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Twist optimization of a helicopter rotor in hover is presented using compressible computational fluid dynamics as

the aerodynamic model. A domain-element shape parameterization method has been developed, which solves both

the geometry control and the volumemesh deformation problems simultaneously, using radial basis function global

interpolation. This provides direct transfer of domain-element movements into deformations of the design surface

and the computational fluid dynamics volume mesh, which is deformed in a high-quality fashion. The method is

independent ofmesh type (structured or unstructured), and it has been linked to an advancedparallel gradient-based

algorithm, for which independence from the flow solver is achieved by obtaining sensitivity information by finite

differences. This has resulted in aflexible andversatilemodularmethod ofwraparound optimization. Previousfixed-

wing results have shown that a large proportion of the design space is accessible with the parameterization method,

and heavily constrained drag optimization demonstrated significant performance improvements. In the present

work, themethod is extended to a rotor blade, and this is optimized forminimum torque in hovering flight with strict

constraints. Twist optimization results are presented for three tip Mach numbers, and the effects of different

parameterization levels are analyzedusing various combinations of two levels: global and local. Torque reductions of

over 12% are shown for a fully subsonic case, and for over 24% for a transonic case, using only three global and 15

local twist parameters.

I. Introduction

N UMERICAL simulation methods (of many fidelity levels) are
now used routinely in industrial design, and increasing

computer power has resulted in their increasing use in optimization.
Integrating an effective geometry control method with an aero-
dynamicmodel and a numerical optimization scheme can result in an
aerodynamic shape optimization approach, and this is invaluable in
the design stage. Computational fluid dynamics (CFD) are at the
forefront of aerodynamic analysis capabilities, and the application of
numerical optimization algorithms with such analysis has already
produced notable results [1–3].

Compressible CFD has been used in numerous optimizations of
two-dimensional aerofoil sections [4–7], three-dimensional aircraft
[8–12], and three-dimensional aeroelastic aircraft [13,14], but little
has been achieved in theway of rotors, primarily due to the high cost.
High-density and high-quality grids are necessary to capture the
vortical wake, and long solution integration times are required to
develop and capture this wake when compared with its fixed-wing
counterpart [15–18]; this can result in huge computational power
requirements to optimize such a system. There are also two distinct
flow regimes, hover and forward flight, and good performance in one
is unlikely to be carried over to the other. Aerodynamic optimization
has been applied previously to rotors in hover but mainly with low-
fidelity aerodynamics and only gross geometric changes (see, for
example, [19]), with only a few notable results using compressible
CFD: those ofONERA [20–22], Nadarajah et al. [23], Nadarajah and
Tatossian [24], Choi et al. [25,26], and Nielsen et al. [27]. In [20,21],

a Reynolds-averaged Navier–Stokes-based optimization of a rotor is
presented, but it is achieved with extremely low-density grids and
incorporates a very small number of design variables. This has
recently been extended to a discrete adjoint approach [22], againwith
a coarsemesh and using fewparameters (13 and 25 are used). Nielsen
et al. [27] also uses a discrete adjoint approach, using 44 parameters:
20 section thicknesses and 24 section camber parameters. A com-
posite objective function is also considered. Nadarajah et al. [23] and
Nadarajah and Tatossian [24] presented optimization of the
Caradonna and Tung [28] two-bladed rotor (as considered here)
using an adjoint approach, and they demonstrated significant torque
reduction, using detailed aerofoil surface changes, with the planform
remaining constant and no moment constraints. Choi et al. [25,26]
also used an adjoint approachwith theUH-60Ablade, coupledwith a
trimming algorithm, and over 100 design variables were used,
including section geometries. Both of the latter methods incorporate
a frequency domain approach, and they have also been extended to
initial forward-flight optimization although, understandably, only a
small number of time instances were used.

The research presented here is aimed at the development of a
modularized, generic optimization tool that isflow-solver- andmesh-
type-independent and sufficiently flexible to be applicable to any
aerodynamic problem: rotor blades in hover in this case. The key
aspect of a flexible optimization and design process is an effective
geometry parameterization process that allows sufficient design
space investigation and is robust enough to be applicable to any
geometry or design surface. Furthermore, a small number of design
parameters is desirable, particularly if using a finite-difference
gradient evaluation. Related to the surface control is the required
volume mesh deformation or regeneration once the design surface
has been deformed, and mesh deformation is much preferred to
avoid introducing differing discretization error. To satisfy these
requirements, an efficient domain-element shape parameteri-
zation method has been developed by the authors and presented
previously for CFD-based shape optimization in two dimensions
[29], and three-dimensional fixed-wing optimizations [30,31], and it
is applied to a rotor blade here. The parameterization technique,
surface control, and volume mesh motion are all accomplished
through the use of global interpolations using radial basis functions,
wherein global interpolation is used to provide direct transfer of
domain-element movements into deformations of the design surface
and the CFD volume mesh, which is deformed in a high-quality
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fashion. The properties of the parameterization method developed
mean that design parameters of any scale may be used, allowing a
hierarchy ranging from detailed surface changes to large-scale
planform changes; changes of any size can be made to the design
surface without the requirement for regeneration of a CFD volume
mesh, and the resulting deformed volume mesh remains of high
quality [32–35].

The remaining tools required for optimization are effective
parameter sensitivity evaluation and an optimization algorithm. To
achievemodularity andflow-solver independence, afinite-difference
approach to parameter sensitivities has been adopted, and so a small
number of design parameters is essential. This shape parameter-
ization method has been coupled to an advanced gradient-based
constrained optimization algorithm, and the optimization suite has
been parallelized to allow optimization of three-dimensional bodies
in practical times.

The objective of the research presented here is the extension
of this versatile method for aerodynamic optimization to three-
dimensional helicopter rotor blades. Global and coarse local design
variables are applied here and, initially, only twist variations are
considered. This was done for two reasons. First, the general
framework could be tested for rotors before increasing the level of
design parameters. Second, the feasible sequential quadratic
programming (FSQP) optimization scheme could be validated and
the effects of global and more local parameters investigated.
Optimization using just three global twist parameters has been
compared with that using the local twist of 15 individual domain-
element slices to analyze the importance of the parameters and
whether intermediate level parameters perform better than global
ones, and these results are presented here. Furthermore, to perform a
complete validation of the approach and investigate the available
design space, these two levels of variables have also been combined:
first run together (i.e., an 18 global and local twist parameter case)
and then run in series (by running the 15 local twist case from the
converged three global twist case), and these results are also
presented.

II. Domain-Element Parameterization

There have been numerous parameterization methods presented
for CFD shape optimization, and these can be split into those that
parameterize the aerodynamic mesh or those that parameterize the
design geometry from which a mesh is generated. Grid param-
eterization methods are generally independent of the mesh gener-
ation package, so they require a mesh deformation algorithm but
allow the use of previously generated meshes for optimization.
Methods of this nature include discrete [1,36,37], analytical, basis
vector [38], free-form deformation [39], domain-element methods,§

and the recently published control grid approach [40]. Geometry
parameterization methods are inherently linked with the mesh
generation package, and optimization requires automatic mesh
generation tools. Methods of this nature include partial differential
equation methods [41,42], polynomial or spline [43] methods,
CAD and, recently, class function/shape function transformation
[44,45] methods. The reader is referred to [46–49] for reviews of
parameterization methods.

Grid parameterization methods offer the most flexibility by
allowing independence from both the mesh generation tools and the
mesh structure. Furthermore, mesh regeneration introduces the
problem of varying the discretization error. Hence, although a mesh
deformation scheme is required, and this is a significant issue,
the grid parameterization and deformation approach is much
preferred. The efficient parameterization method here links a set of
aerodynamic mesh points to a domain element that controls the
shape of the design. The domain element is automatically positioned
around the exterior of the design. At the center of this
parameterization technique is a multivariate interpolation using
radial basis functions, and this provides a direct mapping between
the domain element, the surface geometry, and the locations of

the grid points in the CFD volume mesh. A global dependence can
be evaluated between the control points (the domain-element nodes)
and the grid nodes, and this has many advantages: the mapping is
only required once for the initial design, as the values of the
parametric coordinates of the grid points with respect to the domain
element remain constant throughout the optimization. Updates to
the geometry and the corresponding mesh are provided
simultaneously by application of multivariate interpolation, and
this is extremely fast and efficient and results in very high-quality
mesh deformation, even for large deformations [32–35]; the
approach is meshless, so it requires no connectivity and is applicable
to any mesh type. Domain-element points and volume mesh points
are simply treated as independent point clouds; the system is only the
size of the number of domain-element nodes, and so it is not related
to the mesh size.

The Caradonna and Tung two-bladed rotor [28] is considered
here, and the domain element is defined to consist of 17 two-
dimensional slices evenly distributed along the span. Figure 1 shows
the domain-element parameterization extended to this blade for the
one million cell mesh used later. Instead of using the individual
locations of each domain-element node, an intuitive set of applicable
shape deformation design variables have been developed by inverse
design techniques [29], and each two-dimensional slice can have up
to 22 design variables associated with it; these control local surface
changes. It is important to note that the parameterization is fully
three-dimensional, such that deformations due to a movement of the
domain-element two-dimensional slice smoothly extend in the
spanwise direction as well, so that no linear interpolation is required
between slices. Combined with this series of local surface changes
are design variables that are truly three-dimensional by definition;
these control planform changes include angle of attack, twist, sweep,
and anhedral/dihedral distributions. The domain-element method
allows for independent multiple levels of designvariables and, so far,
three levels have been adopted: 1) global design variables, such as
twist or chord distribution; 2) local coarse, which is the local chord,
twist, and thickness of each two-dimensional domain-element slice;
and 3) local fine, which is the fine surface design variables, such as
leading-edge control.

Of interest here are global and local coarse parameters, and only
twist parameters are considered in this paper.

Figure 2 shows examples of the parameters used here. The first
image shows the deformation for an exaggerated global linear root-
to-tip twist; the deformed domain element and resulting blade surface
are shown. The second image shows a positive twist, about the
quarter chord position, of the 16th domain-element slice, and the
third image shows an antisymmetric twist of the 13th and 16th
domain-element slices. The flexibility of the approach and the
smoothness of the deformed surface is clear; the volume mesh is
deformed in the same smooth fashion, and so nomesh regeneration is
required.

Fig. 1 Initial domain element and rotor surface.

§Data available at http://www.optimalsolutions.us/ [retrieved 2008].
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III. Optimization Approach

Optimization of the aerodynamic performance of a solid body
(aerofoil/wing/rotor blade) will only be relevant if it can be achieved
while satisfying aerodynamic and geometric constraints (minimum
thickness, minimum volume, minimum lift, maximum pitching
moment, etc.). Unconstrained optimizations can incorporate con-
straints by using a penalty function for design parameters that take
the design near or beyond the constraint boundary, but thesemethods
are now considered inefficient and have been replaced by methods
that focus on the solution of the Kuhn–Tucker equations. A FSQP
[50–52] algorithm is employed in the current research and represents
the forefront of nonlinear programming techniques. The optimi-
zation process obtains the values of a set of design variables that can,
in some way, be defined as optimal. Objective function(s), deter-
mined to be function(s) of the design variables, are minimized and
can be subject to equality constraints, inequality constraints, and/or
parameter bounds. Optimization is made independent from the flow
solver by obtaining sensitivity information by finite differences
using a symmetric central-difference stencil; that is, one positive
and one negative perturbation are considered for each design
variable.

The entire optimization suite has been parallelized using a
message-passing interface. The optimization algorithm comprises
modules for objective and constraint function evaluations, gradients
of objective and constraint functions, and a sequential quadratic
programming numerical optimizer for updates. Function evaluations
and optimizer updates occur on the master and, for gradient eval-
uation using a finite-difference methodology, the sensitivity for each
design variable is obtained by the relative change in the value of
objective (or constraint function) due to a geometric perturbation,
and each perturbation can be considered independently. Hence, the
gradient evaluation module has been parallelized to allow parallel
evaluation of the required sensitivities, such that each CPU can
control the geometry (and CFD volume mesh) corresponding to a
different design variable and call the flow solver. Flow-solver results
are then returned to the master for optimizer updates. This gradient
evaluationmodule remains independent of the flow solver, so either a
serial or parallel version of the flow solver may be called.

IV. Test Case and Flow-Solver Validation

The Caradonna and Tung two-bladed rotor [28] is a rectangular
blade, aspect ratio 6, constant NACA0012 section with no twist or
taper. The case chosen was the 8� pitch case, and optimization was
performed for three tip Mach numbers. A tip Mach number of 0.612
was first used, since this gives a fully subsonic case, and torque
reduction could be attributed to reduction of induced power; higher
values of 0.794 and 0.877 were also used, since these would
demonstrate the extra effect of wave drag due to the transonic
regions, and the effect of tip speed would be clear. A one million cell
structuredmultiblock meshwas used, generated by the techniques of
Allen [53]. Figure 3 shows the domain and block boundaries, the grid
in the rotor disk, and the structure near the blade tip. The farfield is set
to approximately 20 chords from the blade.

A. Flow Solver

The flow solver used is a structured multiblock finite-volume
unsteady, inviscid upwind code [54,55] using theflux vector splitting
of van Leer [56,57] and the implicit pseudotime stepping scheme of
Alonso and Jameson [58] and Jameson [59]. Convergence accel-
eration is achieved through a multigrid [17,55]. The code has been
parallelized and shown to have very good scaling properties [15],
although the optimization here is performed as data parallel, so each
CPU spawns its own scalar call to the solver. The method solves the
Euler equations in integral form and, for hovering rotor cases, the
three-dimensional unsteady Euler equations are transformed to a
blade-fixed rotating reference frame. In this frame, the hover case is
then a steady problem. If the frame rotates with angular velocity
!� ��x;�y;�z�T , and the absolute velocity vector in the rotating
frame is denoted by q

r
� �ur; vr; wr�T, the resulting Euler equations

in integral form are then

d

dt

Z
Vr

UrdVr �
Z
@Vr

Fr:nrdSr �
Z
Vr

GrdVr � 0 (1)

where Vr is the control volume, @Vr is the control volume boundary,
and

Fig. 2 Deformed domain element and rotor surface.
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Fig. 3 Domain and block boundaries, rotor disk mesh, and mesh near tip.
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Fig. 4 Surface pressure coefficient: MTip � 0:612.
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Fig. 5 Surface pressure coefficient: MTip � 0:794.
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Fig. 6 Surface pressure coefficient: MTip � 0:877.
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Here, Gr is the source term resulting from the transformation, and
x� �xr; yr; zr�T is the coordinate vector. The equation set is closed by

P� �� � 1	
�
E � �

2
q2
r

�
(3)

B. Hover Results

Figures 4–6 show sectional pressure coefficient variations at four
radial stations, compared with the experiment, for the three tip Mach
numbers considered. These all show good agreement although, as
expected, the shock strength is slightly larger than the experimental
data at the highest Mach number. The computed thrust coefficients,
i.e., the constraints for the optimizations, are shown in brackets in the
results Tables 1–3.

V. Rotor Aerodynamic Optimization

The domain-element parameterization and advanced optimization
approaches have been previously presented for two-dimensional
heavily constrained aerofoil optimization [29], three-dimensional
fixed-wing [30,31], and initial rotor optimizations [60]. A detailed
analysis of rotor optimization using global and local coarse levels of
twist parameters is presented here.

A. Parameters Investigated

As an initial optimization, to validate the optimizer and test the
effects of local and global variables, only twist variables were
included. The basic case used only three design variables: blade
pitch, linear root-to-tip twist, and nonlinear 1=R root-to-tip twist. In
fact, to ensure no nonphysical deformation of the blade root, the
deformations begin at the third domain-element section; the first
section is fixed, and the second section moves approximately one
third of the third domain-element section’s motion to avoid a dis-
continuity there. To compare the effects of local and global
parameters, the local coarse parameters were taken as the individual
twists of each of the 15moving domain-element sections. Once these
parameters had been used, the robustness of the optimization
approach could be investigated by combining the two levels of
parameters (i.e., 18 local and global parameters) to ensure the same
level of torque reduction could be achieved. As a final check, the
converged three-global-parameter casewas used as the starting point
for the 15-local-twist case. Hence, for the three tip Mach numbers,
results are presented for 1) 3 global twists, 2) 15 local domain-
element slice twists, 3) 18 twists: 3 global plus 15 local domain-
element slice twists, and 4) 3 global twists run to convergence, then
15 local domain-element slice twists run from this result.

B. Optimization Results

The same three tip Mach number cases were used, and
optimizations were run in parallel on 4, 16, or 19 CPUs (one per
variable plus one for the master process). The cases were all run with
the following strict constraints:

1) The objective was to minimize torque.
2) The first constraint, on thrust, was CT 
 CT (original).
3) The second constraint, on bending moment, was Cmx � Cmx

(original).
4) The third constraint, on pitching moment, was jCmyj � jCmyj

(original).
5) The fourth constraint, on internal volume, was Vint 
 Vint

(original).
Tables 1–3 show the results of the four optimizations for the three

tip speeds. Hence, all have resulted in a significant reduction in
torque.

The loading distributions and twist distributions along the blade
for theMTip � 0:612 case are shown in Fig. 7 for the original and four
optimized blades. Considering Table 1, it is clear that the three-
global-twist case converges very quickly and produces excellent
results. The 15-local-twist case allows more flexibility and gives a
slightly better result, but it is the most expensive. It is assumed this is
due to the fact that the individual twists must also be used by the
optimizer to ensure the constraints are not violated. Combining the
three global and 15 local twists offers the best of the three parameter
options, allowing the finer control plus the global pitch to be used
effectively to control the thrust. This is a good check of the optimizer,
and it is reassuring that the two sets of combined parameters
produced a result at least as good as any individually. However, the
design space allowed by these 18 parameters is still large, and the best
option appears to be a two-stage process: converge the three global
parameters first, to obtain most of the benefits, then restart from this
with the 15 local variables. This second stage allows fine control,
without having to navigate through the larger design space in the first
place. It should be noted how effective the global variables are,
though; only nine evolutions are required with three parameters to
obtain a 10.6% torque reduction. The best torque reduction is only
1.7% more than this, but it requires a further 18 evolutions with 15

Table 1 Rotor optimization results MTip � 0:612

Parameters/Evolutions

3/9 15/41 18/30 3 then 15a/27
(9 and 18)

% Differences

CT=� (0.0522) 0.00 0.00 0.00 0.00
Cmx �7:99 �8:47 �9:53 �10:05
Cmy 0.00 0.00 0.00 0.00
Volume 0.00 0.00 0.00 0.00
Cmz �10:60 �11:95 �11:99 �12:33
aThree global then 15 local twists.

Table 2 Rotor optimization results. MTip � 0:794

Parameters/Evolutions

3/12 15/54 18/44 3 then 15a/33
(12 and 21)

% Differences

CT=� (0.0549) 0.00 0.00 0.00 0.00
Cmx �11:98 �11:07 �11:22 �12:18
Cmy �84:05 �81:75 �74:41 �63:48
Volume 0.00 0.00 0.00 0.00
Cmz �16:15 �16:94 �17:68 �18:13
aThree global then 15 local twists.

Table 3 Rotor optimization results MTip � 0:877

Parameters/Evolutions

3/18 15/57 18/51 3 then 15a/35
(18 and 17)

% Differences

CT=� (0.0559) 0.00 0.00 0.00 0.00
Cmx �14:77 �13:22 �14:63 �14:99
Cmy �85:59 �57:30 �49:03 �61:02
Volume 0.00 0.00 0.00 0.00
Cmz �22:52 �23:32 �23:79 �24:31
aThree global then 15 local twists.

2080 ALLEN, RENDALL, AND MORRIS



parameters. Considering the twist and loading distributions, it
appears the optimizer has attempted to deform the blade toward the
minimum induced power condition: that is, toward a linear loading
distribution. This is as expected for the subsonic case. This increased
twist, and subsequent movement inboard of load, has also resulted in
a reduction in the root moment in all cases.

The loading distributions and twist distributions along the blade
for the two transonic cases are shown in Figs. 8 and 9 for the original
and four optimized blades. Considering all three cases, there is a
remarkably consistent trend. For all of the cases, the three global
twists converge the quickest and produce the lowest torque reduction
although still most of the maximum achievable; the 15 local twists
converge the slowest, and produce the next largest reduction; the
combined three global and 15 local twists converge slightly faster

than the 15, and they produce a further slight increase in torque
reduction; and the two-stage process is the second fastest to
converge, and it produces the largest torque reduction. Sample con-
vergence histories are presented in Fig. 10 for the different
optimizations. These are similar for the three tip speeds, so only the
Mach 0.794 case is shown. These clearly demonstrate how effective
the three global twists are and how rapidly they converge; the first
nine evolutions in the three global followed by 15 local twists case are
using only the three global twists.

For both transonic cases, the optimizer has not modified the twist
toward theminimum induced power condition, since there is now the
wave drag component due to the transonic region. Hence, there are
high local parameter sensitivities associated with the outer sections
attempting to reducewave drag by reducing the transonic region, and

Fig. 8 Loading and twist distributions: MTip � 0:794.

Fig. 7 Loading and twist distributions: MTip � 0:612.

Fig. 9 Loading and twist distributions: MTip � 0:877.
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this explains the increased local twist toward the tip for the cases
including the 15 local parameters. The resulting surface meshes for
the three cases are shown in Fig. 11 for the three global followed by
15 local parameter case. The reduction in the transonic region and

increased inboard loading for both transonic optimizations results in
large reductions in root moments Cmx due to moving the loading
inboard and, particularly, Cmy, due to the reduction of the transonic
region.

Fig. 10 Convergence histories: MTip � 0:794 (15 twists, 18 twists, and 3� 15 twist parameters).

Fig. 11 Original and optimized surface meshes: MTip � 0:612, 0.794, and 0.877. 3� 15 twist parameters.

2082 ALLEN, RENDALL, AND MORRIS



The optimizer requires flow solutions for two perturbations of
each parameter to obtain the sensitivities of each evolution, then,
once these have been obtained, an average of 1.5 flow solutions of
each evolution are required to compute the step size and the gradients
of the constraints. Hence, assuming sufficient CPUs are available to
compute all parameter sensitivities simultaneously, each evolution
requires the runtime of approximately 3.5 flow solutions.

Offdesign performance has also been considered, and thrust-
torque polars are presented in Fig. 12 for the three tip speeds. These
were calculated using 0.5� increments. Hence, for the subsonic case,
at negative and lowpositive thrusts, the performance of the optimized
blade is similar to the original but, above a small thrust value, the
performance is consistently improved over the original blade. For
both the transonic cases, at negative and low positive thrusts, the
performance of the optimized blade is inferior to the original but,
again, for all thrusts above a small value, the performance is
consistently improved over the original blade.

VI. Conclusions

A generic and efficient domain-element method of geometric
parameterization has been presented for application to CFD-based
aerodynamic optimization. The parameterization is linked to a radial
basis function global interpolation, allowing the domain element to
control the grid coordinates and provide simultaneous deformation
of the design surface and its corresponding CFDmesh. The approach
is totally independent ofmesh type, so it requires no connectivity, and
both the design surface and the volume meshes are deformed in a
smooth high-quality fashion, regardless of the size of the defor-
mation. Design surface control and volumemesh deformation are the
key issues when considering shape optimization, and both are solved
using this approach.

A reduced number of designvariables are also keywhen obtaining
sensitivity information via finite difference, and the technique here
allows the use of design variables of different scales and types with

only a few parameters. These include gross planform and detailed
surface deformation degrees of freedom that, when combined, can
lead to a significantly reduced number of design variables for a three-
dimensional application when compared with many other types of
shape parameterization methods.

The methods have been previously applied to two-dimensional
aerofoil optimization and three-dimensional fixed-wing designs,
achieving substantial performance improvements. However, the
principal objective of the current work is the extension to aero-
dynamic optimization of hovering rotors, with the minimum number
of design variables, while remaining independent of both the flow
solver and the grid generation package. The optimization techniques
presented make this possible. Furthermore, a parallel version of an
advanced FSQP gradient-based optimizer has been developed such
that optimization of the rotor can be performed in a practical run time.
The optimization suite has been parallelized in a generic fashion,
such that the code is still independent of the flow solver.

Initial results for a rotor in hover have been presented here,
minimizing torque using only two levels of twist variables, and they
are very promising. Global and local parameters have been consid-
ered separately then combined to test the robustness of the
optimization approach, then they are run in series as a two-stage
optimization. A consistent message has been obtained: running a
combination of global and local variables is more effective than
either on their own, a small number of global variables are by far the
most efficient, and the most effective approach is to converge the
design using global variables only, and then restart with local
variables for fine control to allow the final design improvement.
Reassuringly, combining local and global parameters achieves at
least the same result as either of these levels used individually. Torque
reductions of over 12% have been achieved for a subsonic case, and
over 24% for a high transonic case, and these results are very
impressive. In the subsonic case, all parameters have deformed the
blade toward the minimum induced power condition. However, for
the transonic cases, the increased flexibility of the local parameters

Fig. 12 Performance polars: MTip � 0:612, 0.794, and 0.877.
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has resulted in a slightly larger torque reduction and an increased
twist toward the tip in an attempt to also minimize the wave drag.
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