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While there is continued demand for larger wind turbines with cheaper cost of energy, conventional
upwind blade design may be reaching a size limit stemming from blade failure at extreme wind conditions. For turbines rated above 10 MW, decreasing the structural loads to more manageable levels may
be achieved by better aligning the forces along the rotor blade to reduce ultimate bending moments and
fatigue loadings. To achieve such moment reduction, a downwind conﬁguration with a coning angle
prescribed to allow load alignment for critical conditions could be used. Such a conﬁguration also increases the rated clearance distance between the rotor and the tower since wind loads push the blades
further from the tower. This concept is explored herein for a 13.2 MW rated downwind design compared
to a conventional upwind three-bladed rotor design that uses the Sandia SNL100-02 blades. The simulation results show in Class IIB winds that the two-bladed downwind pre-aligned rotor with 15 coning,
decreases the blade damage equivalent loads by 19.0%, and decreases rotor blade mass by 27.4%,
compared with the unmodiﬁed conventional upwind three-bladed rotor. However, further design
optimization is needed to ensure annual energy production is preserved with this concept.
© 2017 Published by Elsevier Ltd.
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1. Introduction
Modern wind turbines, over the last several decades, have
grown signiﬁcantly in size and power generation. To illustrate this
point, an average turbine in 1980 produced 55 kW of power and
had a rotor diameter of 15 m [20e22,25]. In 2014, MHI Vestas
installed a functional prototype of an 8 MW wind turbine with a
rotor diameter of 164 m. This chronological increase in size helps
achieve utility-scale energy production and helps reach higher and
more consistent wind speeds by having hub heights higher in the
atmosphere. Both of these attributes can help lower the cost of
energy [6,28].
However, increasing rotor size beyond 10 MW is challenging
with the conventional upwind design. Turbine blades must be able
to withstand the immense stress from the applied loads [30]. This
includes gravity stresses which are not critical for turbines of
1e5 MW but become problematic for turbines of 10 MW or more,
i.e. for extreme-scale turbines. Additionally, blades must be sufﬁciently stiff that they cannot deﬂect downstream and cause a tower
strike [29]. To satisfy these two design constraints while attempting
to avoid large blade masses (that exacerbate gravity stresses),
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extreme-scale blades may be designed with large amounts of
expensive material, as opposed to relatively inexpensive ﬁberglass.
For example, Sandia National Labs, designed a series of 100 m long
blades for a 13.2 MW wind turbine to meet the design constraints
and standards, designated as the SNL-100-XX series [9]. The blade
series include a 103 ton version (all ﬁberglass composition denoted
the SNL-100-00) and a 53.5 ton version (carbon ﬁber reinforced
version denoted the SNL-100-02). Since wind turbine rotors are
estimated as 23% of the system's capital expenditure any reduction
of this cost would be a large reduction in total cost of energy [8].
Thus extreme-scale conventional upwind designs face steep challenges in terms of blade mass and/or blade materials.
Downwind wind turbines, which are turbines with the rotor
downstream of the tower, are a potential solution but are not a new
concept. The ﬁrst successful megawatt-size wind turbine, the
Smith-Putnam turbine, was developed in 1941 and used a downwind rotor [27]. Then lattice towers were widely used and blades
were not well designed. The loud noise caused by the aeroacoustic
interaction between the rotor blades and the tower wake was
problematic for downwind designs and not fully understood. Thus,
upwind rotors became the conventional and preferred design [4].
However, the current push to extreme-scales offers distinct advantages for downwind turbines over conventional upwind rotors.
First, the stiffness constraint is relaxed because bending due to
aerodynamic thrust forces are downwind and thus less likely to
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lead to a tower strike. Secondly, the blade stress constraint can be
lessened because the rotor blades can be load-aligned, Fig. 1,
reducing non-torque bending loads [11].
The ﬂapwise bending load is the highest on the blade and does
not include the azimuthal loads that are used for the power-based
torque. Instead, the ﬂapwise bending load results from the downwind and radial forces: gravitational, centrifugal, and thrust loads,
Fig. 1. The load-alignment coning angle (qc resulting in zero ﬂapwise bending load) is unfortunately not perfectly constant. It will
change due to wind speed variations, and as a function of azimuth
angle because of the gravity component (which are actually
worsened by extreme coning). Although the blade cannot at all
times be perfectly load-aligned, a carefully chosen coning angle can
allow the blade to be nearly load-aligned for much of the operating
conditions. This may drastically reduce the average ﬂapwise
bending load on the blade and thus may reduce the structural requirements for the blade to allow reduced blade-mass or reduced
carbon ﬁber reinforcement. Another advantage of the increased
coning is that it allows for signiﬁcant blade tower clearance, for all
ﬂow conditions and in the event of emergency stops.
This investigation compares the performance of different rotors
for a 13.2 MW wind turbine and the potential savings in rotor mass
associated with a pre-alignment design. One conventional, upwind,
3-bladed rotor was tested and compared with downwind 2-bladed
rotors with varying degrees of ﬁxed coning and blade length. A
choice of two blades on a downwind rotor is the most common
downwind conﬁguration. This aspect is leveraged herein to avoid
the complexities of blade structural/material redesign by simply
using slightly extended versions of the upwind blade for the
downwind blade to achieve rotor mass reduction. It should be
noted that further mass reduction is possible if the blades underwent a full structural/material redesign, and this is planned for
future studies.
To determine which level of pre-alignment is best for this rotor
to ensure reduced loads while retaining the rated power of
13.2 MW, various coning angles were considered over a wide range
differing wind conditions. This study investigates whether 2bladed downwind pre-aligned rotors compared with upwind 3-

Fig. 1. Extreme-scale turbines for a) the non-torque forces (centrifugal, gravitational &
thrust) on a conventional rotor blade, b) the non-torque forces on a downwind loadaligned rotor blade, c) the local force distribution on the SNL100-02 blade at rated
conditions.

bladed rotors in turbulent wind conditions, can be successful at
signiﬁcantly reducing rotor mass while meeting or even exceeding
key design constraints. Additionally, this investigation reveals the
performance tradeoffs between different 2-bladed downwind rotors, at speciﬁc wind conditions and when the performance is
averaged over the lifetime of the turbine. To the authors' knowledge, this is the ﬁrst comparison study between conventional and
pre-aligned extreme-scale rotors using power constraints and
physically realistic turbulent wind inﬂow conditions.
2. Methods
To investigate the advantages of a highly coned downwind twobladed rotor compared with a conventional upwind three-bladed
rotor for extreme-scale wind turbines, modiﬁcations were made
to SNL's 13.2 MW wind turbine and FASTv7 simulations were
conducted. FAST is a code developed by the National Renewable
Energy Laboratory (NREL) using blade element momentum theory
(BEM) to simulate a vast range of wind turbine designs [14]. The
baseline turbine used in this investigation was SNL's 13.2 MW
turbine, originally scaled from NREL's 5 MW baseline turbine [5].
The turbine was designed to use a 3-bladed upwind rotor, with
blades of length 100 m. This baseline rotor is named U3, for upwind
3-bladed rotor, and uses the SNL100-02 blade. This blade was
developed by SNL as a relatively light and practical composite blade
with a mass of 53.5 ton, with a max power coefﬁcient of 0.474 as
documented in the technical report by SNL [9].
Motivated by signiﬁcantly reducing rotor mass, the ﬁrst modiﬁcation to the rotor was to make it a downwind two-bladed rotor,
D2. This is done in FAST by changing the sign of the variables, over
hang (OverHang), shaft tilt (ShftTilt), center of mass for the nacelle
(NacCMxn) and coning angle (PreCone), as well as changing the
blade number (NumBl) from 3 to 2. A velocity deﬁcit and potential
ﬂow model was used for the tower shadow. After optimization, the
max power coefﬁcient (CP ¼ 0.455) was found to be located at a
rotational speed of 9.56 rpm and pitch of 1.8 (D2) instead of
7.36 rpm and a pitch of 0 (U3) documented by Qin et al. [21,22].
This increases the tip speed to roughly 100 m/s. This speed is near
the limit to which a blade should travel, considering compressibility effects and acoustic effects, but is reasonable for advanced
off-shore turbines [23]. To reach that rotational speed but keep the
generator speed constant the gearbox ratio was changed from 157.8
to 121. Similar adjustments were noted as necessary and have been
conducted by other investigators [17].
One additional adaption made to the D2 rotor was that ideal
teeter was turned on. Two bladed rotors have an asymmetrical
gyroscopic load not present in three bladed rotors [1]. This load can
add sufﬁcient damage to the rotor blades that meeting the design
constraint become unlikely. A teetered axis substantially reduces
this oscillatory load. Individual Pitch Control can be utilized to
alleviate the gyroscopic loads instead of a teetered axis [26].
Although, this was beyond the scope of this project.
In order to achieve load alignment in the simulation, the second
change to the rotor was to vary the value of coning angle (qc). Experiments and CFD have been used to validate the BEM model at
high coning angles, ﬁnding less than 1% CP variations between
methods at 20 coning angle [2] & [16]. Changing the coning angle
is done in FAST by changing the value of the variable, PreCone.
(Note that load alignment can also be achieved by using blades with
curvature or multiple blade hinges, although FASTv7 cannot
simulate these rotors). The generator torque constant for region 2
(VS_Rgn2K) was changed to 6 N-m/(rad/s)^2, and the gear box ratio
was changed from 157 to 121, based on methodology outlined by
Resor et al. [23]. Due to both the decrease of solidity from the
reduction of a blade, and the decrease of swept area as qc increases,
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there was an anticipated loss of power generation (P) for the D2
rotor. To eliminate this loss of P, the D2L rotor was designed. The
blades of the D2L rotor were linearly stretched until
P ¼ 13.15 MW at steady rated wind speed of 11.3 m/s, for a given qc.
All local blade properties (properties at equivalent r/R) including
linear density, linear stiffness, airfoil proﬁle and its chord length,
were held constant as the blade was stretched by 2.7 me12.3 m
(the rotors with greater coning angles received a larger blade length
increase as seen in Fig. 3a). A 10% stretched blade using this method
would have 10% more mass as well, since local linear density was
unchanged. This method of linear blade stretching has been conducted previously [15].
Simulations comparing the performance of different rotors were
conducted. All rotors have a rated wind speed (V∞) of 11.3 m/s. Each
simulation ran for 16 min of simulated real time using turbulent
wind proﬁle generated by TurbSim. The ﬁrst 6 min of startup
transience were discarded. The FAST outputs monitored were
generator power, the root ﬂapwise (normal to chord line at 0 pitch,
coordinate system does not follow pitch) bending moment of
blades, and the fore-aft tower bending moment. Statistical analysis
was conducted on the outputs to report the mean generator power
(P), root ﬂapwise bending moment (Mb), and Damage Equivalent
Loading (DEL). The DEL for a single blade is calculated from Mb,
using MLIFE [10]. MLIFE is a script designed to calculate short term
and long term damage from time series inputs using a rainﬂow
counting algorithm. The DEL offers the amplitude of a 1 Hz, zero
mean, sinusoidal signal that would result in the same damage.
Simulations were conducted in turbulent wind ﬁelds, with
mean hub height velocities ranging between 2.825 m/s (25% of the
rated velocity) to 22.6 m/s (200% of the rated velocity). Parameters
for deﬁning wind speed follow IEC Class II wind (an average wind
speed of 8.5 m/s). The 25  25 grid sized turbulent wind ﬁelds were
generated using TurbSim, a script designed to generate numerically
random turbulent wind proﬁles [13]. Meshes of similar or coarser
sizes have been frequently used in the literature [7,24] although
mesh sensitivity would be an interesting separate study. The turbulent model used was Kaimal, and the intensity was set to “B”
(medium turbulent intensity). For each combination of wind velocity (V∞) and coning angle (qc) investigated, twelve different
turbulent wind ﬁelds of 16 min duration were generated using
different random seed values.
Finally, to compare the driving metrics of damage and power
production, all the turbulent wind cases were synthesized using a
Weibull distribution to represent the Probability Distribution
Function (PDF) of wind speed over a year. In particular, a Weibull
distribution with shape factor of 2 and scaling factor of 9.59 m/s
was used to model the wind speed PDF in accordance with IEC wind
turbine subjected to Class IIB winds [3]. The velocity-weighted
average based on this PDF was then used to calculate annual energy production (AEP) and Lifetime Damage Equivalent Load
(LDEL).
3. Results
The baseline response of the turbine for both the U3 and D2
(100 m blade, unlengthened) rotors was ﬁrst investigated at steady
rated wind (V∞ ¼ 11.3 m/s with no turbulence) for a 16-min
simulation is shown in Fig. 2a. In this simpliﬁed condition, the
wind has no shear, veer or unsteady component and the downwind
rotor employs no additional coning for load-alignment, qc ¼ 2.5
(downwind). Fig. 2b shows the power produced by the generator.
The controller requires a small amount of time to settle, with all
instabilities eliminated within 100 s. For consistency with the
forthcoming turbulence cases, only data after 6 min is used for
processing. The average power (P) generated from the D2 rotor is
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Fig. 2. Baseline turbine response: a) steady wind ﬁeld with a characteristic wind speed
of 11.3 m/s, b) time series of generator power produced for both a conventional 3bladed rotor and a downwind 2-bladed rotor and c) root ﬂap bending moment
versus azimuth angle for both rotors.

Fig. 3. a) Required blade length to meet rated power constraints used to deﬁne the
D2L rotor, b) rated power for all rotors and c) the total rotor mass for all rotors. Note
that the blue dot represents the U3 rotor, with upwind coning of 2.5 , in all plots.

lower than the U3 rotor by 3.94%. This drop is due to the decrease in
solidity between the 3-bladed and 2-bladed rotors (both design use
the same blade), and an aerodynamic blade redesign for 2-bladed
rotor could help to solve the power reduction issue. Fig. 2c shows
the root ﬂap bending moment of blade 1 plotted against azimuth
angle (j) for a single rotation. The D2 rotor has higher average
blade root Mb (53.5 MN m) than comparable U3 rotor (43.2 MN m)
The higher moment for the D2 rotor is due to the rotor loads being
distributed onto one less blade. There is a 33% savings in blade mass
for D2 compared to U3, since each D2 blade has the same structural/material design as that of the U3 blades.
To compensate for this power loss noted in Fig. 2b for D2 (which
would have been worse for more downwind coning), a series of D2L
blades were created by lengthening the D2 blades to the point
where the downwind D2L rotor produces equivalent steady rated
power to the conventional U3 rotor. The lengthening process is
outlined in the methods section. Fig. 3a, shows the required blade
length for a given qc to reach this rated power constraint. A small
increase in blade length is needed even for qc ¼ 2.5 for the
downwind conﬁguration, due to the 33% lower solidity as
compared to U3. As qc increases, the blade length must also increase to compensate for the smaller swept area of the rotor. Fig. 3b
shows the preservation of the 13.2 MW rated power allowed by this
blade lengthening. Finally, Fig. 3c shows how rotor mass varies with
coning angle (for rotors with the same rated power). The D2L rotor
mass is decreased from the baseline rotor by 31.5%e25.1%
depending on the coning angle.
While the steady wind assumption is a useful simpliﬁcation to
design the blade length, the more physically realistic unsteady
wind conditions are needed to determine whether the loadalignment concept can allow a reduced rotor mass while avoiding
an increase in lifetime damage equivalent load and avoiding a
reduction in annual energy production. Therefore, the remaining
results are based only on simulations with turbulent velocity ﬁelds.
Fig. 4 shows the baseline response of a turbulent FAST simulation
for the U3 and D2 rotors. Fig. 4a shows the turbulent wind ﬁeld
generated by TurbSim, for a mean wind speed at rated condition,
11.3 m/s. Fig. 4b shows the power produced by the generator with
the given wind input. In general, the two rotor's power production
proﬁles follow closely to each other, with the D2 rotor consistently
producing slightly less than the U3 rotor. To avoid this power loss
problem, the D2L rotor, lengths deﬁned in Fig. 3a, is used for future
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Fig. 4. Baseline turbine response: a) turbulent wind ﬁeld with a characteristic wind
speed of 11.3 m/s, b) time series of generator power produced for the conventional 3bladed rotor and a downwind 2-bladed rotor (without pre-alignment) and c) root ﬂap
bending moment versus azimuth angle for both rotors.

simulations. Fig. 4c shows instantaneous values of ﬂapwise
bending moment as a function of azimuth angle, showing data from
many rotations (only one in ten data points are shown to avoid an
overcrowded ﬁgure). Similar to the steady case, the bending moments for the D2 rotor tend to be higher than for the U3 rotor. This
is again because the load is distributed over one less blade and the
rotor is not yet pre-aligned.
The results of Fig. 5 are created by averaging the results from 12
different randomly generated turbulent wind ﬁelds centered on the
rated wind speed, V∞ ¼ 11.3 m/s. Fig. 5a shows the average power
generated, where the D2L rotor generates slightly less power than
the U3 rotor for all coning angles at this wind speed. The reason
that the D2L rotor produces less power than the U3 rotor for turbulent conditions requires further discussion. Since they both
produce equivalent power for steady wind conditions, when the
optimal tip speed ratio (TSR) can be reached, it can be assumed that
for transient wind conditions that the D2L rotor spends less time
near the optimal TSR. This indicates that the controller performs
better for the 3-bladed rotor that it was optimized for than the 2bladed rotor that it was adjusted for. A non-optimized controller
would explain the power loss during turbulent wind conditions,
and could be simply resolved by a full controller redesign, which is
outside of the scope of the project.
Fig. 5b shows the relationship between the averages of mean
bending moment and coning angle. At low qc, the D2L rotor has an
initial increase in Mb compared to the U3 rotor. As noted previously,
this increase is due primarily to the bending load being shared by
one less blade. As the coning angle increases, the average bending
moment decreases to the point where both rotors have similar
mean Mb at qc~10 . And at qc ¼ 20 , the mean Mb from the D2L rotor
is only half that of the U3 rotor.
Fig. 5c displays DEL for the rotors. DEL takes into account both
mean and unsteady bending moments, with greater emphasis on
the latter, providing a valuable measure of fatigue damage. Similar
to the trends seen for the mean bending moment, the DEL for the
D2L rotor starts higher than that from the U3 rotor, but decreases as
the coning angle increases. However, the DEL does not continue to
decrease at the same rate that average bending moment decreases
since the unsteady component does not reduce as fast as the mean
component. Indicating that the unsteady component of the
bending load becomes the primary driver in DEL calculation as

Fig. 5. Average turbine response from the U3 and D2L rotors, from 12 different turbulent wind proﬁles centered at 11.3 m/s: a) power produced by the generator, b)
average root ﬂap bending moment & c) Damage Equivalent Loading.

coning angle increases, and average bending load decreases.
However, it is clear that all coning angles greater than 10 reduce
the DEL for the rated wind speed (for which bending moments tend
to be the most extreme).
A wind turbine will spend only a small portion of time at wind
speeds near rated conditions. To understand the effects at the variety of wind speeds a rotor will experience, simulations were
conducted with turbulent wind speeds ranging from 2.825 m/s to
22.6 m/s, equating to a range of 25%e200% of the rated wind speed.
Every simulated test condition was repeated with 12 different
randomly generated turbulent wind proﬁles and the results were
averaged together before they were plotted. Fig. 6 shows the relationship of mean bending moment to wind speed for selected
coning angles (where each coning angle has a unique blade length).
In general, the various rotors have similar trends as a function of
wind speed: mean bending moment increases to reach a maximum
near rated conditions (V∞* ¼ 1) then begins to decrease as V∞*
continues to increase. However, the D2L rotors show a reduction in
mean bending moment near and above the rated condition as
coning angle increases. For coning angles of 11 or more, it can be
seen that the mean bending moment even goes negative at high
wind speeds. When the mean bending moment is zero (vertical line
in these plots), the rotor is by deﬁnition operating in a timeaveraged load-aligned (LA) condition. This reduction is the primary beneﬁt of the pre-aligned design.
Fig. 7 shows the relation between short-term DEL and wind
speed. Similar to the trend seen for mean bending moment, DEL
starts low and increases to reach a peak near V∞* ¼ 1 and then
tends to plateau for the U3 rotor (at about 50 MN m), but can increase further at the highest wind speeds for the D2L rotors with
coning angles of 11 or more. In general, the peak DEL value at rated
wind speeds (V∞* ¼ 1) decreases as coning angle increases for the
D2L rotors. However, the DEL at larger V∞* increases as coning
angle increases due to large negative bending moments at fast wind
speeds thus it is the magnitude of the bending moment that matters not the sign.
The driving metrics of Lifetime Damage Equivalent Load (LDEL)
and Annual Energy Production were synthesized from the data at
all turbulent wind speeds using the wind speed PDF as shown in
Fig. 8a (as discussed in the Methods). The rotor mass shown in
Fig. 8b is based on the steady-state design conditions and therefore
is the same as shown in Fig. 3b. Each data point in Fig. 8c and d is a
synthesis from the data from all 15 different wind speeds, each with
12 different realizations (with unique random seeds), totaling 180
different simulations. Fig. 8c shows the LDEL as a function of coning
angle. The LDEL for the D2L rotor decreases as coning angle increases and becomes less than that of the U3 rotor at qc ¼ 9.5 .

Fig. 6. Average root ﬂap bending moment against turbulent wind with characteristic
wind speeds ranging from 2.825 m/s to 22.6 m/s, for the U3 rotor and 6 different D2L
rotors with coning angles ranging from 5 to 20 . The wind speed corresponding to the
rotor operating in a mean load-aligned condition (Mb ¼ 0) is noted in purple.
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Fig. 7. Damage equivalent loading against turbulent wind with characteristic wind
speeds ranging from 2.825 m/s to 22.6 m/s, for the U3 rotor and 6 different D2L rotors
with coning angles ranging from 5 to 20 . The wind speed corresponding to the rotor
operating in a mean load-aligned condition is noted in purple.

Fig. 8. Output metrics averaged over a range of wind speeds: a) Weibull distribution
modeling the wind speed probability distribution function, b) net rotor mass as a
function of coning angle, c) lifetime DEL using wind speed probability distribution & d)
average power output weighted by wind speed probability.

Fig. 8d displays the relationship between AEP and coning angle,
where all rotors are similar but the D2L rotors produces slightly less
power than the U3 rotor as coning angle increases, up to 5.93% less
power for qc ¼ 20 . The power decrease described previously has
more to do with the rotor not operating at the optimal TSR, than it
has to do with aerodynamic performance. Therefore a controller
redesign would be the best way to correct this problem and not an
aerodynamic redesign e.g. further blade stretching.
Table 1 summarizes the metrics of performance for the D2L
rotors with selected coning angles of 10 , 15 and 20 , all compared
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Fig. 9. Mean streamwise tower bending moments with turbulent wind: a) simulations
run with characteristic wind speed of 11.3 m/s and coning angle varied from 2.5 to 20
& b) simulations run with coning angle of 10 and characteristic wind speed ranging
from 2.825 m/s to 22.6 m/s.

to the U3 rotors. Minimizing rotor mass would suggest qc~10 ,
while minimizing rotor damage would suggest qc~20 . In general,
this table shows that the pre-aligned rotor concept has strong potential. It is possible that if the controller was working equally as
well for the U3 and D2L rotors (producing equivalent AEP) than the
bending loads would be relatively higher for the D2L rotors and
therefore the DEL reduction for a given coning angle would be
slightly less signiﬁcant, however the same trends are expected.
However, there are two often-cited concerns with downwind
turbines: tower moment and shadow effect. In terms of tower
bending moment, aerodynamic loads can cause an increase in the
downwind tower bending moment (Mb,T) as compared to an upwind conﬁguration, which beneﬁts from a counter-acting gravityinduced upwind tower moment from the upwind rotor. To determine whether this effect is signiﬁcant (and might require an
adjustment on overhang), the tower moment was analyzed for all
the turbulent simulations discussed above. Fig. 9a shows the
average tower bending moment for different coning angles at the
rated wind speed (11.3 m/s), for which the mean tower moment is
increased by about 5e8% as the coning angle increases. The ﬂuctuation of tower load can be a concern for 2-bladed turbines and is
being actively investigated [19]. Fig. 9b varies the characteristic
wind speed for a ﬁxed coning angle of 10 , where it can be seen that
the rated wind speed results tend to result in the highest increase in
tower moment. In fact, the impact on tower moment is negligible at
twice the rated wind speed. This slight increase in tower bending
moment is not signiﬁcantly problematic as it could be counteracted
with a reduced rotor overhang (since tower strike effects have been
highly alleviated with the downwind coning conﬁgurations) or by
moving the nacelle mass center farther upstream.
In terms of tower shadow effects, recent experiments by Noyes
et al. [18] have shown that tower shadow can negatively affect
aerodynamic loads under certain conditions. However, these
negative effects are most prominent when the rotor blade passes
through the wake near the tower i.e. if qc ¼ 2.5 . With larger coning
angles (qc ¼ 17.5 ) the tower shadow effect was signiﬁcantly lessened, to the level that general atmospheric turbulence would mask

Table 1
Characteristics, Rotor Mass, Lifetime DEL, and Annual Energy Production, of various rotors with different coning angles in terms of changes (D) of performance metrics relative
to the reference U3 baseline rotor, with upwind coning of 2.5 .
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the effect. The tower shadow effect was also shown to be signiﬁcantly reduced for all tested conditions with the use of a specially
designed tower fairing.
4. Conclusions
By better aligning the average non-torque loads with the direction of the blade, a two-bladed downwind rotor can be designed
with signiﬁcantly reduced rotor mass compared with conventional
upwind three-bladed baseline rotor, while simultaneously
lowering blade DEL and maintaining the same steady rated power
(13.2 MW at 11.3 m/s). To investigate this, a series of rotors with
different coning (load pre-alignment) angles was investigated
where each coning angle was matched with a blade length
designed to produce equivalent rated power. To ensure physically
realistic conditions, turbulent wind conditions were used to asses
bending moments and damage equivalent loads with a dynamic
aeroelastic simulation technique. For the conﬁgurations investigated, a coning angle of about 10 may be optimum in terms of
reducing blade mass (31.5%), while a coning angle of 20 can lead to
25.8% reduction in lifetime damage equivalent loading. A balanced
option might be a coning angle of 15 with a blade mass reduction
of 27.4% and DEL reduction of 19%. However, there is a 4e6% loss of
AEP for the modiﬁed rotors that could be ﬁxed with a controller
redesign, which was beyond the scope of the present paper. In
addition a full aerodynamic/structural/material redesign could
allow for increased mass savings.
This analysis simpliﬁed the optimization metrics to rotor mass,
lifetime DEL, and AEP. Under these set of metrics the pre-aligned
concept was shown to be effective at reducing rotor mass and
loads. A more realistic optimization analysis to ﬁnd coning angle
would include evaluations with extreme gust conditions and other
IEC (International Electrotechnical Commission) design standards
and requirements, use levelized cost of energy as a design metric,
and include other real life constraints. The qualitative trends are
expected to be similar. This is suggested for future studies as well as
performing a scaled experimental demonstrator of the concept.
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