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HIGHLIGHTS

e Three 25 MW downwind offshore rotors with varying chord and twist were designed.

e Blade geometry and rotor swept area were considered for maximizing power production.
e Empirical correlations were found to estimate flatback airfoil characteristics.

e A design space was created to validate prescribed lift coefficient distributions.

e Simulations were performed to predict power production and optimize rotor mass.

ARTICLE INFO ABSTRACT
Keywords: Continuously increasing offshore wind turbine scales require rotor designs that maximize power and perfor-
Wind turbine rotor design mance. Downwind rotors offer advantages in lower mass due to reduced potential for tower strike, and is

Wind turbine aerodynamics
Extreme-scale wind turbines
Wind turbine design parameters
Offshore wind energy
Downwind rotors

especially true at large scales, e.g., for a 25 MW turbine. In this study, three 25 MW downwind rotors, each with
different prescribed lift coefficient distributions were designed (chord, geometry, and twist) and compared to
maximize power production at unprecedented scales and Reynolds numbers, including a new approach to
optimize rotor tilt and coning based on aeroelastic effects. To achieve this objective the design process was
focused on achieving high power coefficients, while maximizing swept area and minimizing blade mass.
Maximizing swept area was achieved by prescribing pre-cone and shaft tilt angles to ensure the aeroelastic
orientation when the blades point upwards was nearly vertical at nearly rated conditions. Maximizing the power
coefficient was achieved by prescribing axial induction factor and lift coefficient distributions which were then
used as inputs for an inverse rotor design tool. The resulting rotors were then simulated to compare performance
and subsequently optimized for minimum rotor mass. To achieve these goals, a high Reynolds number design
space was developed using computational predictions as well as new empirical correlations for flatback airfoil
drag and maximum lift. Within this design space, three rotors of small, medium and large chords were considered
for clean airfoil conditions (effects of premature transition were also considered but did not significantly modify
the design space). The results indicated that the medium chord design provided the best performance, producing
the highest power in Region 2 from simulations while resulting in the lowest rotor mass, both of which support
minimum LCOE. The methodology developed herein can be used for the design of other extreme-scale (upwind
and downwind) turbines.

environmental problems. Wind energy is anticipated to become one of
primary renewable energy sources. In 2008, the Department of Energy
set a target for wind energy to provide 20% of U.S. energy by 2030 [1].
More recently in 2021, the Biden Administration announced a national
As the need for energy increases globally, renewable energy has offshore wind target of 30 GW by 2030 [2]. Currently, the largest

become the fastest-growing segment of the energy sector, providing commercial wind turbines are rated at 14 MW [3], but trends are going
cleaner sources of energy that will have less impact on growing
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Nomenclature 0 Twist angle
A Tip-speed ratio
Roman letters 14 Azimuthal angle
a Axial induction factor
c Chord Subscript;s
c Coefficient blade Blade value
m Mass d Drag value
P Aerodynamic power L Local lift \{alue
r Local blade radius lower  Lower limit
R Blade radius (root to tip) max Maximum value
¢ Thickness P Power value
T Aerodynamic thrust rated Rated value
U Wind speed rigid Rigid case
y Deflection T Thrust value
TE Trailing edge value
Greek letters tip Blade tip value
a Angle of attack upper Upper limit
B Blade pitch angle 0 Value at a = 0°

toward continuously increasing scales. Extreme-scale offshore wind
turbines present an opportunity for even more energy production as
offshore wind is more abundant than land-based wind. Increasing tur-
bine sizes to extreme-scales also allows for more energy capture while
having less levelized cost of energy (LCOE) [1,4]. Downwind rotors offer
advantages in lower mass due to reduce potential for tower strike,
especially at the extreme-scales used in this study [5]. Offshore wind
energy presents valuable opportunities to increase the amount of
renewable energy in the grid with very suitable environments to
implement in areas like the United States and Europe [6,7]. However,
these extreme-scales also pose certain structural limitations in blade
loads and deflections due to longer blades and higher offshore wind
speeds and turbulence. Using conventional rotor design methods for
extreme-scale turbines could result in heavy rotors that negatively
impact turbine costs and thus necessitate a different approach to opti-
mize the mass, size, and cost of turbine components. Therefore, robust
design methods and an understanding of the dynamics of such extreme-
scale wind turbines are necessary.

Various methods exist to design wind turbine rotors. Scaling has
been used in the design of research turbines by applying scaling factors
to upscale existing smaller turbine designs. At the 25 MW scale, the
SUMR-25 two-bladed downwind offshore coned rotor project used
technological scaling to scale up the 13.2 MW SUMR-13 rotor in the first
of three rotor versions created within that study [8]. Scaling also was
used to design a 100 m blade by Sandia National Laboratories using a
structural approach to scale up blade geometry and structural properties
[9]. Rotors can also be designed without scaling by creating blade ge-
ometries (chord and twist distributions) that achieve a desired aero-
dynamic performance. A direct design approach, sometimes called a
design-by-analysis approach, generates a blade geometry first which is
then analyzed for performance and subsequently adjusted in an iterative
process until a blade geometry that achieves the desired performance
emerges. This approach, although often used in the past, is computa-
tionally involved and inefficient compared to the inverse design
approach that is more commonly used now. With an inverse design
approach, parameters for aerodynamic performance such as airfoil
characteristics, tip-speed ratio (), axial induction factor (a), aero-
dynamic power (P), and rotor geometry are used as inputs instead of the
blade geometry. The blade geometry can then be determined to achieve
these desired parameters, eliminating the need to analyze a blade ge-
ometry in each iteration as done in the direct design approach, thus
saving time and computation resources. This process makes an inverse
design approach better suited for designing around a desired peak power
production. The inverse approach has been used in the design of both

research and commercial wind turbines and is used in this study. This
was accomplished using the multipoint inverse design tool PROPID
[10-12]. PROPID has been used for extreme scale rotor design in the
SUMR-13i offshore rotor by Ananda et al. and in the aerodynamic
redesign of the SUMR-25 rotor as part of the study by Qin et al. [8,13].

Provided that the resulting rotor performs as desired, structural
optimization can be performed to minimize mass and cost, and to meet
load requirements. The National Renewable Energy Laboratory (NREL)
has developed the Wind-Plant Integrated System Design & Engineering
Model (WISDEM) framework that is capable of modeling entire turbines
and turbine farms [14]. The WISDEM framework is applied in this study
to optimize the blade structure given the blade geometry designed in
PROPID. Higher fidelity simulations are also useful at this stage to
predict the dynamic response and performance of the rotor. The Open-
FAST wind turbine simulation framework developed by NREL is a tool
that can simulate turbine dynamics using various computational mod-
ules for aerodynamics, hydrodynamics, controls, and structural dy-
namics [15]. Such higher fidelity aeroelastic simulations can provide
insight into the loading and deflections a rotor may undergo which can
inform rotor geometry design decisions like pre-cone and shaft tilt an-
gles to maximize swept area and thus power production. Qin et al.
performed OpenFAST simulations on the redesigned SUMR-25 rotor
following a PROPID design phase [8]. Similarly, in this study OpenFAST
simulations of the resulting PROPID designs were run with a focus on
aeroelastic deflections.

Airfoil selection for wind turbines is another important part of the
design process to maximize rotor performance. Ananda et al. used
PROFOIL to create the F1 family of airfoils ranging from 18%-48%
thickness [13]. These airfoils were based on a design for a 13.2 MW
turbine which provide the geometry as a function of the non-
dimensional rotor radius (r/R). Characteristics of the F1 airfoils are
shown in Fig. 1 and Table 1 at the airfoil design Reynolds number (Re)
for the present 25 MW turbine, based on chord length and the relative
upstream velocity (based on the combined freestream and rotational
components) where the design Re is based on rated conditions (to be
described further in Section 2). As these airfoils move outboard
(increasing r/R), they have increased aerodynamic efficiency as
demonstrated by higher maximum lift-to-drag ratios (L/D)max, as listed
in Table 1. However, as these airfoils move inboard (decreasing r/R),
they have increased thickness-to-chord ratios (tyax/c), which results in
increased maximum lift coefficients (Cymax) at high angles of attack as
shown in Fig. 1. In addition, the inboard airfoils also have increased
camber which results in higher lift coefficients at zero angle of attack
(Cio) as shown in Fig. 1 and Table 1. Notably, the airfoil shapes for r/R <
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Fig. 1. XFOIL lift curve predictions for the F1 family of airfoils at Reynolds numbers listed in Table 1 at design conditions of the present 25 MW rotor further

described in Section 2.

Table 1
F1 airfoil geometries and XFOIL performance characteristics at design Reynolds
numbers for the 25 MW rotor.

Airfoil r/R Re s/ tmax/C tre/c tre/ Cro
D)max tmax

F1-4846- 0.25 11.0 67.5 48.46%  12.26%  0.253  0.997
1226 x 10°

F1-3856- 0.35 11.8 91.1 38.56%  7.38% 0.191  0.781
0738 x 106

F1-2655- 0.55 13.0 1723 26.55%  2.62% 0.099  0.673
0262 x 10°

F1-2040- 0.75 14.3 199.7  20.40%  0.87% 0.044  0.640
0087 x 106

F1-1822- 0.95 12.3 198.2  18.22%  0.41% 0.023  0.605
0041 x 100

0.55 are flatback airfoils. This F1 family of airfoils is also applied in this
study for a 25 MW turbine (resulting in larger Reynolds numbers) but
with a more formalized optimization based on both aerodynamics and
structures, including considering aeroelastic deflections for rotor tilt and
coning.

Flatback airfoils have been shown to provide both structural and
aerodynamic benefits for larger wind turbine blades near the blade root
[16]. The larger cross sections allow for more structural support, and
thicker trailing edges reduce premature boundary layer separation,
giving flatback airfoils an increased maximum lift coefficient (Cjmax).
For the purpose of designing rotors, the airfoil characteristics of flatback
airfoils are used in tools like PROPID in order to achieve the prescribed
aerodynamic design parameters like lift coefficient (Cp) distribution and
a. These airfoil characteristics can be obtained through numerical tools.
The airfoil analysis code XFOIL is used for this purpose in this study
[17,18]. However, numerically derived 2-D airfoil characteristics of
flatback airfoils have been shown to lack accuracy. XFOIL has been
found to mispredict lift and drag coefficients, particularly with the
flatback airfoils that are used near the blade root [13,19]. Similarly, 2-D
Reynolds-averaged Navier-Stokes (RANS) and unsteady RANS simula-
tions of flatback airfoils have been shown to overpredict Cjmqx and both
over- and underpredict drag coefficients (C4) which may be attributed to
inaccurate modeling of unsteady flow in the wake of the thick trailing
edge in 2-D simulations using conventional turbulence models [20-22].
For a robust aerodynamic design, numerically derived airfoil charac-
teristics should be validated using comparable high Reynolds number
experimental data to ensure design parameters are realistic. Without
such considerations, rotor designs in real operation could lead to
shortfalls in performance. Thus, considering adjustments to numerical

airfoil characteristic data is important for the aerodynamic design of
physically realizable rotors.

This paper discusses the aerodynamic design of a 25 MW offshore
downwind wind turbine rotor with 165 m long blades. The objective of
maximizing power production was achieved by maximizing swept area
and power coefficient (Cp) while providing experimental validation of
design choices. This validation was performed by developing a new
empirical correlation to correct numerical airfoil data from XFOIL using
experimental flatback airfoil data. The corrected XFOIL data was used to
create a design space for prescribing realistic C; distributions for
extreme-scale rotors. Three C; distributions were then chosen and used
to design three different rotors using PROPID, each with different
resulting chord (c) and twist (0) distributions. The performance of each
rotor was then assessed using OpenFAST [15] and the WISDEM frame-
work [14] to select the best design. Aeroelastic effects on these extreme
scale rotors were also explored.

This paper is the first to present a power-maximizing aerodynamic
design for a highly flexible 25 MW rotor that uses experimental flatback
airfoil characteristics to consider the high Reynolds number effects that
have big implications for rotor design at such extreme scales. This study
also considers blade flexibility and tip deflections to prescribe rotor pre-
cone and shaft tilt angles to further maximize power production, a
strategy not considered in most aerodynamic designs. This study is also
one of the first to then analyze the resulting rotor designs using high-
fidelity simulations and structural optimization tools to provide more
useful predictions of rotor performance and cost for rotors that were
aerodynamically designed. Such considerations of scale and blade flex-
ibility are not often seen in aerodynamic designs but are critical for
extreme-scale turbine operation. The combination of tools and analyses
used in this study provides a better understanding of the design pa-
rameters and dynamics of extreme-scale wind turbines and a novel
framework for designing these turbines that is a crucial step in the
development of offshore wind technology. The following sections will
discuss the design methods and considerations as well as the designed
rotor performance using numerical simulations.

2. Design methodology

The blade design process began with determining the main design
parameters: rotor size, design A, a, and airfoils. Once the parameters
were chosen, PROPID was used to design the rotor geometries. A total of
three different blades were designed. These rotor geometries were then
analyzed in OpenFAST to study the predictions under steady wind
conditions. In the last step, WISDEM was used to minimize blade mass
while meeting critical design load cases for each design. This section will
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discuss the computational tools and the design parameters selected to
design the rotors in this study.

2.1. Computational tools

The PROPID program is a tool for designing and analyzing horizontal
axis wind turbines (HAWTs) [10]-[12]. It incorporates a multipoint
inverse method that allows the user to specify various desired perfor-
mance characteristics as input and converge on a blade geometry that
achieves the specifications using an iterative solver. Performance char-
acteristics and constraints include peak power, a distribution, C; distri-
bution, and rated wind speed. PROPID uses blade-element momentum
theory through implementing a modified version of the PROP blade-
element momentum code, PROPSH. This inverse method can allow
one to achieve a desired rotor design much more productively than via a
direct design approach. Note that PROPID only considers rigid blades
and therefore doesn’t account for blade deflection in its design and
analysis of HAWTs.

Airfoil characteristics are used as an input in the blade design process
within PROPID. Given the airfoils used along the blade span, XFOIL was
used to predict 2-D lift and drag coefficients [17,18]. XFOIL data was
subsequently processed through the AirfoilPrep preprocessor to create
blends of the F1 airfoils and apply 3-D rotational corrections to XFOIL
data for PROPID and OpenFAST. AirfoilPrep uses the Du-Selig method
for correcting lift and Egger’s method for correcting drag [23].

Rotor performance was simulated following the PROPID design stage
using OpenFAST, an open-source wind turbine simulation tool devel-
oped by NREL [15]. The OpenFAST framework consists of several
computational modules coupled to simulate the aerodynamics, hydro-
dynamics, structural dynamics and controls systems of turbines. Since
OpenFAST can simulate time-varying effects and various degrees of
freedom, it can provide high-fidelity predictions of these turbine dy-
namics. OpenFAST can also simulate turbines under unsteady wind
conditions, making it useful for simulating design load cases (DLC).
However, for the simulations performed in this study, steady wind
conditions were used. The aerodynamics module used in OpenFAST was
Aerodyn14 which uses blade-element momentum theory for predicting
turbine aerodynamics [24].

WISDEM is an open-source integrated system-level design tool,
developed by NREL, capable of designing and assessing individual tur-
bines as well as entire wind farms [14]. WISDEM’s aerodynamic module
is based on blade-element momentum theory. As steady-state models are
used in WISDEM, higher fidelity OpenFAST simulations are required for
more accurate, time-varying predictions of turbine dynamics. For this
study, after separately designing the blade outer mold line using PRO-
PID, WISDEM was used to design and optimize only the internal struc-
tures to minimize rotor mass and thus LCOE.

2.2. Main design parameters

The goal of this study was to design a downwind extreme scale wind
turbine rotor with a rated power of 25 MW. Design parameters in this
study were based partially on the V2e 25 MW turbine described in
Escalera Mendoza et al. [25]. The V2e design process involved several
steps, going through aerodynamics, structures, and controls analyses.
The parameters used in this study are listed in Table 2.

A design tip-speed ratio (A) of 9.25 was chosen based on tip speed
limitations of 120 m/s for offshore turbines. For offshore wind turbines
where noise considerations are much less restrictive, an aggressive tip
speed limit such as 120 m/s may be appropriate and are already being
considered as turbine designs reach these extreme scales [25,26]. The
design a was set at the Betz limit of 1/3 along the entire blade span to
maximize aerodynamic performance. Blade length and hub radius were
based on the rotor sizes previously used in Escalera Mendoza et al. [25].
Blade root thickness was assumed to be 4% of the blade length.

Calculating pre-cone angle and shaft tilt angle required
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Table 2

Main design parameters for the 25 MW rotors.
Parameter Value
Rated power 25 MW
Number of blades 3
Tip-speed ratio 9.25
Target induction factor 1/3
Blade length 165 m
Hub radius 6.75 m
Blade root diameter 6.6 m
Pre-cone angle 6.0°
Shaft tilt 6.0°
Airfoil family F1

consideration of blade tip deflection (y;) limits. Using the V2e turbine,
the y;;p margins toward the tower of a downward pointing blade (¥ =
180°) under the International Electrotechnical Commission (IEC)
61,400-1 standard DLC 1.3 (extreme turbulence model) were consid-
ered [27]. The IEC standards define the yy;, limit toward the tower as 0.7
x undeflected tip-to-tower distance away from the tower. Using the V2e
deflections and the y, limit definition, the minimum angle that an
undeflected blade at ¥ = 180° could be positioned was 12° from verti-
cal. This angle corresponds to the sum of the pre-cone and shaft tilt
angles. Next, to determine the individual pre-cone angle and shaft tilt
angles, a swept area maximizing approach was used. The approach was
to align an upward-pointing blade (¥ = 0°) vertically during operation.
Thus, to achieve an upward vertical blade orientation, a pre-cone angle
and shaft tilt angle were each set to 6°. Note that these were the pre-cone
and shaft tilt angles used in PROPID, which does not consider blade
deflections that would deform the blades downwind and decrease swept
area during actual operation. A visualization of the rotor geometry can
be seen in Fig. 2. Further adjustments to this are described below in the
discussion of OpenFAST simulations where these aeroelastic deflections
are modeled. It should be noted that this same optimization of tilt and
coning angle based on aeroelastic deflections can also be applied to
upwind extreme-scale rotors (which are expected to be similarly
flexible).

2.3. Flatback airfoil aerodynamic coefficient models

PROPID was used to prescribe not only the a distribution but also the
blade C; distribution along the span. The prescribed C; distributions are
based on the F1 family of airfoils and the Reynolds numbers at which
they are operating for the final blade design. Although experimental
data for airfoil characteristics would be useful, obtaining such data at
the operational Reynolds numbers for extremely large-scale wind

3
\ 1S
o '
1§ Shaftilt
wind .
_— _:,‘:zi'.f)_‘/
— i
_— T
I\
Iy
- --- Undeflected

blade position Pre-cone + Shaft tilt = 12°

Fig. 2. Pre-cone angle + shaft tilt configurations for PROPID design assuming
rigid blades.
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turbines would be difficult. Thus, XFOIL was used to predict F1 airfoil
performance at Reynolds numbers shown in Table 1. Interpolated
aerodynamic coefficients were obtained by interpolating the XFOIL data
with Airfoilprep to be used along the blade span in between the r/R
locations of the F1 airfoils [23]. The Reynolds numbers used were based
on the rated operating conditions of the V2e blade [25].

However, XFOIL has been shown to underpredict C4 for flatback
airfoils and overpredict Cymax [13,19]. Due to these discrepancies,
XFOIL data is not accurate enough to find the stall point for predicting C;,
max and Cq characteristics for flatback airfoils used near the blade root. In
order to verify the discrepancies found in previous literature, experi-
mental wind tunnel Cy and C; data were compared to XFOIL data for the
DU-97-W-300 airfoil [28-30].

From Fig. 3, it was observed that XFOIL significantly underestimated
Cq by ~60% at low angles of attack. Therefore, experimental wind
tunnel data was used to empirically adjust XFOIL data to ascertain more
accurate C; and Cy characteristics. The experimental wind tunnel data
for various flatback airfoils are shown in Table 3 [29-33]. These data
were taken over various Reynolds numbers ranging from 0.76 x 10° to 4
x 10° and had varying trailing edge thicknesses (t7g/c) ranging from
4.2% to 17.5%. These data can be used in conjunction with XFOIL to
account for these over/underpredictions.

Experimental flatback airfoil data listed in Table 3 was used to see if
any correlation could be found to estimate flatback airfoil C4 before stall.
The experimental data showed nearly constant Cg4 for flatback airfoils in
this region. Using this assumption, C4 was found to correlate with the
trailing edge ratio (trg/tmax), defined as the ratio of airfoil trailing edge
thickness (trg/c) to airfoil maximum thickness (tnq/c), and can be
approximately modeled as:

1
C,=0227E_0.165 @

Tnax

This correlation is presented in Fig. 4a. XFOIL data for the F1 family
of airfoils is also included in Fig. 4a showing underprediction of Cy4
compared to the empirical fit. The F1 airfoils with thinner trailing edges
did not seem to show as much C; underprediction and thus XFOIL Cy4
adjustments were only added to airfoils with trg/tmax > 0.11.

(a) 2.5 T : ,
XFOIL
27 X Experimental 1
c 1.5 _
: 1 1
0.5 i
0 - ; :
0 5 10 15 20
a (deg)
b 0.2 - r .
( ) — XFOIL
0.15F X Experimental ]
C, 01t ]
0.05 x I |
0 - . X
0 5 10 15 20
a (deg)

Fig. 3. Comparison of aerodynamic coefficients between XFOIL and experi-
mental data for the DU97-W-300 airfoil at Re = 3 x 10° [30] for clean con-
ditions: a) lift; b) drag.
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Table 3
Characteristics of experimental flatback airfoils.

Airfoil tmax/C tre/c tr/bnax Re (x10%) Cio
DU97-W-300 [29,30] 30% 10% 0.333 3 -
LI30-FB10 [31] 30% 10.6% 0.353 1.5 0.16
FB3500-0050 [22] 35% 0.5% 0.014 0.67 0.29
FB3500-0875 [22] 35% 8.75% 0.25 0.67 0.34
FB3500-1750 [22] 35% 17.5% 0.5 0.67 0.51
DU97-W-300 mod. [32] 27% 10% 0.37 1 0.96
FB3500-1750 [21] 35% 17.5% 0.5 0.67 0.36
PGW6 [33] 27% 4.2% 0.155 3 0.46
PGW7 [33] 34% 4.2% 0.123 3 0.48
PGW6 [33] 27% 4.2% 0.155 4 0.48
PGW?7 [33] 34% 4.2% 0.123 4 0.47

The experimental data in Table 3 was also used to determine an
adjustment for overpredicted XFOIL Cjmax data. Since Cymex and Cj at
zero angle of attack (Cjp) depends on airfoil camber, the Cjy of the
experimental airfoils was used to determine a correlation for Cjmay that
can be described as:

Clmax = 1.67Cjp +0.52 2

Again, it was determined for the F1 family of airfoils that the thicker
flatback airfoils required adjustment for overpredicted Cjmax values, and
thus only airfoils with tqx/c > 26.55% (corresponding to the F1-2655-
0262 airfoil) were modified.

2.4. Lift coefficient design space and distributions

To set the design C; distribution used in rotor design, physically
realizable values of C; along the blade span must be determined for the
airfoils. This C; distribution is limited by a margin below the Cj max of the
airfoils to consider deviations in angle of attack due to turbulence. To
optimize for aerodynamic performance, the C; distribution should be as
close as possible to (L/D)max curve along the blade span. For the F1
family of airfoils, the C;max and (L/D)max characteristics were calculated
using XFOIL data modified by the high Reynolds number Cjmax and Cq
adjustments described above. These values were then shifted to create
the final design space (shown in green in Fig. 5b).

The upper limit of the design space is based on Cjmax values and the
lower limit is based on C; values at the (L/D)max. These values from
XFOIL, without any adjustments, can be seen in Fig. 5a. It can be
observed that the flatback airfoils within the inboard 50% of the blade
show very high Cjmax values as well as low (L/D)max values due to
underpredicted Cy4 before stall. Accounting for C4and Cjmax adjustments,
the Cpmax Vs. (L/D)max curves can be seen in Fig. 5b, showing decreased
Cimax values and increased (L/D)mqx values for the inboard flatback
airfoils.

From the Cjqx and (L/D)mqx curves, adjustments could then be made
to create the final design space. The upper limit of the design space was
created by uniformly decreasing the Cj,qx curve by 0.2 as shown in Eq. 3
to create a margin for excursions in angle of attack due to turbulence.
The lower limit was created by adjusting the (L/D)pnqx curve by a factor
of 0.6 as shown in Eq. 4, low enough to encompass the (L/D)yqx curve,
thus creating a reasonable bracket for C; distributions. The upper and
lower C; limits of the final design space can then be described as:

Crupper = Crmax — 0.2 @)

C[,lawer = 0-6(L/D)max (4)

From this design space, three C; distributions were determined for
three different rotor designs presented in Fig. 6. The three distributions
were placed at the upper, middle, and lower parts within the design
space. The Design 3 distribution is the same distribution used in the V2e
rotor design and was kept the same as a method of comparison to the two
other cases [25]. All the distributions decrease linearly from r/R = 0.25
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Fig. 4. Flatback (a) drag and (b) maximum lift coefficient correlations. Larger marker size corresponds to larger Reynolds number. Order of listed airfoils is the same

as in Table 3.
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Fig. 5. a) XFOIL maximum lift coefficient and lift-to-drag ratio curves of F1
airfoils for clean conditions; b) final design space and empirical lift coefficient
limits with adjustments.

to the blade tip. While the ideal aerodynamic performance would be
achieved on the (L/D)nax curve, the linear C; distributions chosen allow
for smoother chord distributions, and in case of Designs 1 and 2, the C;
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Fig. 6. Lift coefficient distributions of Designs 1-3 within the final design space
for clean conditions (free transition).

distributions contain sections that overlap the (L/D)nqx curve. A similar
strategy was used in the design of a 15 MW rotor with a similar rotor
diameter that also achieved a chord distribution very close to optimum
L/D [34]. These differences between the C; distributions of Designs 1-3
lead directly to differences in blade chord and twist that could then be
run in simulations to compare performance.

It should be noted that this design space has been created assuming
clean blade surface conditions. This was done by using the eV transition
method with N = 9 in XFOIL when producing the F1 airfoil data [17].
However, turbine blades in actual operation will experience surface
degradation overtime that can significantly increase roughness and
cause premature boundary layer transition which is a cause for concern
for aerodynamic performance. To maintain the usefulness of the design
space shown in Fig. 5b, XFOIL data was also obtained for an early
transition case (N = 0.3) and a fully turbulent case (forced transition at
the leading edge) and then used to create two more design spaces using
the same methodology and empirical adjustments described above.
Polars of the F1 airfoil characteristics and transition location of three
sets of XFOIL data are shown in Fig. 7 and Fig. 8 respectively.

The two premature transition cases showed decreased C; and
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Fig. 7. Airfoil transition location normalized by chord for F1 airfoils for varying angles of attack and three transition criteria. a) F1-4846-1226; b) F1-3856-0738; c)
F1-2655-0262; d) F1-2040-0087; e) F1-1822-0041. Note that x,/c = 0 for fully turbulent conditions on each airfoil.

increased Cy as expected with the thicker flatback airfoils showing the
most loss in aerodynamic performance. The Cjmax and (L/D)max curves
using just the XFOIL data are shown in Fig. 9a for all three transition
cases. However, using the adjustments in Eq. 1-4 to create a C; design
space adjusts the thicker flatback airfoil characteristics where the most
aerodynamic performance loss occurs. The resulting 3 design spaces
shown in Fig. 9b span similar ranges of C; that do not differ as signifi-
cantly as the Cpmax and (L/D)mqx curves shown in Fig. 9a, although the
design spaces of the early transition and fully turbulent cases appear to
be shifted slightly toward lower C; values compared to that of the free
transition case used in this study. Future designs may further consider
these surface degradation effects in prescribing C; distributions.

3. Results and discussion
3.1. PROPID results

The parameters listed in Table 2 were inputs in PROPID for three
separate cases, each with one of the three C; distributions shown in
Fig. 6. The PROPID results are shown in Fig. 10. The axial induction
factor of 1/3 across the blade span in Fig. 10a indicates that the pre-
scribed a was successfully converged upon in each of the three designs.

The chord distributions for Designs 1-3 in Fig. 10b show Design 1
with the smallest chord distribution and Design 3 with the largest chord
distribution, as expected given that chord is inversely related to C;. All
three designs show maximum chord values between r/R = 0.15-0.25
with Design 3 having a maximum chord approximately 60% larger than
that of Design 1.

Twist distributions shown in Fig. 10c are similar between Designs
1-3 (note that greater positive twist angle twists the blade into feather).

Between r/R = 0.15-1.0, Designs 2 and 3 smoothly decrease from ~24°
to slightly negative angles past r/R = 0.75. However, in Design 1, twist
starts to increase past r/R = 0.75. This twist increase occurs because the
prescribed C; values at those locations required less angle of attack than
would occur if the twist distribution were to continue decreasing
smoothly as is the case in Designs 2 and 3. Because the trends in twist at
the blade tip appear in order from Design 1 to Design 3, and since the
Design 1 C; distribution is already at the upper limit of the design space,
Design 1 was left unchanged. A 1:1 scale rendering of the three designs is
shown in Fig. 11 as a more realistic view of the blade geometries.

The PROPID results for blade pitch angle (), maximum power co-
efficient (Cpmax), and thrust coefficient (Cy) are shown in Table 4. The
blade pitch angle refers to the pitch in angle in Region 2 of the power
curve to get the desired aerodynamic performance and is in reference to
r/R = 0.75 where blade twist is zero. The Cpmax and Cr values are
calculated at the design A of 9.25.

3.2. OpenFAST simulations

The three designs were subsequently analyzed in OpenFAST to
compare performance predictions and observe aeroelastic effects on
power and thrust. The process of running OpenFAST, and its results will
be discussed in the following subsections.

3.2.1. OpenFAST parameters

All simulations were performed using steady wind speeds in Region 2
(5 m/s to Urqeq) neglecting shear and without a controller. Simulations
were performed at each wind speed for a sufficiently long time in order
to ignore initial transient effects in OpenFAST. Rotor speed was held
constant at each wind speed such that the design A of 9.25 was
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adjustments and resulting design spaces for the three different transition criteria.

maintained, and f values from PROPID (shown in Table 4) were used.
For aerodynamic loads, the Aerodyn 14 module was used [24]. The V2e
tower design and blade structural properties from Escalera Mendoza
et al. [25] were used for all three rotors. Finally, both rigid and flexible
blade cases were considered.

3.2.2. Flexible blade adjustment

As described previously, a design strategy was to maximize swept
area by minimizing pre-cone and tilt angle while maintaining tip-
deflection margins defined by the IEC 61400-1 standards as well as
aligning the blades at ¥ = 0° to be vertical. To achieve this in operation,

blade deflections must be considered as they will change the blade
alignment and thus swept area. Therefore, for OpenFAST simulations
with flexible blades, the pre-cone and shaft tilt angles were changed to
allow aeroelastic orientation of the blade at ¥ = 0° to be nearly vertical
when deflected downwind resulting in a blade pointing slightly upwind
at ¥ = 0° when rigid as can be seen in Fig. 12. This adjustment was based
on the average blade deflections observed in flexible blade simulations
at ¥ = 0° and at a high Region 2 wind speed (U = 8 m/s) with the V2e
turbine. The rigid blade configuration is the same one shown in Fig. 2
above. The 8 m/s velocity was used based on the assumption that the
turbine will be operating in this upper range of Region 2 for a majority of



M. Jeong et al.

(a) 04 : . : .

----------------- B R B — T — B — B B
03} / |

a02r

/l
0.1F é 1

(b) 12

10 f ¢ 1

c(m) 61 \

\/{7<[/1
RoTT

O 2 I L L

o
o
[\S]
<
SN
o
(o))
o
o
—

(C) 25

20+ ;o\ .
151 \ 1

0(degyiof | & -

-5 : : - .
0 0.2 0.4 0.6 0.8 1

/R
— > —Designl —© —Design2 — & —Design3 - Target

Fig. 10. PROPID results for Designs 1-3 along nondimensional blade span: a)
axial induction factor; b) chord; ¢) twist.

Applied Energy 353 (2024) 122035

its time. Thus, adjusting for the deflections at 8 m/s would allow for the
swept area to be near maximum as much as possible. However, the
combination of pre-cone angle and shaft tilt angle was kept at 12° to
prevent tower strike.

When the performance of the flexible blade configuration is
compared to that of the rigid blade configuration, initially less power
will be produced at lower Region 2 wind speeds as the rotor swept area
will be smaller due to the upward pointing blade still being slightly
upwind. But at higher Region 2 wind speeds, the flexible blade config-
uration will be able to produce more power as the near vertical blade
will create a larger swept area than the rigid blade configuration that has
a deflected upward pointing blade pointing downwind.

Table 5 shows these adjusted pre-cone and shaft tilt angles for the
aeroelastic designs. There is only a 0.2% decrease in Cp and a 2.5%
decrease in Cr due to aeroelastic deflections at a steady, no-shear 8 m/s
wind. However, these differences may differ with turbulence and shear
included.

3.2.3. OpenFAST results
For rigid blade simulations, the OpenFAST results for a and C;

Table 4
Blade pitch angle and rotor performance (PROPID).

Pitch angle «» Cp’ma_x (PROPID) Cr@ Cp’ma_x (PROPID)
Design 1 -3.91° 0.505 0.825
Design 2 —0.02° 0.511 0.823
Design 3 2.79° 0.510 0.823
Aeroelastic
deflection
‘f-b
Pre—cone A
n‘l ;’
L\ 4' |
\
1 |
X
1 Shaft tilt
. \v
wind ,i
ﬁ — 3
ﬁ i X
. ‘\\\\
\ \\\\\
\ N
\

- -=-- Undeflected
blade position

Fig. 12. Pre-cone angle -+ shaft tilt configurations for flexible blade OpenFAST
simulations.

. ——————
Design 1
—
—
Design 2 —
D 3 ——————

Fig. 11. 3-D rendered blades for Designs 1-3.
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Table 5
Rigid and flexible blade configurations.

Rigid design Aeroelastic design

Pre-cone angle 6° 3.6°

Operation cone angle 6° 7.8°

Shaft tilt angle 6° 8.4°

Pre-cone swept area [m’] 91.81 x 10° 91.33 x 10°
Operation swept area [m3] 91.81 x 10° 89.80 x 10°

Cp 0.498 0.496

Cr 0.836 0.815

(prescribed parameters in PROPID) were verified to match the desired
targets within 1%. All three designs produced similar power, but Design
2 provided the most power, producing 0.9% more than Design 1 and
0.7% more than Design 3 on average over the simulated wind speeds.
Design 1 shows the highest rated thrust (Tyqq) at 4.26 MN: 0.2% more
than Design 3 and 0.7% more than Design 2. These results of aero-
dynamic power and thrust are consistent with the PROPID results which
showed Design 2 with the highest Cp mqx 0f 0.511 and Design 1 with the
highest Cr @ Cpmax of 0.825. Average thrust across wind speeds
decreased in the order of decreasing C; distribution (i.e., Design 1 had
the highest average thrust and Design 3 the lowest).

The aeroelastic effects on power and thrust are shown in Fig. 13. As
the blades deflect downwind, the rotor swept area decreases, effectively
reducing the power production and thrust forces on the rotor. The

30 T . - .

(a)
P

D5 Frorrs rated o, A

201

P(MW) 15 | g ]

A

10
U (m/s)

— 4+ —rigid blade — 4& — flexible blade

Fig. 13. Aeroelastic effects on Design 2 with steady wind (OpenFAST): a)
aerodynamic power; b) aerodynamic thrust.
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results for Design 2 show a power loss between 1.4%-4.7% across wind
speeds with the greatest loss at Upyeq When compared to the rigid rotor.
Likewise, Trqeq decreases by 1.4% from 4.23 MN to 4.17 MN, but the
reduction in thrust ranged from 0.4%-1.4% across wind speeds. Designs
1 and 3 also showed similar performance for power and thrust.

Tip deflections for Design 2 in the flexible blade configuration are
shown in Fig. 14. Figure 14a shows downwind tip deflections at U = 8
m/s varying from 11 to 14.1 m with maximum deflections occurring
when the blade is at ¥ = 0°. As mentioned before, adjustments for pre-
cone and shaft tilt angles for blade flexibility were based on average tip
deflections observed at U = 8 m/s in the V2e turbine. However, the
deflection observed in V2e was ~2 m larger than that observed in De-
signs 1-3. This meant that at U = 8 m/s the upward pointing blade for
Designs 1-3 was slightly less vertical than desired and rather reached a
more vertical position closer to U = 9 m/s. This difference may be
corrected in a future iteration to further improve performance. Solely
considering steady Region 2 wind speeds, y;p limits specified by IEC
standards were not violated, although more considerable deflections
that would push these limits are often seen with extreme gust conditions
such as DLC 1.4.

3.3. WISDEM results

In the final part of this study, the three rotor designs were evaluated
using WISDEM to optimize for minimal rotor mass and LCOE. Since the
WISDEM optimization was performed after the OpenFAST simulations,
the resulting WISDEM structural properties are different from the more
detailed V2e blade structural design by Escalera Mendoza et al. used in
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Fig. 14. Downwind tip deflections on Design 2 blade (OpenFAST): a) at 8 m/s
steady wind (vertical blade at ¥ = 0°); b) 5-11 m/s steady winds.
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the OpenFAST simulations [25]. While creating higher fidelity structural
designs for all three rotors would be ideal to use in the OpenFAST
simulations, for purposes of this study, such structural designs were not
performed due to time and resource constraints. However, the use of
WISDEM allowed for more rapid estimates of structural design. By
constraining the blade geometry, the WISDEM optimization can still
provide a useful approximation of a blade structural design to compare
the effects of varying chord and twist distributions on blade mass and
LCOE. Results can be seen in Table 6. WISDEM was first run using a
strain constraining approach, optimizing structures to a typical limit of
4000 micro-strain due to flapwise and edgewise blade loads under
extreme wind conditions [26,35]. Spar cap thickness as well as leading
edge and trailing edge thicknesses were the drivers of the structural
design. This approach was used for the blade structural design in Esca-
lera Mendoza et al. [25]. The strain constrained approach resulted in
Design 1 exhibiting the lightest blade mass and lowest LCOE most likely
due to the smallest chord in Design 1. However, this approach also
resulted in downwind tip deflections >50 m for Designs 1 and 2 that
surpassed downwind tip-deflection limits. Thus, the WISDEM approach
was updated to constrain deflections in addition to strain. This deflec-
tion limit was based on the downwind deflection limits from the IEC
standards for an upwind version of the V2e rotor [25,27].

These results showed an increased blade mass for Designs 1 and 2 but
much more reasonable tip deflections. LCOE for the deflection con-
strained rotors also increased for Designs 1 and 2 as stiffer and heavier
blades require more material. However, blade mass and LCOE for Design
3 decreased between the strain constrained rotor and the deflection
constrained rotor, also resulting in higher tip deflections.

The tip-deflection constrained WISDEM results indicate Design 2 as
the lightest and least expensive rotor. This rotor is the same design that
showed the highest aerodynamic power in the OpenFAST simulations
and the highest C,, max from PROPID. The results in AEP and mass (hence
LCOE) indicate Design 2 as being the best of the three rotors. The high
Cp,max and moderate chord of Design 2 likely benefited the resulting
LCOE by increasing AEP and limiting blade mass and thus costs to a
moderate degree. Based on these results, of the three rotors designed in
this study, Design 2 can be recommended for use in further studies of 25
MW offshore turbines including further structures analyses and controls
design.

4. Conclusions

The benefits of continuously increasing offshore wind turbine scales
call for extreme scale rotor designs that can maximally produce power.
In this study, the aerodynamics of three different blade geometries were
strategically designed using PROPID and compared through numerical
simulations in OpenFAST and WISDEM for a 25 MW downwind rotor.
This included a new optimization approach for the flexible blade
configuration to consider optimum rotor tilt and coning based on
aeroelastic deflections at sub-rated conditions as well as a blade aero-
dynamic geometry that employs a design space based on a combination
of maximum lift and maximum L/D with the design objective to both
maximize power production and minimize rotor mass, so as to minimize
the LCOE. Creating this design space required determining new empir-
ical correlations based on experimental wind tunnel data to adjust
inaccurate 2-D XFOIL data of the flatback airfoils used near the blade
root. Three different rotor designs, each with different C; distributions,
were evaluated, first adjusting the rotor designs to maximize swept area
without violating tip-deflection constraints and thus maximizing power.
OpenFAST was then used to predict desired performance and compare
Designs 1-3. Finally, WISDEM was used to optimize for minimal rotor
mass, and hence LCOE, while maintaining constraints on maximum tip-
deflection and blade strain. The blade strain constrained cases and the
maximum tip-deflection constrained cases showed different results in
blade mass, a finding that could be important to consider in future
studies. The three different design stages (PROPID, OpenFAST,
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Table 6
WISDEM blade mass optimization results.
Design AEP LCOE Mbplade Yeip
(GWh/yr) ($/MWh) (kg) (m)
Strain 1 135.2 71.88 1.281 x 59.95
Constrained 10°
2 135.8 72.36 1.380 x 50.16
10°
3 135.5 73.53 1.586 x 40.18
10°
Deflection 1 135.2 73.89 1.598 x 41.74
Constrained 10°
2 135.8 72.72 1.450 x 41.63
10°
3 135.5 73.25 1.532 x 41.75
10°

WISDEM) performed in sequence provided a strategy for determining
the best performing design, and all indicated that Design 2 was the
preferred rotor due to the following results: highest Cj, ;s from PROPID,
highest power production in OpenFAST, lightest blade and lowest LCOE
from WISDEM. Thus, the final 25 MW design was completed.

This study represents the first step in the aerodynamic design of
highly flexible, downwind, extreme-scale 25 MW rotors, but can be
applied to upwind extreme-scale rotors as well. As the focus of this study
was on rotor aerodynamics, more work needs to be done on the struc-
tural and controls system aspects of these rotor designs. While this
design process relied on predicting steady inflow wind performance, the
careful consideration of design parameters in this study leads to the
expectation that these rotors will still perform well under more realistic
and extreme wind conditions. However, further simulations are rec-
ommended to assess this. A control system design study will be per-
formed on the final rotor design developed in this paper which considers
DLCs and incorporates an active IPC control system to better evaluate
the performance of this rotor under more realistic wind conditions.
Future studies on a more detailed structural design for this 3-bladed 25
MW rotor are also recommended. Future work may also focus on trade
studies of pre-cone and shaft tilt angles to provide more benefit in
power.
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