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RESEARCH ARTICLE

Integrated Free-Form Method for Aerostructural Optimization
of Wind Turbine Blades

R. Barrett and A. Ning
Brigham Young University, Provo, Utah 84602, USA

ABSTRACT

A typical approach to optimize wind turbine blades separates the airfoil shape design from the blade planform design.
This approach is sequential, where the airfoils along the blade span are pre-selected or optimized and then held
constant during the blade planform optimization. In contrast, integrated blade design optimizes the airfoils and the
blade planform concurrently and thereby has the potential to reduce cost of energy (COE) more than sequential design.
Nevertheless, sequential design is commonly performed because of the ease of precomputation, or the ability to compute
the airfoil analyses prior to the blade optimization. This research compares two integrated blade design approaches. The
precomputational method combines precomputation with the ability to change the airfoil shapes in limited ways during
the optimization. The free-form method allows for a complete range of airfoil shapes, but without precomputation. The
airfoils are analyzed with a panel method (XFOIL) and a Reynolds-averaged Navier-Stokes computational fluid dynamics
method (RANS CFD). Optimizing the NREL 5-MW reference turbine showed COE reductions of 2.0%, 4.2%, and 4.7%
when using XFOIL and 2.7%, 6.0%, and 6.7% when using RANS CFD for the sequential, precomputational, and free-form
methods, respectively. The precomputational method captures the majority of the benefit of integrated design for minimal
additional computational cost and complexity, but the free-form method provides modest additional benefits if the extra
effort is made in computational cost and development time. Copyright (©) 2016 John Wiley & Sons, Ltd.
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NOMENCLATURE

Say airfoil shape parameters
t/c airfoil thickness-to-chord ratio
a angle of attack
AEP annual energy production
By blended airfoil family factor
CST class-shape-transformation
CFD computational fluid dynamics
COE cost of energy
A Kulfan parameters
NREL National Renewable Energy Laboratory
RANS Reynolds-averaged Navier-Stokes
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TCC turbine capital costs
cqa two-dimensional drag coefficient

¢; two-dimensional lift coefficient

1. INTRODUCTION

The performance of a wind turbine, as defined by the cost of energy (COE), is predominately determined from the
aerodynamics and structures of its blades. A wind turbine blade is defined by a series of two-dimensional airfoils that
constitute its three-dimensional shape. A typical blade design is performed sequentially, where the airfoils are chosen or
optimized by the designer a priori and then the blade planform is optimized [1-3]. However, optimal airfoil shapes can be
dependent on site conditions, turbine type, and the other blade parameters. Therefore, sequential blade design inherently
generates sub-optimal blades because the design space is limited to pre-selected airfoil shapes. Integrated blade design
optimizes the airfoils and the blade planform concurrently by adding airfoil shape parameters to the optimization as design
variables. Regardless of the field or discipline, integrated design performs better than, or at least equal to, sequential design
by taking advantage of the interactions between design variables. Figure 1 shows a comparison of sequential and integrated
wind turbine blade designs.
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Figure 1. In sequential design the airfoil shapes are pre-selected and held constant and in integrated design the airfoil shapes are
allowed to change during the optimization.

Although integrated design has been shown to find better performing blade designs [4—12], one of the main reasons
that sequential design is commonly used is for the ability to separate the analysis of the airfoil shapes from the blade
optimization, referred to in this paper as precomputation. The aerodynamics and the structures of the blade depend highly
on the lift and drag forces along the blade span. These forces are characterized by the lift and drag coefficients that are
functions of the airfoil shape, angle of attack, and Reynolds number. During a blade optimization, when design variables
such as chord or twist update, the lift and drag coefficients would need to be recomputed at the updated angles of attack.
Depending on how the airfoils are analyzed, recomputing at each iteration can be computationally expensive. However,
in a typical sequential design the airfoil shapes are pre-selected so that the lift and drag coefficients can be analyzed for a
number of angles of attack before the optimization and then read from pretabulated airfoil tables during the optimization.

Our past work explored an integrated design approach that we call the precomputational method because it added the
ability to change the airfoil shapes in limited ways, such as by specified airfoil families, while continuing to perform the
airfoil analyses prior to the blade optimization [13]. This method shows significant improvements in blade performance for
minimal additional computational cost and complexity. The objective of this research is to evaluate the performance of the
precomputational method by comparing it to the free-form method, an integrated design approach with no precomputation
that allows the airfoils to assume essentially any shape. The workflows of these two integrated design approaches are
compared in Figure 2.

The intention of this comparison is to determine if most of the benefit of integrated blade design is captured by the
precomputational method or if there is a significant benefit from expanding the range of possible airfoil shapes. The reason
that the free-form method is not ideal, despite having a larger airfoil design space, is that precomputation is no longer
feasible. Generating a surrogate model that would work with all possible airfoil shapes would require an excessive number
of airfoil analyses and thereby negate the benefit of precomputation.

The three main areas to consider with an integrated blade design are the airfoil analysis method (how to obtain
the airfoil’s lift and drag coefficients), the airfoil parameterization method (how the airfoil coordinates translate into
optimization design variables), and the optimization method.
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Figure 2. Comparison of workflows for integrated blade design approaches. The precomputational method performs the airfoil
analyses and surrogate model generation prior to the blade optimization, while the free-form method performs the airfoil analyses
during the blade optimization.

This research extends previous investigations of integrated blade design by using Reynolds-averaged Navier-Stokes
computational fluid dynamics (RANS CFED) for the airfoil analysis method and comparing it to a panel method, XFOIL.
All known prior integrated designs that use 2D analysis methods have used XFOIL [4—10]; although RANS CFD have been
used in 3D CFD integrated design [11,12]. While panel methods are relatively fast, they have known problems converging
in highly separated flow and are typically not as accurate as other higher-fidelity techniques such as RANS CFD or using
a wind tunnel. Barrett et al. compares various airfoil analysis methods of varying fidelity and finds that significant changes
in optimal blade design occur [13].

The CST method used in this research for the airfoil parameterization has been highly rated compared to other
parameterization methods due to its ability to span the airfoil design space with a relatively low number of parameters
and the assurance of a smooth curve [14, 15]. The method was developed by Kulfan for the purpose of reducing the
number of parameters needed to define any 2D or 3D smooth aerodynamic shape [16,17] and has successfully been used
in aircraft wing design and optimization [18, 19].

The choice of optimization method is critical to the feasibility of the free-form method because of the increase of
both the number of design variables and the computational cost per function evaluation. Previous research has focused
on gradient-free methods [6-9, 11] and finite-differencing gradients [4, 5] for integrated design. Gradient-free methods in
particular are well-suited for finding the global optimum. Vicina et al. demonstrated the potential of gradient-free methods
for use with integrated design in wind turbine optimization, even when using CFD [11]. However, because both gradient-
free and finite-differencing methods tend to scale poorly with the number of design variables the optimization problems
have typically been limited in size. Analytic gradients are well-suited for larger scale problems because they are exact and
scale well with the number of design variables. Methods designed for large-scale optimization problems are needed as it
is likely that their size will increase as wind turbine optimization continues to develop.

Figure 3 shows the relationship between the number of design variables and the number of function evaluations
needed to converge a relatively simple optimization for the different optimization methods of gradient-free, gradient-
based finite-differencing, and gradient-based analytic gradient methods for the multidimensional generalization of the
Rosenbrock function [20]. Although the Rosenbrock function is less complex than wind turbine optimization, Lyu et
al. shows that similar trends exist specifically for aerodynamic shape optimization using RANS CFD [21]. They conclude
that gradient-based methods are the only viable option for large-scale aerodynamic design optimization because gradient-
free methods can require up to three orders of magnitude more computational effort than gradient-based methods [21]. Rios
et al. corroborates this idea when they tested 502 optimization problems with 22 gradient-free solvers and showed that,
generally speaking, the performance of the optimizer suffers when there are over 30 design variables [22]. Using RANS
CFD with the setup used in this research, the time difference to optimize between using gradient-free, finite-differencing,
and analytic gradient methods can be on the order of months, weeks, and days, respectively. There are some downsides
to gradient-based methods such as the possibility of converging on a local optimum and the development of the gradients.
Nevertheless, these risks can be mitigated through the use of analytic gradients and using a multi-start approach. In many
cases local optimum exist due to numerical noise caused by poor gradients. This research uses gradient-based methods to
reduce the computational cost and increase the performance of the optimization.

This research contributes to prior investigations of integrated blade design in three main ways:
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Figure 3. Number of function evaluations required to converge optimization as a function of number of design variables. Sparse

Nonlinear OPTimizer is used for the gradient-based results and Augmented Lagrangian Particle Swarm Optimizer for the gradient-

free results, however similar trends were observed using Sequential Least SQuares Programming (gradient-based) and Non Sorting

Genetic Algorithm Il (gradient-free). Reference lines for linear and quadratic scaling are also shown. Image and caption from Ning et
al. [20].

e comparing integrated design approaches (free-form and precomputational methods) to sequential design
e comparing XFOIL and RANS CFD airfoil analysis techniques in a free-form approach

e using airfoil shape parameter analytic gradients instead of pure finite-differencing or gradient-free methods

This study contributes to the development of wind turbines by comparing free-form and precomputational integrated
design approaches and providing higher-fidelity airfoil analysis techniques for large-scale aerostructural optimization of
the cost of energy of wind turbine blades. These methods can be used for more detailed blade design, make wind turbines
more cost-effective, and contribute to the world’s growing energy needs.

2. METHODOLOGY

To generate a practical wind turbine blade design, both the aerodynamics and the structures of the blade must be
simultaneously considered in an aerostructural approach. Separating the blade aerodynamic and structural analysis can
result in sub-optimal designs that are either too heavy, fail during operation, or have poor energy output.

2.1. Aerodynamics

The aerodynamics of the blade are mainly affected by the 2D airfoils’ lift and drag coefficients. These coefficients are
input into a blade element momentum theory that converts the lift and drag coefficients from all the 2D airfoils into the 3D
aerodynamic blade analysis.

2.1.1. Airfoil Analysis

The airfoils’ lift and drag coefficients have a major effect on the aerostructural analysis. Three common ways to obtain
these lift and drag coefficients are through a lower-fidelity panel method (XFOIL), Reynolds-averaged Navier-Stokes
computational fluid dynamics (RANS CFD), or using a wind tunnel. The optimal blade shape is sensitive to the airfoil
analysis method and therefore the use of higher-fidelity techniques is warranted. Figure 4 shows a comparison of the
lift and drag coefficients of an airfoil using XFOIL, RANS CFD, and known wind tunnel data where the trend of the
RANS CFD data more closely fits that of the wind tunnel data [23] as compared to XFOIL. The lift and drag coefficients
from the aerodynamic analyses in this study are analyzed at a Reynolds number of 10° and are rotationally corrected
using the NREL AirfoilPreppy Python tool™ to prepare for blade analysis. The three-dimensional rotational corrections are
performed using Du’s method [24] to augment the lift and Eggers’ method [25] to modify the drag.

Panel Method (XFOIL) XFOIL is a software program developed by Drela that uses a linear potential (panel) method
with an integral boundary layer in the design and analysis of subsonic isolated airfoils [26]. Given the 2D coordinates from

*https://github.com/WISDEM/AirfoilPreppy
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Figure 4. Comparison of different airfoil analysis techniques (XFOIL vs. CFD vs. Wind tunnel) for the DU21_A17 airfoil.

the airfoil parameterization, XFOIL calculates the pressure distribution to obtain the lift and drag coefficients. XFOIL
performs the analysis very quickly, but integral boundary layer approaches are not consistent with the physics of highly
separated flows and post-stall performance can be inaccurate. Also, since XFOIL is based on idealized computational
models, it tends to under-predict drag coefficients and slightly over-predict lift coefficients.

RANS CFD CFD more accurately estimates the airfoil’s lift and drag coefficients by better resolving viscous effects,
especially post-stall. A comparison of CFD compared to other methods is shown in Figure 4. The open-source CFD
software SU2 [27] is used because it provides adjoint gradients and has a Python interface. A major challenge in
performing CFD analysis within an optimization is that the mesh needs to be regenerated whenever the airfoil shape
changes. The SU2 mesh deformation tool [27] can automatically deform any base mesh to any airfoil shape, a deformed
mesh is visualized in Figure 5a and 5b. To calculate the cost of energy for the blade design, fourteen airfoil sections (six
airfoil shapes are repeated at different sections) are analyzed along the blade at ten wind speeds to generate the power
curve and each airfoil section is also analyzed an additional four times to perform the structural analysis. The 2D airfoil
meshes use 14,336 elements in an unstructured C-mesh to balance the trade-off between accuracy and time.

The RANS governing equations use the one-equation Spalart-Allmaras turbulence model with compressible flow.
Although other turbulence models such as £ — w may be more accurate for wind turbine applications [28], this method was
chosen because it was the best available in the SU2 CFD package. The convergence criteria specifies a change in residual
values of less than 102 with a max number of iterations of 50,000. Using 16 cores, the typical required computational
time is several minutes and around 20,000 iterations to convergence. Figure 5c shows the CFD field visualization around
one of the airfoils at an angle of attack of zero degrees. For this research, a supercomputer is used to speed up the CFD
optimization. However, above about 16 to 32 cores the time savings from additional cores is less than the increase in time
from communication overhead between cores. To take advantage of more computing resources, the analysis is setup to run
multiple CFD simulations simultaneously.

2.1.2. Blade Element Momentum Theorem

Blade element momentum (BEM) theory converts the lift and drag coefficients from all the 2D airfoils into the 3D blade
analysis. The chosen BEM method has guaranteed convergence (CCBlade®) [29] and is used with the wind blade analysis
tool RotorSE *. The BEM theory defines a residual equation (Eq. 1) that must be solved iteratively to converge on the local
inflow angle (¢) [29]. The induction factors (a and a’) are then computed and the lift and drag coefficients of each airfoil
section determined at the specified angle of attack.

sin ¢ cos ¢
R(¢) = - =0 M
W= 1) " XA+ a@)
Due to the expensive nature of RANS CFD and the iterative behavior of the BEM method [29], the induction factors are
converged using lift and drag coefficient splines from XFOIL. The splines are generated from analyzing the airfoil shapes

Thttps://github.com/WISDEM/CCBlade/
*https://github.com/WISDEM/RotorSE/


https://github.com/WISDEM/CCBlade/
https://github.com/WISDEM/RotorSE/

Integrated free-form aerostructural blade optimization R. Barrett and A. Ning

(a) DU21_A17 airfoil mesh near-field (b) DU21_A17 airfoil C-mesh far-field

(c) DU21_A17 airfoil Mach number field (compressible flow)
at angle of attack of zero degrees

Figure 5. DU21_A17 airfoil unstructured C-mesh created with SU2 mesh deformation tool and CFD field visualization.

at angles of attack from -30° to 30°, then the Viterna method is used to extrapolate the lift and drag coefficients from
-180° to 180° [30]. Once the induction factors and corresponding angles of attack are known, the specified airfoil analysis
method (either XFOIL or RANS CFD) generate the lift and drag coefficients.

2.2. Structures

While the blade’s aerodynamics are important for calculating the power conversion, the blade’s structural analysis is
necessary to ensure the blade does not fail during operation. A beam finite element method is used to analyze the blade
structure called pPBEAM (polynomial beam element analysis module), which uses Euler-Bernoulli beam elements with
twelve degrees of freedom (three translational and three rotational at each element f:nd)§ [31]. For the composite materials
found along the blade sections, a modified classical lamination theory (CLT) combined with a shear-flow approach is used
called PreComp¥. Similar structural analysis approaches are fairly common [3,32] and the configuration used is described
in more detail by Ning et al. [31]. The airfoil shapes affect the blade structures through the sizing of the sections that, in
turn, affect blade mass, strain, etc. Composite panels in the spar cap, web, and trailing edge make up the majority of the
structural integrity. There are a number of layers including: the GelCoat, glass fabrics, SNL TRIAX ([£45]2[0]2), SaerTex
Double-Dias (DB, [+45]4), carbon fabrics, generic foam, and epoxy resins [31]. These structural composite layers can
adapt to changes in the chord and airfoil shapes. Trailing edge material thickness and spar cap material thickness are the
optimization variables and the remaining structural elements scale accordingly.

2.3. Precomputational Method

The precomputational method is a type of integrated design that allows the airfoil shapes to change during the blade
optimization while still computing the airfoils’ lift and drag coefficients beforehand. In a typical sequential design, splines
are generated for each airfoil to make the lift and drag coefficients a function of angle of attack. In the precomputational
method, 2D splines are generated for each airfoil family to make the lift and drag coefficients a function of both angle of
attack and an airfoil shape parameter. In this case, the airfoil’s thickness-to-chord ratio (¢/c) is chosen as the airfoil shape
parameter as shown in Figure 6a so that the airfoils are of the same airfoil family. Aerodynamic performance tends to
improve with thinner airfoils while the blade’s bending stiffness tends to improve with thicker airfoils. Prior to the blade
optimization, the lift and drag coefficients are computed for a number of angles of attack and ten airfoils with different
thickness-to-chord ratios ranging from 13% to 42% within an airfoil family. A surrogate model is generated from the 2D

Shttps://github.com/WISDEM/pBEAM
Thttps://nwtc.nrel.gov/PreComp
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splines of the lift and drag coefficients based on angle of attack and ¢/c. A smoothing factor is applied to the bivariate
spline that resulted in maximum error values of 0.01 and 0.005 for the lift and drag coefficients splines, respectively.
Surrogate models closely emulate the behavior of the more complicated analysis method, while being computationally
inexpensive to evaluate compared to the real analysis method. The lift and drag coefficients can then be easily generated
from the surrogate model for an airfoil of any ¢/c within the specified airfoil family.

The airfoil shape is also given additional flexibility by utilizing a blended airfoil family factor (B,y) that blends two
airfoil families at the same ¢/c as seen in Figure 6b. The lift and drag coefficients and the airfoil coordinates are linearly
blended based on a factor that varies continuously between 0.0 and 1.0 that indicates the degree to which the second
airfoil family is blended into the first. For example, a blend factor of 0.3 indicates that the airfoil is a blend of 70% of the
first airfoil family and 30% of the second airfoil family. Performing this type of airfoil blending is common practice as
some analysis tools, such as FAST [33] through the AirfoilPrep tool, use a similar airfoil blending between sections. This
research applies the blending instead to each airfoil section rather than between sections. The airfoil families chosen for
this research match those used in the NREL 5-MW reference turbine: the TU Delft and NACA 64-series airfoil families.
For this research, the finally obtained solution from the precomputational method is run again with the free-form method
to directly compare the performance. Barrett et al. describes the implementation of the precomputational method in more
detail [13].

Chord

Thickness

— First airfoil — Second airfoil — 50% blended airfoil

(a) Thickness-to-chord ratio = thickness / chord = ¢/c. (b) Comparison of 50% blended airfoil of t/c at 21%.

Figure 6. The airfoil shape parameters used for the precomputational method, thickness-to-chord ratio and blend factor.

2.4. Free-Form Method

While there are several methods to parametrize a 2D airfoil shape, including Hicks-Henne bumps, PARSEC technique, and
B-spline curves, the CST method is used in this research due to its simplicity, robustness, and the flexibility for a relatively
low number of design parameters [15-17, 34]. The CST method uses weighting factors, known as Kulfan parameters
(A1, ..., Ay), to define polynomials that when summed define the top and bottom airfoil surfaces as seen in Figure 7. For
this research, we limit the output coordinates to round nose and pointed aft end airfoils [16].

D—(

~——

Top surface components —— Bottom surface components

Figure 7. The DU21_A17 airfoil is defined by the summation of weighted polynomial components (four on top and four on bottom).

Based on previous uses of the CST method in optimization and to minimize the number of additional design variables,
a third-order Bernstein polynomial with four Kulfan parameters defines both the top and bottom airfoil surfaces [17]. To
match the NREL 5-MW reference turbine, six airfoils are used for a total of 48 additional design variables (six airfoils
each with eight Kulfan parameters).

2.5. Airfoil Shape Gradients

Obtaining analytic gradients can substantially reduce the computational cost due to fewer function calls and faster
convergence. A convenient way to obtain gradients is to split the analysis into smaller sections and then combine the
partial derivatives of each section using a coupled adjoint solve to obtain total system derivatives [35]. Many of the
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analytic gradients in the blade analysis code, RotorSE, have already been developed using a combination of automatic
differentiation and the adjoint method [20]. For this research, we add the gradients for the airfoil shape parameters (S, ).
The equation for the total load gradients is found through a combination of partial derivatives shown in Eq. 2.

dloads _ Oloads B Oloads OR @
dSa;  OSas O¢ OSas' O

(@)

Where R is the residual equation from the BEM method (Eq. 1), ¢ is the local inflow angle, and S, are the airfoil shape
parameters. OR/0¢ is obtained using the Tapenade automatic differentiation tool [36]. The values for dloads/0S.y
and OR/0S.y are dependent on the gradients of lift and drag coefficients with respect to the airfoil shape parameters
(Oci/0Say and Oca /DS, y). In the case when XFOIL is the airfoil analysis method, complex step is used to find O¢; /0Sa ¢
and Ocq/0Sqr by using a version of XFOIL that can handle complex numbers! . Complex step is similar to finite-
differencing except that the gradients are exact due to the use of complex numbers that avoid the subtraction cancellation
error.

For CFD, it is more complicated to obtain Oc¢;/0Sqs and Ocq/OSqy. Surface sensitivities for the lift and drag
coefficients at the airfoil coordinates normal to the airfoil surface (9¢;/dz1, ..., 0¢;/Oxm) are generated from SU2’s
automatic differentiation tool [37, 38]. The direction of the unit normal vector of a point on the surface is the average of
the normal vectors of the lines to its adjacent points. An example of these surface sensitivities on an airfoil is shown in
Figure 8. These surface sensitivities help the optimizer to determine what effect a change in the airfoil shape at that airfoil
coordinate will have on that airfoil’s lift and drag coefficient.

drag surface sensitivity

Bottom surface sensitivity
Top surface sensitivity

0.0 0.2 0.4 06 08 1.0
x/c

Figure 8. Surface drag coefficient sensitivities (9cq/0z1, ..., 0cq/dz.,) for each airfoil coordinate normal to the surface of the
DU21_A17 airfoil and used to find 9cq/0Say.

The chain rule is used in Eq. 3 to convert the lift and drag coefficient gradients with respect to each airfoil coordinate
to the lift and drag coefficient gradients with respect to each Kulfan parameter in the CST method [17]. The gradients
of the Kulfan parameters with respect to each airfoil coordinate (9z1/9Ax, ..., 0Tm /0Ay) are found using automatic
differentiation of the CST equations.

dcy Oz Oxm dcy
DA, 94, ' 9A, 91
dey 1 0Ty 9y
e 94y | |94y 1t 94, Do 3)
8Saf : . “. . :
dcy Oz OxTm dcy
Ay 0An 7T 0An OTm

The values for dc;/0Say and Ocq/O0Sqy are used to obtain the total loads gradients with respect to the airfoil shape
parameters (dloads/dSq.y) from Eq. 2. The load gradients are propagated to the objective function and the constraints
gradients using OpenMDAO [39], which uses either the direct method or the adjoint method depending on the number of
inputs to outputs.

2.5.1. Optimization Problem Setup

The optimization objective is to minimize the cost of energy, the total cost of the turbine divided by its energy production.
The analysis uses a simplified model that assumes that the other aspects of the turbine (hub, nacelle, and tower) remain

I https://bitbucket.org/mdolab/pyxlight
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constant because the rotor thrust is constrained to not exceed its initial thrust and the rated power is held constant. In this
case, financing aspects are ignored and the cost of energy is found with Eq. 4 [40].

_ FR(TCC + BOS)+ (1-T)OPEX
- AEP

COE C))
In this equation, COE is the project levelized cost of energy, TCC is the total turbine capital costs for the project, BOS
is the total balance of station costs for the project, AEP is the annual energy production, OPEX is the overall project
operational expenditures, FR is the financing rate, and T is the tax deduction rate on OPEX. The TCC is the sum of the
cost of the tower, nacelle, and rotor. In this case, we assume the tower cost and the nacelle cost remain constant. Rotor
cost is the sum of the hub cost and the blades cost where the blades costs are estimated to be linearly proportional to the
blade mass. An AEP loss factor of 0.885 and the turbine capital cost multiplier of 1.56 are used with a FR of 0.095 and
T of 0.4 [40]. Standard International Electrotechnical Commission (IEC) specifications for a land-based high-wind-speed
site (IEC Class IB) are used corresponding to a mean wind speed of 10.0 m/s [41]. The wind conditions follow a Weibull
distribution with a shape parameter of 2.0. The relevant design variables in each design scenario are summarized in Table
I and explained in more detail in previous research [13,31].

Table I. Number of Design Variables Summary

Design Variable Sequential ~ Precomputational ~ Free-Form
chord distribution c 4 4 4
max chord location Cmax 1 1 1
twist distribution 0 4 4 4
tip-speed ratio in Region 2 A2 1 1 1
trailing edge material thickness distribution ¢ 5 5 5
spar cap material thickness distribution tspar 5 5 5
thickness-to-chord ratio distribution t/c - 6 -
blended airfoil family factor Bay - 6 -
Kulfan parameters (CST) A - - 48
total # 20 32 68

Structural constraints ensure that the blade does not fail during operation. The max strain and buckling in the spar cap
and trailing edge are constrained for extreme load and maximum operating conditions. The blade natural frequencies are
constrained to be above the rotor rotation speed with an added margin to avoid resonance. The rotor thrust is constrained
to not exceed its initial thrust and the rated power is kept constant at 5-MW to ensure that the same tower and drivetrain
can be used. In total, there are 33 constraints on the optimization that are described in more detailed equations by Ning et
al. [31].

A gradient-based sequential quadratic programming method referred to as the Sparse Nonlinear OPTimizer (SNOPT)
[42] is used for the optimization. The formulation of the optimization is summarized below:

minimize COE(x)
with respect to & =S, (either t/c and By, or A), ¢, Cmaz, 0, A2, tspar, tre
subject to cset(x) < 0 (buckling, strain, frequency, rotor thrust)

Since there are 34 outputs (33 constraints and one objective), the sequential and precomputational methods use the
direct method within the OpenMDAO [39] framework because the number of design variables is fewer than the number
of outputs at 20 and 32 respectively while the free-form method uses the adjoint method because the number of design
variables is 68. The design variables are scaled so that the gradients are of a similar magnitude and the initial airfoil shapes
and blade parameters are taken from the NREL 5-MW reference turbine [23].
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3. RESULTS

The main results from the optimization of the NREL 5-MW reference turbine are summarized in Table II** that shows a
comparison of the COE, AEP, and TCC in each optimization case grouped by the airfoil analysis method (either XFOIL
or RANS CFD) and Figure 9 that shows the percent changes graphically. Results show that the integrated designs had
significant reductions in COE over the sequential design. For XFOIL, the COE reduction was 2.0%, 4.2%, and 4.7%
for the sequential, precomputational, and free-form designs, respectively. For RANS CFD, the COE reduction was 2.7%,
6.0%, and 6.7% for the sequential, precomputational, and free-form methods, respectively. As expected, additional airfoil
shape flexibility results in a larger COE reduction, mainly due to an increase in energy production rather than a reduction
in blade mass and thus turbine cost.

Table Il. Optimization Main Results Summary

Reference Sequential | Precomputational Free-Form
XFOIL COE (cents/kWh) 6.283 6.155 (-2.0%) 6.020 (-4.2%) 5.990 (-4.7%)
AEP (MWh) 23,232 23,529 (+1.3%) 23,932 (+3.0%) 24,176 (+4.1%)
TCC ($) 9,207,436 | 9,100,633 (-1.2%) | 9,029,051 (-1.9%) | 9,098,397 (-1.2%)
RANS CFD | COE (cents/kWh) 7.512 7.311 (-2.7%) 7.058 (-6.0%) 7.002 (-6.7%)
AEP (MWh) 19,433 19,872 (+2.3%) 20,524 (+5.6%) 20,835 (+7.2%)
TCC ($) 9,207,436 | 9,143,561 (-0.7%) | 9,103,081 (-1.1%) | 9,198,973 (-0.1%)
o 8 7.2%
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Figure 9. Summary of main results for sequential, precomputational, and free-form methods using XFOIL or RANS CFD. The
precomputational method achieves the majority of the performance improvement, but the free-form method achieves some additional
benefits.

A comparison of the chord, twist, spar cap thickness, and trailing edge thickness for each optimization case along the
blade span is shown in Figure 10. A bigger change occurred, on average, by switching the airfoil analysis method from
XFOIL to RANS CFD than by changing the airfoil shape parameters. The blades when analyzed with RANS CFD tended
to have larger chord, more twist, and thicker materials than those from using XFOIL. This is because, in general, the drag
coefficients were higher for RANS CFD than XFOIL and therefore the blade was forced to have a larger size to withstand
the increased loads. When comparing the blade parameters between the precomputational and free-form methods, the free-
form method also tended to have heavier properties (i.e., larger chord, thickness material distributions, etc.). The free-form
method was able to generate airfoil shapes that had higher overall loads that resulted in increased energy production, but
these increased loads had to be balanced with a larger blade. The change in chord, twist, etc. between the different design
methods show that the optimal blade planform is dependent on the airfoils and vice versa.

A graphical representation of the airfoil shapes cross-sections taken at different points along the blade span is shown
in Figure 11, where Airfoil 1 starts near the blade root and progresses to Airfoil 6 near the blade tip. The airfoil shape

**The complete optimization results for each optimization case can be found at http://flow.byu.edu/publications.
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changes, in most cases, were relatively subtle, but still had a large impact on COE. The optimal airfoil shapes changed
more from the original NREL 5-MW reference turbine airfoils with the RANS CFD cases than the XFOIL cases. This is
why the benefit of integrated design was greater for RANS CFD, because the original airfoils when evaluated using RAN
CFD were worse to begin with and the integrated design was thereby able to extract a greater benefit. In many cases, the
airfoil shapes changes between the precomputational and the free-form methods were relatively similar. This shows that
the precomputational method can converge on similar airfoil shapes despite having fewer parameters.

Results show that the integrated free-form method reduced COE by 2.7% and 4.0% more than the sequential design
and 0.5% and 0.7% more than integrated precomputational method when using XFOIL and RANS CFD, respectfully.
Precomputational methods can capture the majority of the benefit of integrated design for minimal additional computational
cost and complexity. The precomputational method captured 81.5% and 82.5% of the benefit found by the free-form
method over the sequential design for XFOIL and RANS CFD, respectively. These results are promising for the adoption
of the precomputational method because it was able to capture the majority of the benefit of integrated design (about 80%)
without sacrificing the ease of precomputation. In many situations, the additional cost and complexity of the free-form
method for only about 20% additional benefit may not be worth it. By carefully choosing the airfoil shape parameters,
many of the major changes in the airfoil shapes can be obtained using fewer parameters. The choice between the two
integrated design approaches balance the trade-off between computational cost and performance. If the extra effort is
made, in both development time and computational cost, to obtain analytic gradients and perform the airfoil analyses
during the optimization, the free-form method can reduce the COE more than the precomputational method. As wind
energy continues to advance and computational capabilities increase, the extra benefit from a free-form method may be
worth the additional cost and effort.

4. CONCLUSIONS

Integrated blade design optimizes the airfoils and the blade planform concurrently, but because the airfoil shapes change
during the optimization one major challenge is in analyzing the airfoils’ lift and drag coefficients. The precomputational
method has been developed to allow the airfoil shapes to change during the optimization while still performing the airfoil
analyses prior to the optimization. This research compares the precomputational method to the free-form method, an
integrated design method that allows for a complete range of airfoils shapes without precomputation. The objective of
this comparison is to determine how much of the potential performance of integrated design can be captured by the
precomputational method. This study quantified the difference in COE reduction between the integrated and sequential
design approaches. Results showed that the integrated free-form method reduced COE by 2.7% and 4.0% more than the
sequential design and 0.5% and 0.7% more than the integrated precomputational method when using XFOIL and RANS
CFD, respectfully. The precomputational method captured 81.5% and 82.5% of the benefit found by the free-form method
over the sequential design for XFOIL and RANS CFD, respectively. Precomputational methods can capture the majority
of the benefit (about 80% in this case) of integrated design for minimal additional computational cost and complexity. By
maintaining the ease of precomputation, this method has a similar workflow to the sequential design, but manages to add
some airfoil shape flexibility.

The free-form method was able to achieve an additional 25.0% and 21.2% improvement over the precomputational
method as a result of the additional airfoil shape flexibility for XFOIL and RANS CFD, respectively. This improvement
comes through the additional effort in both development time and computational cost to obtain analytic gradients and
perform the airfoil analyses during the optimization. The trade-off between the precomputational and free-form methods
is between computational cost and improved blade performance.

The importance of using higher-fidelity airfoil analysis methods, such as RANS CFD, has been demonstrated by this
study. The airfoil analysis method plays a large role on the optimal blade planform while the airfoil parameterization
method has a more moderate influence. Through techniques developed in this study, such as though the use of analytic
gradients, higher-fidelity analysis methods can be used for both the precomputational and the free-form methods so
that blade designs can more accurately model real wind turbine blade behavior. This study optimized the NREL 5-MW
reference turbine, but similar behavior is expected from integrated blade design for other turbine types and site conditions.
The code is planned to be added to the open-source NREL WISDEM wind turbine analysis framework T,

Future work is needed to continue to investigate integrated blade design. Similar to how we increased the flexibility
of the airfoil shapes, additional freedom could be given to the structural design through the choice of materials in the
composite layers, the thicknesses of each individual layup instead of the entire composite, or the ply orientation and order.
Providing the structural design variables will likely provide additional benefits in reducing COE.

1 https://github.com/WISDEM/
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Figure 10. Chord, twist, and spar cap and trailing edge material distributions.
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Figure 11. Airfoil shape comparison results.
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