% higher
power coefficient than the downwind configuration. However, AD-based methods are
inherently coupled with BEM, which has some limitations. Winglets can be seen as partially
coned blades. Farhan et al. [19] utilized a 3D CFD method to analyze the effect of winglets,
observing that their influence extended to 30% of the radial sections. The phenomenon
whereby the uncurved part of the blade was influenced by the deformed part was also
observed in the study [18]. The Vortex Method (VM) can also be adopted to analyze such
rotors. Chattot [20] utilized the VM method to investigate the influence of different blade tip
configurations such as sweep, bending and winglets, and found that the whole blade was
influenced by the curved part. Additionally, it was found that upwind prebending yielded
increased power compared to the downwind configuration, which agreed with research
presented in [15,18,19]. Further study is needed to understand the nonlinear behavior
related to blade bending, as noted by Chattot [20]. Shen et al. [21] utilized the VM method to
optimize rotor blades and found that the bended blade tip had an aerodynamic influence on
the whole blade, and that this could not be accounted for using the traditional BEM method.
Lastly, wind tunnel experiments could be conducted to explore these rotor concepts [22–24].
Due to their complexity, experiments to date have only investigated overall performance,
such as thrust and torque, rather than span-wise force distribution. Therefore, dedicated
CFD simulations are indispensable, especially on full-scale wind turbine rotors with 3D
body-fitted meshes. Prebending has a continuously changing slope or cone angle, so it
is hard to quantify its effects. Conning is the basis of prebending, and conning designs
are suitable for parametric studies. In a previously published paper [25], the authors
simulated different up/downwind conning and presented a preliminary aerodynamic
analysis. The present paper will analyze the aerodynamic performance of different conning
effects, such as inflow velocity decomposition and angle of attack analysis. Additionally,
this paper will cover novel cones with three segments, which is a simplification and
standardization of the new concepts shown in Figure 1.

The paper is organized as follows. In Section 2, the configurations of the cones and the
employed numerical methods are presented. Results and discussions are given in Section 3.
Finally, conclusions are drawn in Section 4.

2. Modeling and Methods
2.1. Modelling of Different Cone Configurations

In order to analyze the aerodynamic performance of the load-aligned concepts, differ-
ent conning configurations were designed, as shown in Figures 2 and 3. These configura-
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tions are transformed from the DTU-10-MW Reference Wind Turbine (RWT) [26,27] rotor,
which is referred to as the baseline rotor, according to Equations (1) and (2). To focus on
the effects of coning, a DTU-10-MW RWT without cone, tilt, prebend, nacelle or hub was
used. At radial position r, coned configurations had their blade stacking lines translated
out of the rotor plane with a displacement of Zcone.

Zcone =

{
0, r ≤ TtransR

(r/R− Ttrans)R/Ccone, r > TtransR
(1)

where R is the rotor radius, Ttrans is the relative radial position where cone starts, and
Ccone controls the slope of the stacking line. As shown in Figure 2a, Ttrans = 5/R means
cone starting at 5 m, and Ttrans = 1/3 means cone starting at R/3. The cone angles are
controlled by Ccone. When Ccone = ±4, ±8, the rotors have cone angles of ±14.0362◦,
±7.1250◦, respectively. A larger |Ccone| produces a smaller cone angle, and a positive Zcone
makes a downwind cone. As shown in Figure 2b, several special coning configurations are
shown, which are further coned at 2R/3. These special cone designs have an out of plane
displacement of Zcone, as defined by Equation (2).

Zcone =


0, r ≤ TtransR

(r/R− Ttrans)R/Ccone, TtransR < r < 2R/3
(2/3− Ttrans)R/Ccone, r ≥ 2R/3, for S0

(4/3− Ttrans − r/R)R/Ccone, r ≥ 2R/3, for S1
(2r/R− Ttrans − 2/3)R/Ccone, r ≥ 2R/3, for S2

(2)
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Figure 2. Conning configurations: (a) Ttrans = 5/R with Ccone = ±4, ±8 and Ttrans = 1/3 with Ccone = ±4; (b) special configurations 
abbreviated as C4S0, C4S1, C4S2, C4, C-4S0, C-4S1, C-4 S2 and C-4. 
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which have their blade tips farthest from the rotor plane. The symbol of S1 represents a 
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In the rest part of the paper, a name abbreviation rule is applied for Ttrans = 1/3
configurations. Ccone = ±4 and Ttrans = 1/3 are named as C4 and C-4, respectively. Symbols
S0, S1 and S2 are used to discriminate among the configurations at r > 2R/3. For example,
the case of Ccone = ±4 and Ttrans = 1/3 followed by S2 is abbreviated as C4S2 and C-4S2,
which have their blade tips farthest from the rotor plane. The symbol of S1 represents a
reverse blade tip cone, such that C4S1 has its blade tip pointing to the upwind direction of a
downwind cone at r < 2R/3. Lastly, the symbol S0 represents a zero cone angle at r > 2R/3.
In short, C4 stands for downwind and C-4 for upwind, and S0, S1 and S2 represent blade
tip configurations. For the sake of aerodynamic comparisons, all the configurations have
the same projected areas and the same distribution of airfoil thickness, chord and twist.
The shapes of different configurations are depicted in Figure 3, with the wind flow from
the negative Z to the positive Z.

2.2. Mesh Structure and CFD Method

The baseline rotor has been studied elsewhere [26–28]; past studies provided refer-
ences for the mesh configuration applied here. The mesh employed a commonly used
O-O configuration with the surface mesh on one blade containing 256 points in the airfoil
circumferential direction and 128 points in the span-wise direction. The volume mesh was
expanded from the surface mesh to the far-field boundary (approximately 17R away) with
128 cells along the normal direction. To meet the computational requirement of Y + <2, the
first cell height was 2× 10−6 m. Finally, the grid was constructed with 432 blocks which
contained 14.16 million structural cells in total. A similar mesh configuration is accurate
enough to simulate the aerodynamic performance of the DTU 10 MW RWT rotor [26,28]
which can be found on the DTU 10 MW RWT project website [27]. Such mesh settings
were used for all the coned configurations in the present paper. The blade surface mesh of
C4S1 is shown in Figure 4a, and the mesh distributions on two cross-sections are illustrated
in Figure 4b,c.
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Figure 4. Mesh around the blades: (a) blade surface mesh; (b) mesh on a section away from the
near-blade blocks; (c) mesh on an airfoil cross-section in the near-blade region.

The flow state is treated as incompressible, and the turbulence flow is fully developed.
The flow-field was solved by the Reynolds-Averaged Navier-Stokes (RANS) equations
with the k−ω SST turbulence model [29]. The SIMPLE algorithm was utilized to couple
the pressure and velocity equations. EllipSys3D, developed by the Technical University of
Denmark and widely validated over the past 20 years, was used as the CFD solver. Detailed
descriptions of the solver can be found in [26,30]. Additionally, detailed boundary condition
descriptions and baseline rotor validation can be found in a previous publication [25],
where the same numerical methods were adopted. At a wind speed of 12 m/s, few force
differences appeared between steady and unsteady simulations in the root region (r < R/3)
where flow separations and 3D rotational augmentations were expected [28]. The forces
along the outer part of blade remained identical. In this paper, steady CFD simulations were
performed to investigate the influence of coning at a wind speed of 9 m/s, i.e., at which the
unsteady effects were negligible. The operational parameters of the baseline rotor, listed in
Table 1, were applied for all the coned configurations.
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Table 1. The operational parameters.

Wind Speed (m/s) Pitch (Degree) Rotational Speed (RPM)

9.000 0.000 7.229

3. Results and Discussions

In this section, the aerodynamic performance of the coned DTU 10 MW rotor, coning
at a blade position near the root (Ttrans = 5/R), is presented. In order to explain the physics
behind the coned rotor, the concept of angle of attack (AOA) on the rotor blade sections
was extended to include coned rotors. The results are discussed through the concept of
angle of attack.

3.1. Four Configurations of Coning Near the Root: Ttrans = 5/R and Ccone = ±4, ±8

3.1.1. Force Performances

Firstly, the overall aerodynamic performance of the configurations presented in
Figure 2a are compared. The two configurations of Ccone = ± 4 and Ttrans = 1/3 also
appear in Figure 2b, where they are abbreviated as C4S2 and C-4S2. These configurations
are not discussed here, and will be explored in Section 3.2. In Table 2, the thrust T and
torque Q of the other four configurations in Figure 2a are listed. As high torque and low
thrust are beneficial, the torque-to-thrust ratio (QT) was used to compare different conning
configurations. The relative variations of these parameters are denoted as δT, δQ and δQT;
for example, δT means

δ =
| T |cone − | T |straight

| T |straight
× 100% (3)

Table 2. Thrust and torque of different configurations (Ttrans = 5/R).

Straight Ccone = 8 Ccone = −8 Ccone = 4 Ccone = −4

T(KN)
δT

1046.06 1057.24 1025.85 1060.77 998.63
0.00% 1.07% −1.93% 1.41% −4.53%

Q(KNm)
δQ

7283.11 7254.96 7268.08 7195.15 7205.48
0.00% −0.39% −0.21% −1.21% −1.07%

QT(m)
δQT

6.96 6.86 7.08 6.78 7.22
0.00% −1.44% 1.76% −2.58% 3.63%

The most upwind-coned configuration Ccone = −4 gives the lowest thrust, i.e., 4.53%
lower than that of the baseline without coning. Although Ccone = −4 reduces the torque
by 1.07% compared with the baseline, it has the highest QT due to the obvious decline of
thrust. The downwind counterpart Ccone = 4 produces the highest T, lowest Q, and lowest
QT, which is unfavorable. Among the pair of Ccone = ±8, the upwind configuration also
has a smaller T, a higher Q and a higher QT than the downwind counterpart.

To understand the overall performance differences shown in Table 2, the tangential
and axial force per unit span length is shown in Figure 5. The axial force Fz is parallel to
the rotor axis, and the tangential force Ft is perpendicular to Fz. The aforementioned forces
are the summation of all the three blades. Near the blade tip, the upwind configurations
had a larger Ft and Fz than the downwind counterparts. For example, the Ft and Fz curves
of Ccone = −4 were higher than those of Ccone = 4. Towards the blade root, the situation
reversed, i.e., the upwind configurations had a lower Ft and Fz. For the distribution of
Ft, the upwind and downwind counterparts had an almost reversed Ft distribution of the
baseline rotor with straight blades. The upwind configurations had a higher Ft near the
blade tip, which is more beneficial to an increase of torque. As a result, the torque of Ccone
= −4 and −8 was slightly higher than Ccone = 4 and 8, as listed in Table 2. However, all four
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coned configurations had a smaller torque than the baseline. For the distribution of Fz, the
baseline did not lie in the middle of an up/downwind pair, especially toward the blade tip.
Although upwind lines gradually surpassed their downwind counterparts and approached
the baseline near the blade tip, they barely went above the baseline. The largest upwind
cone Ccone = −4 showed the overall lowest Fz, which was consistent with the results shown
in Table 2. It is difficult to understand why the force distribution behaved like this, so more
analyses are needed.
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Figure 5. Force distributions along radial direction: (a) tangential force; (b) axial force.

3.1.2. Flow Field Analysis

Analyzing the flow field around a wind turbine, such as inflow velocity and angle of
attack (AOA), may help to understand the force distributions mentioned above. The inflow
velocity decomposition for the upwind and downwind coned rotors is illustrated in Figure
6. This decomposition was made in the YZ plane, which contained the rotor axis and the
pitch axis of a blade. The unit vectors z, r, s and n were along the axial, radial, span-wise
and normal directions, respectively. At a far upstream position, the axial velocity was V0,
the normal velocity component was V0cosβ, and the radial velocity was zero. Towards the
rotor, the axial and normal velocity decreased and the radial velocity increased. Arriving at
the rotor, the axial and normal velocity was reduced to V0-Wz, V0cosβ-Wn, and the radial
velocity increased to Vr. Here, Wz is the axial induction velocity at the aerodynamic center
(AC) and Wn is the normal induction velocity at AC.
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Figure 6. Inflow velocity decomposition for an upwind and a downwind coned rotor.

Due to the presence of Vr, the resultant velocity Vinflow in the YZ plane was not
horizontal and did not equal to V0-Wz, as shown in Figure 6. The velocity decomposition
was different for the upwind and downwind coned configurations. For an upwind cone
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configuration, projecting the resultant velocity Vinflow to the normal component was
different to that on a downwind counterpart, as the projection angle γ was different.
However, the radial velocity component is omitted in the traditional BEM method because
there is no equation to describe the radial flow. Then, it was assumed that the inflow
velocity Vinflow would be along the axial direction and would be equal to V0-Wz. When
projecting the inflow velocity Vinflow to the normal component, the projection angle γ
equaled the cone angle β. Thus, the upwind and downwind pair had the same value of
cosβ, Fn and Fz. In short, the traditional BEM methods cannot distinguish the upwind and
downwind coning, which is clearly in contrast with reality.

Another way to analyze the flow is to use the concept of angle of attack, which
is conducted on the planes perpendicular to the blade spanwise direction. At present,
difficulties or uncertainties remain in the extraction of AOA from 3D CFD simulations or
experiments, which is different from that in the 2D situations. There are different kinds of
methods to extract AOA from CFD data, which are thoroughly discussed and compared
in [31,32]. Most methods predicted similar AOA at midspan, but it should be kept in
mind that the results near the blade root and tip varied from one method to another. The
Average Azimuthal Technique (AAT) [31–33], proposed by Hansen et al. [33], was used
in the present paper. At a given rotor radius, AAT extracts the inflow velocity on two
circles which are just upstream and downstream of the rotor, as shown in Figure 7a. The
number of points on a circle is 72 in the present study. AAT estimates the velocity at AC by
averaging the up- and down- stream data, and then calculates AOA using Equation (4).
However, Equation (4) is only applicable for straight blades without cones. A general form
of AOA, which is suitable for coned rotor analyses, is Equation (5).

αz= tan−1(
Vz
Vt

)− θ = tan−1(
V0 −Wz

Vt
)− θ (4)

αn= tan−1(
Vn
Vt

)− θ = tan−1(
V0 cos β−Wn

Vt
)− θ (5)

where Vz is the estimated axial velocity at AC, Vn is the estimated normal-wise velocity
at AC, Vt is the estimated tangential velocity at AC, and θ is the local pitch angle. When
applied to straight blades without a cone, Equation (5) is reduced to Equation (4), because
Vn becomes Vz. As most studies available on AOA extraction are for straight blades
without coning, Equation (4) is commonly used. To extract AOA, the distance from AC to
the up-/down- stream annulus was set to one local chord length C, as shown in Figure 7b,
where the axial velocity in the YZ plane is also illustrated.
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The streamlines in the YZ plane of the two coned configurations are drawn in Figure 8,
where the axial velocity contour is also shown. The streamlines of the downwind coned
case in Figure 8b were more up-pointing than those of the upwind coned case in Figure 8a.
Especially near the blade tip, the upwind cone had a smaller projection angle γ and had
streamlines which were more perpendicular to the blade. When projecting the real inflow
velocity Vinflow in direction n, the upwind coned rotor had a smaller Vn value, even if with
the same Vinflow value. Therefore, it is more straight forward to analyze αn, which reveals
the inflow condition in the normal-wise Xn plane.
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To explore the mechanism behind the interesting force distributions shown in Figure 5,
the distribution of αz and αn are compared in Figure 9. It was found that the αz of an
upwind cone is always smaller than its downwind counterpart, which is not consistent
with the force distributions. Interestingly, the αn curve of the upwind cone intersected with
its downwind counterpart. Near the blade root, downwind configurations had a larger
αn than their upwind counterparts, which indicated larger thrust and tangential force.
Towards the blade tip, the downwind coning made the αn gradually decrease below that of
upwind cone, which was consistent with the force distribution. Additionally, as shown in
Figure 5, there was a phenomenon whereby an up/downwind pair had an almost reversed
Ft distribution relative to the baseline, but had a less symmetric distribution of Fz curves,
especially towards the tip. A reasonable explanation is given below. The upwind cone had



Appl. Sci. 2021, 11, 147 10 of 17

a slightly larger αn than the straight baseline toward the blade tip, and therefore, also had a
larger Fn, which is the normal force parallel to n, as shown in Figure 6. But the force Fz in
Figure 5b was along the axial direction, which has a relationship with Fn as follows:

Fz · dr = Fn · cos β · dr (6)

where the force along the span-wise direction is usually small and thus neglected. Although
Fn of the upwind coning was slightly larger than the baseline near the tip, after projecting
Fn to Fz, the Fz may have been smaller than the baseline, as shown in Figure 5. It is known
that a cone angle always leads to a cosβ which is smaller than one; however, there is no
projection process for the tangential force Ft. Therefore, the Ft curves of the upwind cone
shown in Figure 5 could be higher than the baseline curves, which follow the αn curves
more closely. Lastly, uncertainties still lie in the extraction of AOA, especially near the
blade tip [31,32], but it is clear that this provides a view to explain the force distribution
shown in Figure 5.
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To validate the extracted αn in Figure 9, streamlines and pressure plots around the
normal blade section at r = 77.59 m are shown in Figure 10. This slice was normal-
cutting, which was parallel to the normal-wise Xn plane. It was found that the three
airfoil sections were all in an attached flow condition. The αn of these three configurations
could be approximately compared by analyzing the slopes of the streamlines ahead of the
leading edge. As the slopes of the streamlines in Figure 10a–c only had minor differences,
representative streamlines near the stagnation point were extracted from Figure 10a–c
and compared in Figure 10d. It is shown that the upwind coning had a slightly larger αn
than the downwind counterpart, which was consistent with the findings shown Figure
9b; meanwhile, the straight baseline lies in the middle. Additionally, it was clear that
the upwind configuration had a lower pressure on the suction-side leading edge than
its downwind counterpart, which was in agreement with the larger force of the upwind
coning described in Figure 5.
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3.2. Special Coned Configurations: C4S0, C4S1, C4S2, C4, C-4S0, C-4S1, C-4 S2 and C-4

3.2.1. Overall Force Performance

Configuration C-4S2 gives the lowest thrust among the cases listed in Table 3, i.e.,
7.30% lower than the baseline rotor. C-4S2 had the largest blade tip offset among the
upwind configurations. Although C-4S2 reduced the torque by 1.96%, it still had the largest
torque-to-thrust ratio QT due to the large reduction of thrust. The downwind counterpart
C4S2 produced the lowest Q and the lowest QT, which was unfavorable. The upwind
configuration surpassed its downwind counterpart, as also revealed in the pairs of C4 and
C-4, C4S0 and C-4S0. For these pairs, the upwind coned rotors had a smaller T, a larger Q
and a higher QT than their downwind coned counterparts. However, for the pairs C4S1
and C-4S1, the downwind configuration C4S1 had a higher QT. Interestingly, the blade tip
of the downwind configuration C4S1 was pointing upwind, which may be the reason why
C4S1 had a higher QT. Lastly, it should also be noted that the radial velocity component is
omitted in the traditional BEM method. Therefore, the same results will be obtained for
an upwind configuration and its downwind counterpart, such as C4S2 and C-4S2, which
is clearly in contrast with reality. In Table 3, it may be seen that the thrust discrepancy
between C4S2 and C-4S2 reached nearly 8%. The torque discrepancy was approximately
5%. These results reveal that the inaccuracies of traditional BEM methods are not negligible,
making the conclusions from [9–14] in Section 1 disputable.

Table 3. Thrust and torque of different configurations.

Straight C4S2 C4 C4S0 C4S1 C-4S1 C-4S0 C-4 C-4S2

T(KN)
δT

1046.06 1051.37 1061.10 1054.99 1032.59 1040.55 1031.22 1005.89 969.73
0% 0.51% 1.44% 0.85% −1.29% −0.53% −1.42% −3.84% −7.30%

Q(KNm)
δQ

7283.11 7055.26 7197.34 7261.64 7254.33 7250.16 7280.18 7242.09 7140.14
0% −3.13% −1.18% −0.29% −0.40% −0.45% −0.04% −0.56% −1.96%

QT(m)
δQT

6.96 6.71 6.78 6.88 7.03 6.97 7.06 7.20 7.36
0% −3.62% −2.58% −1.14% 0.90% 0.07% 1.40% 3.41% 5.75%
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3.2.2. Distributed Force Performances

The axial force Fz and tangential force Ft per unit length are compared in Figure 11.
Figure 2b is redrawn in Figure 11a, where the upwind configurations are denoted by the
dashed lines and downwind by the dotted lines. Clearly, C4S0 and C-4S0 had the same
configuration as the straight baseline when r > 2R/3, or in other words, without coning.
As a result, the Ft and Fz curves of C4S0, C-4S0 and the straight baseline were very close.
In the same spanwise range, C4 and C-4S1 had the same cone angle, as did C-4 and C4S1.
Correspondingly, the same cone angle led to close Ft and Fz curves. The discrepancy
between the close curves increased towards r = 2R/3, because the coning point at r = 2R/3
distorted the nearby flow. In short, the same cone angle near the tip will lead to close
force distribution.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 13 of 18 
 

they had the same blade tip position as the straight baseline. This implies that the influ-
ence of the coned part on the straight part is mostly determined by the blade tip posi-
tion. Traditional BEM will predict the same force distribution again, or fail at r < R/3, 
even if all the configurations have a zero cone angle. 

 
  (a)                                        (b) 

 
(c)                                        (d)  

Figure 11. Comparison of special coning: (a) redrawn of special cone configurations; (b) tangential force; (c) axial force; 
(d) zoomed view of axial force. 

There are many interesting phenomena between the curves in Figure 11. Looking 
closely at group C4S2, C4, C4S0, and C4S1, the Ft and Fz curves (especially Ft lines) are 
nearly parallel with each other in the range of R/3 < r< 2R/3. The case C4S2 had the 
highest force curves, and C4, C4S0, and C4S1 had successively lower forces. Coincident-
ly, this was consistent with the successively upstream-moving of the tip positions from 
Z = 3Ztip to 2Ztip, Ztip and 0 m (Ztip = 7.4292 m). If the blade tip is located at a more up-
stream position, it will cause the blade sections to be further immersed in the wake, 
which will lead to a stronger axial induction velocity Wz, a smaller axial inflow velocity, 
and a lower αz and αn. The variation of αz and αn will be validated later in Section 3.2.3. 
In short, the upwind transformation of the blade tip is consistent with the successive 
reduction of the Fz and Ft curves. Focusing on the four counterparts, C-4S2, C-4, C-4S0, 
and C-4S1, the curves were nearly parallel and successively ascending with the down-
stream-moving of the blade tips. Transforming the blade tip into a further downstream 
position, the blade sections immerse less heavily into the tip vortex trace, leading to a 
smaller Wz and a higher αn. Additionally, the nearly parallel curves of C4S2, C4, C4S0, 
and C4S1 had different slopes compared with those of C-4S2, C-4, C-4S0, and C-4S1, and 
apparently different slopes compared with the baseline rotor. 

-25 -20 -15 -10 -5 0 5 10 15 20 25
Zcone / m

0

10

20

30

40

50

60

70

80

90

100

R
ot

or
 ra

di
us

 r 
(m

)

C-4 C-4S0 C-4S1 C4S1 C4 C4S2C-4S2 C4S0

0 10 20 30 40 50 60 70 80 90

Rotor radius r (m)

-100

0

100

200

300

400

500

600

700

800

900

C4S2
C4
C4S0
C4S1
Straight
C-4S1
C-4S0
C-4
C-4S2 65 70 75 80

550

600

650

700

0 10 20 30 40 50 60 70 80 90

Rotor radius r (m)

0

1000

2000

3000

4000

5000

6000

7000

C4S2
C4
C4S0
C4S1
Straight
C-4S1
C-4S0
C-4
C-4S2

18 20 22 24

1400

1600

1800

2000

40 45 50 55 60 65 70 75 80 85

Rotor radius r (m)

4000

4500

5000

5500

6000

6500

7000
C4S2
C4
C4S0
C4S1
Straight
C-4S1
C-4S0
C-4
C-4S2

70 75 80

6600

6800

7000
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(d) zoomed view of axial force.

When R/3 < r < 2R/3, the four configurations C4S2, C4, C4S0, C4S1 had the same
cone angle as shown in Figure 11a. Additionally, their counterparts C-4S2, C-4, C-4S0,
C-4S1 had the same cone angle as well. However, none of the Ft and Fz curves coincided,
even if the same cone angles existed, as shown in Figure 11b,c, which indicated that the
cone effect in this range was not solely controlled by the cone angle itself. Additionally,
traditional BEM methods will predict the same force distribution under the same cone
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angle, which implies that such an approach is not applicable here. When r < R/3, all the
cone configurations coincided with the straight baseline. However, only C4S1 and C-4S1
had close force distributions comparable to the straight baseline. The force distribution of
C ± 4S2, C ± 4 and C4 ± S0 varied from configuration to configuration. It was found that
C4S1 and C-4S1 were totally different cone configurations at r > R/3, but that they had the
same blade tip position as the straight baseline. This implies that the influence of the coned
part on the straight part is mostly determined by the blade tip position. Traditional BEM
will predict the same force distribution again, or fail at r < R/3, even if all the configurations
have a zero cone angle.

There are many interesting phenomena between the curves in Figure 11. Looking
closely at group C4S2, C4, C4S0, and C4S1, the Ft and Fz curves (especially Ft lines) are
nearly parallel with each other in the range of R/3 < r< 2R/3. The case C4S2 had the highest
force curves, and C4, C4S0, and C4S1 had successively lower forces. Coincidently, this was
consistent with the successively upstream-moving of the tip positions from Z = 3Ztip to
2Ztip, Ztip and 0 m (Ztip = 7.4292 m). If the blade tip is located at a more upstream position,
it will cause the blade sections to be further immersed in the wake, which will lead to a
stronger axial induction velocity Wz, a smaller axial inflow velocity, and a lower αz and
αn. The variation of αz and αn will be validated later in Section 3.2.3. In short, the upwind
transformation of the blade tip is consistent with the successive reduction of the Fz and Ft
curves. Focusing on the four counterparts, C-4S2, C-4, C-4S0, and C-4S1, the curves were
nearly parallel and successively ascending with the downstream-moving of the blade tips.
Transforming the blade tip into a further downstream position, the blade sections immerse
less heavily into the tip vortex trace, leading to a smaller Wz and a higher αn. Additionally,
the nearly parallel curves of C4S2, C4, C4S0, and C4S1 had different slopes compared with
those of C-4S2, C-4, C-4S0, and C-4S1, and apparently different slopes compared with the
baseline rotor.

3.2.3. Flow Field Analysis

To understand the force characteristics presented in Section 3.2.2, further flow field
analyses were carried out. Firstly, the streamline and the axial velocity contour in the
YZ plane of C ± 4S2, C ± 4S0, and C ± 4S1 are shown in Figure 12. In the range of
R/3 < r < 2R/3, the downwind cone C4S2 shown in Figure 12a had obviously lower
velocity in the near wake region than that of C-4S2 shown in Figure 12b. This revealed
that more energy was extracted by C4S2, which is consistent with the higher thrust force in
Figure 11. Additionally, the downwind C4S2 had slightly larger wake expansion, which
means a larger radial velocity. If the three figures on the left hand side are compared, the
wake deficit is weaker and weaker when the blade tip is successively moving upstream
from Figure 12a to Figure 12c,e. This means that the energy extracted by the rotor was
progressively smaller, which is in agreement with the successive decline in the Ft and Fz
curves in the range R/3 < r < 2R/3 in Figure 11. If the right hand side figures are compared,
the wake deficit becomes stronger when the blade tip transforms downstream. This also
confirms the successive increases in the Ft and Fz curves from C-4S2 to C-4S0 and then
C-4S1. In the range r > 2R/3, the streamlines of C4S1 and C4S2 were the most and the
least perpendicular streamlines w.r.t. to the blade, respectively, which led to the largest and
smallest Fn. But, as shown in Equation (6), the large cone angle β reduces the value of Fz,
which causes the Fz of C4S1 to barely surpass the baseline.

Utilizing the AAT AOA-extraction method introduced in Section 3.1.2, the αz and αn at
different radial positions are compared in Figure 13. In the range of r > 2R/3, the αz and αn
of C4S0 and C-4S0 nearly coincided with the straight baseline, which was consistent with
the close Ft and Fz curves, as shown in Figure 11. This was because the three configurations
were all without coning. What is more, C4 and C-4S1 had the same cone angle, which led
to close αn distributions. Similarly, C-4 and C4S1 also had close αn distributions. In the
range of R/3 < r < 2R/3, the four configurations, C4S2, C4, C4S0 and C4S1, had nearly
parallel αn curves. The αn line of C4S2 was the highest, and C4, C4S0 and C4S1 had
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successively lower curves, which matched the successive decreases of the Ft and Fz curves
in Figure 11. As discussed in Section 3.2.2, this was caused by the upstream movement
of the tip positions, which made caused the blade sections to be further immersed into
the wake, leading to decreases in αz and αn. In contrast, focusing on the group C-4S2, C-4,
C-4S0, and C-4S1, the αn curves successively ascended with the downstream movement of
the blade tips. In the range of r < R/3, C4S1 and C-4S1 had similar αz and αn distributions
to the straight baseline. This was because the three configurations had the same blade
tip position, although distinctly different cones appeared at r > R/3. Generally speaking,
the αn distributions matched the force distributions in Figure 11. It is clear that the αn
distributions can reveal the mechanism of force distributions on coned sections, even if
the blades are coned into three parts. Additionally, correctly commutating αn is of vital
importance for improving the traditional BEM method, although further discussion of this
is beyond the scope of this paper.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 14 of 18 
 

3.2.3. Flow Field Analysis 
To understand the force characteristics presented in Section 3.2.2, further flow field 

analyses were carried out. Firstly, the streamline and the axial velocity contour in the YZ 
plane of C ± 4S2, C ± 4S0, and C ± 4S1 are shown in Figure 12. In the range of R/3 < r < 
2R/3, the downwind cone C4S2 shown in Figure 12a had obviously lower velocity in the 
near wake region than that of C-4S2 shown in Figure 12b. This revealed that more ener-
gy was extracted by C4S2, which is consistent with the higher thrust force in Figure 11. 
Additionally, the downwind C4S2 had slightly larger wake expansion, which means a 
larger radial velocity. If the three figures on the left hand side are compared, the wake 
deficit is weaker and weaker when the blade tip is successively moving upstream from 
Figure 12a to Figure 12c,e. This means that the energy extracted by the rotor was pro-
gressively smaller, which is in agreement with the successive decline in the Ft and Fz 
curves in the range R/3 < r < 2R/3 in Figure 11. If the right hand side figures are com-
pared, the wake deficit becomes stronger when the blade tip transforms downstream. 
This also confirms the successive increases in the Ft and Fz curves from C-4S2 to C-4S0 
and then C-4S1. In the range r > 2R/3, the streamlines of C4S1 and C4S2 were the most 
and the least perpendicular streamlines w.r.t. to the blade, respectively, which led to the 
largest and smallest Fn. But, as shown in Equation (6), the large cone angle β reduces the 
value of Fz, which causes the Fz of C4S1 to barely surpass the baseline. 

  

(a) (b) 

  
(c) (d) 

Appl. Sci. 2021, 11, x FOR PEER REVIEW 15 of 18 
 

  
(e) (f) 

Figure 12. Streamline in the YZ plane with axial velocity contours: (a) C4S2; (b) C-4S2; (c) C4S0; (d) C-4S0; (e) C4S1; (f) 
C-4S1. 

Utilizing the AAT AOA-extraction method introduced in Section 3.1.2, the αz and αn 
at different radial positions are compared in Figure 13. In the range of r > 2R/3, the αz 
and αn of C4S0 and C-4S0 nearly coincided with the straight baseline, which was con-
sistent with the close Ft and Fz curves, as shown in Figure 11. This was because the three 
configurations were all without coning. What is more, C4 and C-4S1 had the same cone 
angle, which led to close αn distributions. Similarly, C-4 and C4S1 also had close αn dis-
tributions. In the range of R/3 < r < 2R/3, the four configurations, C4S2, C4, C4S0 and 
C4S1, had nearly parallel αn curves. The αn line of C4S2 was the highest, and C4, C4S0 
and C4S1 had successively lower curves, which matched the successive decreases of the 
Ft and Fz curves in Figure 11. As discussed in Section 3.2.2, this was caused by the up-
stream movement of the tip positions, which made caused the blade sections to be fur-
ther immersed into the wake, leading to decreases in αz and αn. In contrast, focusing on 
the group C-4S2, C-4, C-4S0, and C-4S1, the αn curves successively ascended with the 
downstream movement of the blade tips. In the range of r < R/3, C4S1 and C-4S1 had 
similar αz and αn distributions to the straight baseline. This was because the three con-
figurations had the same blade tip position, although distinctly different cones appeared 
at r > R/3. Generally speaking, the αn distributions matched the force distributions in 
Figure 11. It is clear that the αn distributions can reveal the mechanism of force distribu-
tions on coned sections, even if the blades are coned into three parts. Additionally, cor-
rectly commutating αn is of vital importance for improving the traditional BEM method, 
although further discussion of this is beyond the scope of this paper. 

  
(a) (b) 

Figure 13. Distributions of angle of attack: (a) αz; (b) αn. 

  

20 30 40 50 60 70 80 90

Radial position r / m

6

7

8

9

10

11 C4S2
C4
C4S0
C4S1
Straight
C-4S1
C-4S0
C-4
C-4S2

Figure 12. Streamline in the YZ plane with axial velocity contours: (a) C4S2; (b) C-4S2; (c) C4S0;
(d) C-4S0; (e) C4S1; (f) C-4S1.



Appl. Sci. 2021, 11, 147 15 of 17

Appl. Sci. 2021, 11, x FOR PEER REVIEW 15 of 18 
 

  
(e) (f) 

Figure 12. Streamline in the YZ plane with axial velocity contours: (a) C4S2; (b) C-4S2; (c) C4S0; (d) C-4S0; (e) C4S1; (f) 
C-4S1. 

Utilizing the AAT AOA-extraction method introduced in Section 3.1.2, the αz and αn 
at different radial positions are compared in Figure 13. In the range of r > 2R/3, the αz 
and αn of C4S0 and C-4S0 nearly coincided with the straight baseline, which was con-
sistent with the close Ft and Fz curves, as shown in Figure 11. This was because the three 
configurations were all without coning. What is more, C4 and C-4S1 had the same cone 
angle, which led to close αn distributions. Similarly, C-4 and C4S1 also had close αn dis-
tributions. In the range of R/3 < r < 2R/3, the four configurations, C4S2, C4, C4S0 and 
C4S1, had nearly parallel αn curves. The αn line of C4S2 was the highest, and C4, C4S0 
and C4S1 had successively lower curves, which matched the successive decreases of the 
Ft and Fz curves in Figure 11. As discussed in Section 3.2.2, this was caused by the up-
stream movement of the tip positions, which made caused the blade sections to be fur-
ther immersed into the wake, leading to decreases in αz and αn. In contrast, focusing on 
the group C-4S2, C-4, C-4S0, and C-4S1, the αn curves successively ascended with the 
downstream movement of the blade tips. In the range of r < R/3, C4S1 and C-4S1 had 
similar αz and αn distributions to the straight baseline. This was because the three con-
figurations had the same blade tip position, although distinctly different cones appeared 
at r > R/3. Generally speaking, the αn distributions matched the force distributions in 
Figure 11. It is clear that the αn distributions can reveal the mechanism of force distribu-
tions on coned sections, even if the blades are coned into three parts. Additionally, cor-
rectly commutating αn is of vital importance for improving the traditional BEM method, 
although further discussion of this is beyond the scope of this paper. 

  
(a) (b) 

Figure 13. Distributions of angle of attack: (a) αz; (b) αn. 

  

20 30 40 50 60 70 80 90

Radial position r / m

6

7

8

9

10

11 C4S2
C4
C4S0
C4S1
Straight
C-4S1
C-4S0
C-4
C-4S2

Figure 13. Distributions of angle of attack: (a) αz; (b) αn.

4. Conclusions

In future designs of super-large wind turbines, the question of being upwind or
downwind will be an important one for the wind energy industry. The present paper put
forward a conceptual design consisting of an actively load-aligned blade tip and a fixed
load-aligned blade root. In order to evaluate the advantages and disadvantages of these
concepts, it is of vital importance to carefully select appropriate tools. Different conning
configurations, including special cones with three segments, were simulated and analyzed
based on a 10 MW reference rotor. The results provide knowledge regarding the complex
force distributions of these configurations, and could serve to improve the traditional BEM
on traditionally or specially coned rotors.

Up- and down- wind coning approaches yield different aerodynamic performance, e.g.,
in their total integrated loading, distributed force, and flow fields. The force distributions
and their differences may be explained by the concept of the angle of attack. It was found
that parameters which have the greatest influence on the angle of attack are the position
of blade tip and the cone angle. The blade tip position determines the induction velocity
contour, and subsequently, the inflow velocity at the blade sections. With the upstream
movement of the blade tip, blade sections away from the tip will be immersed more
heavily in the tip vortex trace. Then, the blade sections will suffer from stronger axial
induction, smaller axial inflow velocity, a lower angle of attack, and consequently, a lower
force distribution. The downstream movement of the blade tip has the opposite effect.
The cone angle determines the velocity and force projecting process from the axial to the
normal direction, which influences the thrust and tangential forces in the normal and axial
directions. The correct inflow velocity decomposition, which connects the axial and normal
directions, is indispensable. The same relative blade tip position and cone angle will result
in the same force; however, applying the same tip position or cone configuration alone
does not guarantee the same aerodynamic performance.

The aerodynamic performance discrepancy between an upwind cone and its down-
wind counterpart is significant. In the present study, the most upwind and downwind
cones had a thrust difference up to 8% and a torque difference of up to 5%. Nevertheless,
the traditional BEM method could not differentiate an upwind cone from its downwind
counterpart under the same chord, twist and airfoil distributions. Many studies on load-
aligned concepts or comparing upwind/downwind designs have utilized tools based
on traditional BEM, which arguably makes their conclusions disputable. A correction
to the traditional BEM method must be made before it can be used to assess new cone
concepts. Such an improved BEM should consider the influence of blade tip position and
cone angle, and adopt the corrected inflow velocity decomposition. To date, debate over
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up- or down-wind coning is ongoing. The design and optimization of super-large coned
rotors still has a long way to go.
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