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Exploration of the Effects of Rotor Blade Twist on Whirl-Flutter
Stability Boundaries

Vincenzo Muscarello*
Royal Melbourne Institute of Technology, Melbourne, VIC, 3082, Australia

Giuseppe Quaranta’
Polytechnic University of Milan, 20156 Milan, Italy

This paper investigates the influence of tiltrotor blade twist on whirl-flutter stability
boundaries. Preliminary evaluations indicate that the whirl-flutter speed can be increased if
the blade twist slope is reduced. This positive effect results from the shift in the overall thrust
toward the blade tip, increasing the flapwise bending moment at the blade root and the trim
coning angle. This, in turn, generates a positive pitch-lag coupling, increasing the whirl-flutter
speed. However, the shift of high sectional thrust forces toward the blade tip sections returns a
higher induced drag, showing the tendency to increase the power required.

The paper shows that by using blade twist laws based on piecewise linear functions and
adding the wing airfoil thickness as a second design parameter, it is possible to identify aircraft
configurations that improve the whirl-flutter stability boundaries without penalizing the power
required in airplane and helicopter mode flight. This is possible because the blade twist and
the wing airfoil thickness have an impact on both power required and whirl-flutter speed, so a
simple optimization algorithm can identify good trade-offs.

A detailed tiltrotor model representative of the Bell XV-15 is used to display the effectiveness
of the proposed approach. The examples show that increases up to 21% on the whirl-flutter
speed are achievable without penalties in the aircraft power required and with the additional

benefit of a benign impact on rotor pitch link loads.

Nomenclature
Ay = Wing stringer area, in’
CZ)VP = Wing-Pylon drag coefficient
CXVP = Wing-Pylon lift coefficient
EJp = Wing beam bending stiffness, 1b-in’
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EJ. = Wing chord bending stiffness, 1b-in?

FM = Figure of merit

GJ = Wing torsional stiffness, Ib-in’

Ky, = Pitch-lag coupling, positive for lag back, pitch down
M = Mach number

P = Rotor power, hp

Pins = Rotor power evaluated at the maximum safe flight speed, hp
T = Radial station where the blade twist slope change takes place, /R
T = Rotor thrust, Ib

th = Wing skin thickness, in

th = Wing spar thickness, in

t/c = Thickness to chord ratio

Vins = Maximum safe flight speed, knots

Vs = Whirl-flutter speed, knots

Bo = Collective flap angle, deg

Bic,Pis = Cyclic cosine and sine flap angles, deg

Bcc,Bes = Longitudinal and lateral gimbal angles, deg

&0 = Collective lead-lag angle, deg

i, lis = Cyclic cosine and sine lead-lag angles, deg

o = Collective pitch angle, deg

P1c.%1s = Cyclic cosine and sine pitch angles, deg

[, = Blade twist, deg

L/ = Blade twist slope, deg/(r/R)

3 = Damping ratio, %

w = Frequency, Hz

I. Introduction
ILTROTORS are aircraft designed to overcome the speed and range limits affecting conventional helicopters by
Tusing the rotors only for the generation of lift at low speed (helicopter mode) and transforming them into thrust
generators at high speed, where the lift is provided by the aircraft wing (aircraft mode). However, at high speeds in
airplane mode, whirl flutter is still a major performance limitation for tiltrotors.

Whirl flutter is an aeroelastic instability that affects flexibly mounted aircraft engine-propeller combinations. It was



discovered in 1938 as a precession-type instability in turboprop aircraft configurations [1]. The correct analysis requires
taking into account the influence of rotating masses producing centrifugal, Coriolis, and gyroscopic forces/moments
in addition to the aerodynamic loads. The fundamental problem is a not symmetrical distribution of lift force on the
transversely vibrating propeller that may cause unstable vibrations or even a failure of the engine or the supporting wing
structure. The basic phenomenon is described in detail by Wilmer H. Reed III in Ref. [2].

Nixon in Ref. [3] showed how a wide enough separation between the torsional and the beam bending™ frequencies is
essential to ensure aeroelastic stability. Indeed, the analysis performed in Ref. [3]] demonstrated that if the wing beam
bending stiffness is increased (e.g. EI)*™ = 1.5 X El), the flutter speed decreases unless the torsional stiffness is also
increased (that is, GJ™ > 1.3 x GJ).

With the current technology, very stiff (and thick) wings of limited aspect ratio are used to meet the stability
requirements, severely limiting cruise efficiency and maximum speed [4]. Many current designs that fly like the V-22, or
have flown like the XV-15, have a 23% thick wing to ensure a whirl-flutter speed well beyond the dive speed. Increased
power, thrust, and rotor efficiency are of no avail unless the whirl-flutter stability can be improved. Consequently, many
research efforts have been dedicated to improving the whirl-flutter speed boundaries of tiltrotors. Tailoring of wing
stiffness using composite material has been shown to be quite effective in extending the whirl-flutter boundaries [SH7].
In [5], the usage of composite materials influencing the pitch/bending coupling allows using an 18% thin wing that
exceeds the whirl-flutter boundaries of the baseline wing by 12 knots. A more extensive application of aeroelastic
tailoring for stability augmentation, not only on the wing but also on the rotor blades, was considered in [7]] showing
very promising results. Different approaches exploited the usage of active stability augmentation systems to obtain an
increment of the whirl-flutter-free envelope [8H10]. In other cases, the modification of the aircraft architecture was
sought, including the inclusion of wing extensions or winglets [[11]], that combined with a modification of structural
characteristics of the wing has been shown to achieve a remarkable 22% improvement in the whirl-flutter speed.

A different approach was proposed by Acree et al. [12] where the improvement in whirl-flutter speed was obtained
by adjusting the chordwise positions of the rotor blade aerodynamic center (AC), the airfoil quarter chord (QC), and the
center of mass (CM). The modification of the position of the AC of an airfoil is possible by changing the geometry
but is typically limited to very small adjustments while moving CM requires the addition of masses and the moving
of the airfoil QC with respect to the blade feathering axis can be obtained through sweep angles, typically close to
the blade tip. However, the last two types of modifications may bring in other drawbacks, such as heavier blades or
higher pitch-link loads, so they have to be exerted with care. The baseline aircraft model used in [12]] was the XV-15
tiltrotor with a 15% thickness modified wing, which brought the whirl-flutter speed at 275 knots. Large improvements
of the stability boundaries were achieved in [12] with an increase of the whirl-flutter speed up to 100 knots, equal to a

36% improvement, although several drawbacks, due to the excessive increase in pitch link loads, could have caused a

*In tiltrotors, the term “beam bending” commonly refers to “out-of-plane bending” while “chord bending” refers to “in-plane bending”.



potential limit to the advantages. However, the analysis contained in [[12] pointed out that a change in aerodynamic
load distribution on the blades can affect significantly the whirl-flutter stability. Gul and Datta [13]] showed that such a
change can be beneficial also for hingeless hub tiltrotors and not only for classical gimballed hub ones, as is the case
presented here.

Further investigations in this direction showed that among the aerodynamic parameters of the rotor, the blade
twist could be quite effective in moving the whirl-flutter speed forward, with improvements up to 20% [14]]. However,
those improvements have the downside of increasing the power required, nullifying the potential improvement on
the whirl-flutter-free envelope. To better investigate the potential of the rotor twist as a means to improve the overall
performance of a tiltrotor, it is proposed here to include more design parameters that affect the whirl-flutter speed and the
power required and tackle the problem through a simple multidisciplinary optimization, as those proposed in [15H18]].
However, differently from [[15} [18]] where the objective of the optimizations was to try to improve the aerodynamic
efficiency of the rotor or the entire aircraft — including both hover and high-speed flight conditions — while reducing
weight under aeroelastic stability constraints, here the objective is inverted, i.e. trying to improve the stability boundaries
of the aircraft while keeping the power required below the maximum power of the baseline model. The objective of this
change of point of view is twofold: a) first, it is possible to focus on the effect of blade twist on aeroelastic stability since
the effect on power required is well known, because a basic understanding of the physical mechanism associated with
this improvement may be of better help than the research of an optimal configuration for a specific aircraft; b) second, to
focus more on maximizing the whir-flutter speed, leaving the choice between the two options of keeping the same flight
envelope with a lower power required, or expanding the flight envelope with the same power, to the analysis of specific
operative missions of the aircraft under investigation.

The idea of looking at blade twist change as a means to improve tiltrotor performance is not new. In Ref. [7] a
mechanism to change the blade twist to adapt it when switching from helicopter mode to airplane mode was presented.
However, the problem was analyzed from the point of view of better rotor efficiency, i.e. power required, and tackled
with composite-made extension-twist-coupled blades that presented many aeroelastic drawbacks. Indeed, the dominant
effect was associated with the pitch-lag coupling in the rotor system, created by the tip-weight in combination with
precone, and a reduction in the rotor thrust between hover and cruise. This effect resulted in a large negative spring
relating the torsion moment about the pitch axis to blade lag deformation, reducing the whirl-flutter speed by at least
50%. No direct analysis of the effect of twist on aeroelastic stability was conducted. A similar objective was sought
in [19]], where shape memory alloy hybrid composite materials were used. However, both papers showed that potentially
it is possible to design and manufacture a morphing system able to adapt the twist of the blades to the flight condition.

As a baseline for this study a detailed aeroelastic tiltrotor model is used, representative of the Bell XV-15 with
Advanced Technology Blades (ATBs). It has been assembled in CAMRADY/JA using data published in Ref. [20].

Multidisciplinary optimization is implemented with the objective function to maximize the whirl-flutter speed, under



power constraints. The optimization considers the wing airfoil thickness along with different laws for rotor blade twist
based on piecewise linear functions as the design variables, trying to exploit the idea that even if the twist brings higher
aeroelastic stability boundaries at the expense of more power required, this could be traded by the optimizer to reduce
the wing airfoil thickness that has the opposite effect but may affect whirl-flutter stability. It has been decided to not
consider hover performance in the optimization at this stage. However, a post-optimality assessment in helicopter mode
flight is presented as well, showing that the impact is benign.

The paper proceeds as follows: section[[l]is dedicated to the description of the dynamic model setup. The many
substructures that are part of the CAMRAD/JA aeroelastic model (airframe structural dynamics, airframe aerodynamics,
aeroelastic rotors, engine-drive train system, and the governor controller) are outlined. The modifications of the
wing structural and aerodynamic characteristics concerning different thickness-to-chord ratios are presented as well.
Section [[IIf summarizes the results obtained using the blade twist as the only design variable , explaining the physical
mechanism that is at the root of the whirl-flutter stability increase obtained. Section |[V|presents a detailed overall
aircraft optimization with more design variables, including the wing airfoil thickness together with different blade twist

configurations. The last section brings the paper to closure by drawing conclusions about the work performed.

I1. Model Setup

A detailed tiltrotor model, representative of the Bell XV-15 research aircraft with advanced technology blades
(ATBs) [21], has been built in CAMRAD/JA [22] using data published by Acree in Ref. [20]. The dynamic model
set-up includes 1) the airframe structural model, 2) the airframe stability and control derivatives, 3) aeroelastic rotors,
and 4) a lumped parameter engine drive-train governor system. While in Ref. [23]] it was shown that the addition of
pilots’ biodynamics may give a further contribution to whirl-flutter speed, it was decided to not consider this effect in
this specific case to allow comparisons with results published by other authors. The XV-15 general characteristics are
summarized in Table

This section presents the dynamic model setup and validation together with the extension done to model the wing

with a variable thickness, necessary to run the following optimizations.

A. Tiltrotor Aeroelastic Model

The layout of the Bell XV-15 is similar to a turboprop aircraft. Large proprotors, coupled with turboshaft engines,
are mounted on the wingtip nacelles. The rotor axis rotates from the vertical direction, used for hover and helicopter
mode flight (HEMODE), to the horizontal direction, used for airplane mode flight (APMODE). According to Ref. [12],
the airframe structure can be modeled using a finite element (FE) stick model consisting of an elastic wing, a rigid
fuselage, rigid wing-mounted nacelles, plus the inertial effect of rotors represented through two lumped masses. The

resulting FE model is depicted in Fig.[T]



Table 1 XV-15 general characteristics.

Characteristic Symbol  XV-15 (ATBs)  Units
Gross takeoff weight Wro 13,000 1b
Maximum engine(s) power P,y 2x%1,550 hp
Maximum flight speed Vinax 280 knots
Wing span b 32.17 ft
Wing area N 181.0 ft?
Rotor radius R 12.50 ft
Rotor solidity o 0.103 n.d.
Rotor Lock number 0% 3.768 n.d.
Rotor rotating speed Q 6012 rpm

4 Reduced to 480.8 rpm in airplane mode.

Concentrated rotor Tail node

mass element .Fus.elage roll
inertia element

Wing nodes
\

Rigid nacelle elements

Elastic wing
beam elements

~

Nose node

\

Rigid fuselage elements

Fig.1 Bell XV-15 airframe finite element stick model [12].

The airframe model aims at capturing the fundamental six normal modes of the wing that contribute to the
whirl-flutter mechanism, i.e. symmetric/antisymmetric wing bending (SWB/AWB), symmetric/antisymmetric wing
chord (SWC/AWC), and symmetric/antisymmetric wing torsion (SWT/AWT). The natural frequencies and mode shapes
are obtained using NASTRAN. Table[2]lists the frequencies in HEMODE and APMODE for the 15% thin-wing proposed
by Acree et al. in Ref. [12]]. The airframe modes considered for whirl-flutter analyses are the first of each type.

The airframe aerodynamics are modeled through the aerodynamic lookup tables of the wing-body, horizontal tail,
and vertical tails provided by Ferguson in Ref. [24]]. Lift, drag, and moment coeflicients are reported as a function of the
angle of attack, Mach number, and nacelle angle. With these data, it is possible to generate the complete database of
airframe stability and control derivatives in CAMRAD/JA, which is essential to find the correct trim condition for the
aircraft at different flight speeds. The choice to use a quasi-steady model for the airframe aerodynamics stemmed mainly
from the necessity to obtain results comparable with those presented in Ref. [12]]. Full unsteady airframe aerodynamics

could be adopted for whirl-flutter analysis, as shown in [25]. However, the effect of wing unsteady aerodynamic loads



Table 2 XV-15 airframe natural frequencies in HEMODE and APMODE, with 15% thin-wing.

HEMODE APMODE
Mode Frequency, Hz Frequency, Hz
SWB 222 2.34
AWB 4.49 4.48
SWT 5.17 6.09
AWT 5.37 5.61
SWC 6.53 5.07
AWC 7.56 7.03

has been considered negligible at this stage.

The XV-15 ATBs rotors used in the study are characterized by composite blades, with a +1.5 deg. precone angle and
a negative pitch-gimbal kinematic coupling (3 = -15 deg). Rotor blade aerodynamic forces are calculated using lifting
line theory and steady, two-dimensional airfoil characteristics, with corrections for unsteady and three-dimensional flow
effects (Ref. [22]). C81 tables are provided by Acree in Ref. [20], in which lift, drag, and pitching moment coefficients
related to the XV-15 ATBs are tabulated versus the angle of attack, covering the entire +180° range, and several Mach
numbers ranging from 0 to 1. The momentum theory induced velocity model is also included; empirical corrections
to account for nonideal induced power losses and a linear variation of the induced velocity over the rotor disk due to
nonaxial flow are defined in Ref. [20] as well as a tip loss factor for three-dimensional flow effects. Quasi-steady lift
and moment coefficients are also implemented in CAMRAD/JA based on unsteady thin airfoil theory (see Ref. [22],
chapter 2). Collective and cyclic modes have been considered for the three-bladed, gimballed, stiff-in-plane XV-15
rotors, respectively: two bending modes, one torsion mode, and two gimbal modes (longitudinal and lateral). According
to Ref. [26]], for proprotor stability analysis, only the fundamental modes below 1/rev are important. The two bending
and the gimbal modes are selected to model the rotor cyclic flapping, lead—lag, and rotor coning modes that lie in the
frequency range of interest. The first torsion mode is related to control chain compliance. This mode also provides
the kinematic pitch-gimbal and pitch-bending couplings designed to reduce flapping and to keep the rotor flapping
mode below 1/rev, reducing flap/lag instability in tiltrotors (Ref. [27]]). Please, note that the gimbal universal joint
in CAMRAD/JA has been modeled as an ideal homokinetic joint, neglecting the 2/rev components caused by rotor
flapping (Ref. [28]]). Additionally, the three-state Pitt—Peters dynamic inflow model (Ref. [29]]) and the rotor speed
degree of freedom have been taken into account. Thus, each rotor model contains 15 degrees of freedom. The two
rotors operate at 601.0 rpm (100%) in helicopter and conversion modes. Once fully converted to airplane mode, the
rotor speed is decreased to 480.8 rpm (80%). Table [3|shows the fundamental rotor frequencies in a vacuum, for the two
rotor speeds. Except for the regressive gimbal and lead-lag modes, all the rotor modes are placed above 10 Hz, far away

from the fundamental elastic wing modes.



Table 3 XV-15 rotor frequencies in vacuum.

HEMODE APMODE
100% rpm, ¢y = 12 deg 80% rpm, ¥ = 40 deg
Mode Coll. Hz Reg. Hz Prog. Hz Coll. Hz Reg. Hz Prog. Hz
Gimbal - 0.19 20.22 - 0.24 16.27
1*" Bending (Lag) 12.68 3.18 23.22 10.19 242 18.45
2 Bending (Flap) 16.03 17.90 37.93 15.94 22.85 38.88
15! Torsion 30.39 20.85 40.88 28.87 20.44 36.47

The dynamics of the engine-drive train system are modeled with simplified one-dimensional models consisting of a
set of torsional springs and equivalent lumped inertias as shown in Fig. 2] using data provided by Acree [20]. The XV-15

left rotor right rotor

L Oa L Do

rotor rotor
shaft shaft
KM spring KM spring

Ky
rr rr
left C\ e ) right
transmission ) W < transmission
re inter-connect re
shaft spring
engine engine
KE shaft KE shaft
spring spring
engine engine
IE inertia IE inertia

Fig. 2 Symmetric engine-drive train model.

reduced parameters /¢, Kg, Kp, K; and the gear ratios, i.e. ry and rg, are derived from Ref. [20]]. The two gearboxes
are joined by an interconnecting shaft. This system precludes the complete loss of power to either rotor due to a single
engine failure, permits power transfer for transient conditions, and provides rotational speed synchronization (Ref. [30]).

The XV-15 engine-drive system’s natural frequencies are listed in Tabled] The long interconnect drive shaft causes

Table 4 XV-15 engine-drive system natural frequencies.

Mode Frequency, Hz
1*" antisymmetric 4.50
157 symmetric 13.98
274 antisymmetric 16.62

the first anti-symmetric drive system mode to be in the frequency range of the fundamental wing modes, and thus

potentially important for whirl-flutter stability. Details on the modeling of this subsystem can be found in Refs. [31}32],



including the “Beta” governor control laws.

B. Wing Model
To consider the wing airfoil thickness as an optimization variable, it is necessary to allow the modification of the

wing structural and aerodynamic characteristics in the aeroelastic model, as discussed in the following subsections.

1. Structural Model

Starting from the design proposed in Ref. [12]], it has been decided to modify only the thickness of the wing section,
without changing any other parameter. The design for a 15% thin-wing proposed by Acree et al. [12] is different from
the one of the original aircraft and uses composite graphite-epoxy structural components. The original design was based
on a NACA 64A223 airfoil, and [12] considered a single torque box model for the wing structure, scaling down the
coordinates of the airfoil to reduce the maximum thickness from 23% to 15%. A simple semi-monocoque idealization,
with constant shear flow panels and linearly varying axial force stringers (see Ref. [33]], Chapter 20) can be used to
assess the structural stiffness. The single torque box structure used here is represented in Fig. [3]and is composed of 8

panels and 8 stringers where the area of panels and stringers is lumped. Choosing as material properties those presented

0.3
A irfoil
=== Torque box
02k O Stringers
0.1

-0.1

-0.2r

_03 I I I I |

Fig. 3 Torque box used to estimate the semi-monocoque characteristics of the structural section with 15%
thickness airfoil.

in Table [5] and as target stiffnesses those used in the 15% thin-wing model of [12]], reported in Table[6} it has been
possible to solve an inverse design problem to guess the section geometric characteristics, i.e. skin and spar thicknesses,
and stringer areas. Details on the process may be found in Ref. [34]. Keeping the material properties constant while

changing the wing airfoil thickness it is possible to compute how the stiffnesses are modified. The torsional stiffness



Table 5 Reference material properties used for graphite-epoxy composite structure, Ref. [12].

Property Symbol  Unit Value
Elastic modulus, torque box E, 1b/in? 9.00x10°
Elastic modulus, stringers E; 1b/in? 18.00x10°
Shear modulus, torque box G 1b/in? 3.75%10°
Density P Ib/in’ 6.00x1072
Limit strain €max  in/in 0.47x1072

Table 6 Target sectional stiffnesses (Ref. [12]) and section geometric characteristics for the 15% thin-wing
tiltrotor structure.

Property Symbol  Units Value
Beam bending stiffness EJp 1b-in? 1.98x10°
Chord bending stiffness ~ EJ.  Ib-in>  7.59x10°

Torsional stiffness GJ Ib-in>  1.33x10°

Stringer area Ay in’ 3.72x107!
Skin thickness tp in 1.36x107!
Spar thickness th in 7.68x1072

(see Fig.[(a)) almost doubles when moving from a 15% thin wing to a 24% thick wing, showing a very similar behavior
as the one presented in [[12]. This is expected since the torsional stiffness strongly depends on the square of the cell
area [33]]. The beam bending stiffness is instead increased by only 23%, ranging from a 15% thin- to a 24% thick-wing,
leading to limited modification of the beamwise stiffness and associated beam bending mode frequencies (see Fig. (D).

For the chord bending stiffness, the variations are so small that it has been chosen to keep it constant.

9 9
x10 3_53<10

[) Computed points [) Computed points
s Interpolation s Interpolation

3.5

0 . . . ) 0 . . . )
5% 10% 15% 20% 25% 5% 10% 15% 20% 25%
t/c t/c

(a) Torsional stiffness. (b) Beam bending stiffness.

Fig. 4 Changes of bending and torsional stiffnesses with reference to wing airfoil thickness.

To this extent, it is possible to compute the stiffness for different values of wing airfoil thickness and then define an

interpolation law to generate the updated NASTRAN structural models of the tiltrotor airframe structure for any wing

10



airfoil thickness ranging between 15% and 24%. The following interpolation laws have been identified for usage in the

optimization process:

GJ = (30.050 (t]c)? +6.182 - (1/c) - 0.270) % 10°, (1a)

EJy, = (13.297 (t/e)? = 0.059 - (t]c) + 1.687) % 10°. (1b)

It must be remarked that the wing structure mass is not modified. Indeed, an increase in wing airfoil thickness leads to
larger beam-bending and torsional stiffness without penalties in terms of wing weight since the skin and spar thicknesses,
together with the stringers areas, remain constant. The modification of the wing airfoil thickness, however, affects offsets
and cross-sectional moments of inertia. These contributions have not been included in the XV-15 airframe FE stick
model. Indeed, cross-sectional rotatory inertia provides a secondary order effect with negligible impact on the first
frequencies and mode shapes of the XV-15 airframe, required for whirl-flutter stability analyses. These assumptions
hold for all structures characterized by high slenderness ratios [33].

The airframe natural frequencies in APMODE, with reference to the wing airfoil thickness, are depicted in Fig. 5]

As expected, the increment in the wing airfoil thickness increases the symmetric and antisymmetric wing torsion natural

101 101
=8-swB —-—AWB
=8—SswC =o—AWC
——SWT ——AWT

8r 8r

Frequency, w [Hz|
Frequency, w [Hz|

0 0
5% 10% 15% 20% 25% 5% 10% 15% 20% 25%
t/c t/c
(a) Symmetric frequencies. (b) Antisymmetric frequencies.

Fig. 5 Evolution of the symmetric (left) and antisymmetric (right) frequencies with reference to the wing airfoil
thickness.

frequencies while the impact on the beamwise and chordwise bending modes is less remarked. The large torsional
stiffness helps to reduce the pylon pitch motion, thereby increasing whirl-flutter stability. However, a thick wing design

increases aerodynamic drag, limiting the cruise efficiency and maximum speed of the aircraft.
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2. Aerodynamic Model

When the wing airfoil thickness changes, the aerodynamic characteristics are modified as well, with a significant
impact on the aircraft performance and trim conditions. In particular, the rotor thrust and, consequently, the power
required are both affected due to the change of aerodynamic drag at high speed.

A simple model of the wing was built using the software XFRLSE] based on Prandtl lifting line theory (see [36],
Chapter 8), joined with the airfoil aerodynamics characteristics obtained using XFOIL [37]. The Prandtl-Glauert
correction was used to keep into account compressibility effects [38]]. The results in terms of lift coefficient in the
linear region are in very good agreement when compared to the experimental data provided by Ferguson in Ref. [24]], at
all Mach numbers. Instead, the resulting wing polars have been calibrated including an additional correction term to
improve the fitting of the experimental wind tunnel results. This correction was necessary to consider the drag due
to the nacelles. As a consequence, an additional contribution on the drag coefficient, constant for all angles of attack
and set to ACDWP = 0.0105, was added. This contribution remains constant up to M = 0.5 and suddenly increases at
M = 0.6, reaching a value almost three times higher, ACDWP = 0.0290.

Figure [6] shows the comparisons of the lift and drag coefficients between the XFRL5 model for a 23% thick-wing
and the wind tunnel data [24]]. These results show that the matching for the drag coefficient is fairly good in the range of
low angles of attack, that is the range of interest in this work where the focus is on trimming the aircraft at high-speed
flight conditions.

Figure[7]shows the lift and drag coefficients computed at Mach 0.2 for different values of wing airfoil thickness,
to be used for the optimization process. The wing-pylon aerodynamic coefficients have been obtained for several
Mach numbers in the range of M = 0.1 — 0.6. For any value of thickness or Mach number in the considered range, the

coeflicients to be used can be obtained using a simple two-dimensional interpolation routine.

C. Trim Criteria

In usual whirl-flutter flight-test operations, the aircraft is trimmed in level flight conditions up to the power-limited —
or in some cases torque-limited — airspeed. Then, to increase the speed, it is allowed to follow a descent trajectory
necessary to achieve the desired airspeed. However, in some cases, the zero-power (windmill) state is the limiting
condition for whirl-flutter stability. So this condition too must be included in the analysis.

In this work, three different trim conditions are employed in the analyses:

¢ Level flight with unlimited power;

* Level flight with limited power, that allows the aircraft to descend whenever exceeded the maximum power;

e Zero—power flight conditions (windmill state).

The first is unrealistic while the last must be always considered as a special case of constant power, representing a

Thttp://www.x£1lr5. tech visited on November 2022.

12


http://www.xflr5.tech

151

[ )= Wind Tunnel
e X FRL5

1+

0.15

0.5 0.1
& a
=q O0F----—----@f-----"-"-"—"—"——------- 2q
.}
-0.5 0.05
qF
[ )= Wind Tunnel
e XFRL5 + ACHT
15 , ‘ ‘ . . ) 0 , , , : ‘ )
-15 -10 5 0 5 10 15 -15 -10 -5 0 5 10 15
AoA [deg] AoA [deg]
(a) M=0.1 (b) M=0.1
151 0.15
[ )= Wind Tunnel
10
0.5 0.1r
& m
= OF--------fF------"-"--"=-"--"=----- Eq
O O
-0.5 0.05
AF
[ )= Wind Tunnel
m— XFRL5 + ACH?
15 , ‘ ‘ . . ) 0 , , , : ‘ )
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
AoA [deg] AoA [deg]
(c) M=0.6 (d) M=0.6

Fig. 6 Wing-pylon aerodynamic coefficients w.r.t. Angle of Attack (AoA): experimental [24] vs numerical data -
23%0 thick-wing.

possible emergency flight condition (engine out). For the XV-15 model with ATB, the whirl-mode stability boundaries
are achieved with the zero-power condition [[14]], although the difference in whirl-flutter speed compared to other trim
conditions is marginal. It can be speculated that, if the optimal wing airfoil thickness and blade twist configuration
improve the whirl-flutter boundaries in level flight conditions with limited/unlimited power, then they also increase the
whirl-flutter speed at zero—power conditions. For this reason, the optimizations are run only for powered cases.

Each rotor is trimmed to 480.8 rpm (80% of hover design rpm) at Sea Level Standard (SLS) ISAIH + 0° C flight
conditions. The flight speed range considered is from 140 to 400 knots, with trim and stability calculated in 20-knot
increments. Stability analyses consider all the rotor degrees of freedom, the airframe rigid body modes, the first 6 wing

elastic modes, the engine-drive train dynamics, and the governor controller. Structural, modal damping of 1.5% has

*International Standard Atmosphere
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Fig.7 Computed wing-pylon lift and drag coefficients for several wing airfoil thicknesses at M = 0.2.

been considered for each wing elastic mode.

I11. Preliminary Rotor Parametric Analysis
To understand the physical mechanism at the basis of the stabilizing effect associated with blade twist, a simple

modification on the XV-15 blade twist law is presented in the following. The baseline twist can be approximated by a

constant slope of 9/, =-41.086 deg/(r/R). Two modified linear twist distributions are proposed by changing the slope

wy

of the linear twist by +20%. All modified twist configurations have been defined to obtain the twist at 75% of the blade

span equal to zero when considering null collective pitch. The modified configurations are named respectively “Twist+

and “Twist—". The three twist distributions are compared in Fig.[8] For the level flight condition with unlimited power,
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Fig. 8 Baseline and modified blade twist distributions.
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with 15% thin-wing, the trim analysis returns almost the same values of pitch attitude and rotor thrust with reference to
the flight speed for all three configurations, although slightly different collective pitch and elevator angles are obtained

(see Ref. [14]] for more details). Given the non-optimal choice of the twist, the modified configurations typically require

-
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(a) Power. (b) Figure of Merit.

Fig.9 Trim results — level flight with unlimited power, 15% thin-wing.

more power, especially for the “Twist—" law (see Fig.[9(a)), reducing the proprotor efficiency (Fig.[9(b)). The latter is
measured through the so-called Figure of Merit (FM), defined as the ratio of the minimum possible power to flight (i.e.
the induced power) to the total power, which also includes the profile power (see Ref. [39], Chapter 3).

The evolution of the aeroelastic eigenvalues originating from the six wing elastic modes is discussed in the following.
Each aeroelastic eigenvalue is labeled according to the structural mode that mainly participates in its corresponding
aeroelastic eigenmode.

As predicted by Acree et al. [[12]], the unstable roots are the symmetric wing chord (309 knots) and antisymmetric
wing bending modes (306 knots), shown in Fig. [I0} although the corresponding whirl-flutter speeds for the XV-15 with
ATBs are slightly higher when compared with those obtained in Ref. [12], referred to the XV-15 with metallic blades.
The most critical whirl-flutter onset is caused by the AWB mode. At 380 knots, the blade tip airfoils reach the transonic
regime. The blade section lift-curve slope is decreasing at that point, improving stability. This effect can be clearly seen
for the symmetric wing chord, symmetric wing torsion, and antisymmetric wing bending roots.

It can be noted that the configuration “Twist—" increases the critical speed both for the SWC (> 37 knots) and AWB
(> 39 knots) modes. The opposite trend is obtained with the “Twist+” configuration. Unfortunately, the improvement
on whirl-flutter stability boundaries obtained with the configuration “Twist—" is penalized by the increment in the power

required.
The twist distribution modifies the thrust per unit length over the blade, as shown in Fig.[TI(a)]for the flight condition

at 300 knots. In particular, for the “Twist—" configuration the total thrust is shifted toward the blade tip increasing the
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Fig. 10 Whirl-mode frequency and damping w.r.t. flight speed, level flight with unlimited power, 15% thin-wing.

total out-of-plane bending moment exerted at the blade root. As a consequence, the trim deformed coning angle due
to blade elastic flapping, ,85 , increases as well (Fig.|11(b)). A positive trim coning angle generates positive pitch-lag
coupling Kp (positive for lag back, pitch down), namely:
2 T
AS (V/s - 1) By

Kpp=————=~—1—"— 2
P A e )

where vg is the natural frequency of the rotor coning mode (/rev), I p 1s the dimensionless pitch moment of inertia and
vy is the pitch natural frequency (/rev). In turn, the positive K p, improves whirl-flutter stability boundaries, as reported
by Johnson in Ref. [40]. It must be remembered that the total collective flap angle is due to the precone angle ﬁg =15
deg., plus the trim coning angle, i.e. 8y = ﬁg + ,Bg . So, if the rotor has an ideal precone, then ﬁg =0, and there would

be no pitch/lag coupling. In APMODE, the proprotor operates at very low aerodynamic loading, while the precone is
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designed for the high loading of hover. Hence, ,Bg is generally small or negative for the proprotor in cruise and there is a

finite, negative pitch/lag coupling that limits the whirl-flutter speed.
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Fig. 11 Rotor loads and coning angle - level flight with unlimited power, 15% thin-wing.

The “Twist—"" configuration produces a reduction of the negative, or in some cases a positive, ﬂg angle improving the
whirl-flutter stability. The opposite behavior is obtained with the “Twist+” configuration resulting in reduced stability
boundaries. However, the non-ideal distribution of forces on the blade sections, due to the modified twist distribution,
returns a higher local induced drag increasing the power required. Additional analyses performed in windmill trim
conditions and reported in [14] confirmed that the “Twist—" shows a stabilizing effect, leading to similar increases in the
whirl-flutter speed experienced by unlimited-power cases, both for symmetric and antisymmetric modes.

A preliminary run of optimizations for the level flight conditions with unlimited power was attempted in [14] using
as optimization variables the twist slopes of up to three pre-assigned segments of the blade span. All optimizations
led to significant extensions of the whirl-flutter speed (+17%), but with a remarkable penalization (+20%) in terms
of the power required. For this reason, it was decided to tackle the problem by adding a new design variable into
the optimization framework, considering the possibility to trade the advantages in terms of flight envelope extension
obtained by a non-ideal twist distribution with the effects on the power required and torsional stiffness, so on whirl-flutter

stability, that can be obtained by changing the wing airfoil thickness.

IV. Aircraft Optimization
Similar results to those presented in section [[II|can be obtained by increasing the wing airfoil thickness, which also
leads to an extension of the flutter-free envelope and an increase in power required. For this reason, it has been decided
to extend the optimization presented in [14] considering, together with the blade twist distribution, the wing airfoil

thickness as an additional design variable. To allow the correct exploration of the design space, the optimization has
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been performed considering the extension of the whirl-flutter-free envelope as a cost function, including the constraint
that the power required at the maximum safe flight speed must not exceed that of the baseline configuration, as indicated
in Eq. (3). In this way, it is expected to leave to the optimizer to solve the dilemma between an increase in wing airfoil

thickness or a change of blade twist slope.

A. Optimization Algorithm

The optimization process aims to maximize the whirl-flutter speed V,, ¢, under the constraint of keeping the power
below a maximum value P,s. Speed and power are expressed concerning the respective baseline values, i.e. V,, f, and
P, to work with small and comparable values in the objective and constraint functions. The power value to limit is
always the power required to fly at the maximum safe flight speed, i.e. at a speed 15% smaller than the whirl-flutter
speed, Vs = Vi, ¢/1.15. In this way, it is possible to increase the maximum safe flight speed V,,,; without using a more

powerful powerplant. The resulting constrained minimization problem is:

. Vs
min , (3a)
X wf(X)
P .
subject to j —-1<0, and [b; <x; <ub; Vi=1,...,n (3b)
msgo

’

where x € R" is the vector of optimization variables that may include the description of the blade twist slope, 9y, ,

represented through a piecewise linear law, the radial station where the slope change takes places, r;, and the wing
airfoil thickness #/c. The values [b; and ub; are the lower and upper bounds for each optimization variable.

Three different blade twist configurations have been proposed. In configuration #1 (Fig.[T2(a)), a simple modification
on the twist slope is proposed so that x = {ﬁ;wl , t/c}. Configurations #2 and #3 (see Fig. and Fig. l divide
the blade respectively into two and three segments with different slopes on the twist laws. The number of optimization
variables, including the wing airfoil thickness, increases up to six. Indeed, it must be pointed out that all blades are

characterized by the same twist laws. More detailed blade twist laws have not been considered to avoid having a large

number of design variables that could not have been managed by the optimization algorithm chosen.

Fig. 12 Blade twist configurations.
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The nonlinear constrained optimization of Eq. (3)) is solved using the Interior Point Algorithm [41] implemented in
Matlab, which showed good rates of convergence with a limited number of iterations. To evaluate the objective function
it is necessary for each iteration to compute the whirl-flutter speed V), , the maximum safe flight speed V,,,, and the
maximum power required P, using the current x vector. All gradients necessary to run the optimization algorithm
have been computed using finite difference approximations. This has been possible with a limited computational cost
thanks to the limited number of design variables considered. It is well known that the formulation proposed for the
objective function through Eq. (3) may lead to a non-smooth function due to flutter mode switching between different
design configurations, so further extension of this optimization problem to more accurate aircraft models or to cases
with more design variables should consider specific gradient-based formulations, as those proposed in Refs. [42} 43]].

So, the process starts with the evaluation of wing structural modes and natural frequencies through a NASTRAN
analysis and the computation of aerodynamics coefficients using the expressions described in[[L.B.T|and[[.B.2] Next,
the CAMRADY/JA input file is built for a specific blade twist law and wing airfoil thickness #/c ratio. After the
post-processing of the CAMRAD/JA results it is possible to evaluate the objective and constrain functions of Eq. (3)
and compute a new optimization vector to restart the process until a minimum is reached. The block diagram in Fig.

summarizes the optimization process.

MSC. NASTRAN CAMRAD/JA
Airframe Modal Trim & Stability
Analysis Analysis
Output File 4 Output File
| Dutp P
v

Update Frequencies
EJy,,GJ Mode shapes

o ,,
f . L" Aerodynamic| __ [Aerodynamic| - \Write CAMRAD/JA’ ‘Compute
(]

Database Derivatives ’—v Input File Vi r

7

v
Check Power
Constraint

MATLAB
Fig. 13 Block diagram of the optimization procedure.

B. Optimization Results

The reference values are those obtained with the nominal ATB twist distribution and the 15% thin-wing, i.e. Vi, 5, =
306 knots, V,,,s = 266 knots, and P, = 891 hp.

The optimization showed that the objective function of Eq. (3) contains several local minima, so multiple attempts

have been run starting from different randomly generated initial guesses (#6 for each configuration) to scan the full
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design space. The optimized results obtained for the three-blade twist configurations are summarized in Table[7] It must
be highlighted that all solutions were practically on the limit of the power required. They were not exactly at 100% due
to convergence issues of the CAMRAD/JA trim algorithm at high speed. Multiple failures in finding a correct trim
solution limited the capability of the Matlab optimization algorithm to compute gradients through finite differences,
reducing the possibility to explore entirely the solution space. Improvements can be expected by the implementation of

the same optimization procedure with other, more recent, aeromechanic solvers (see Ref. [44]]).

Table 7  Aircraft optimization results summary.

I Iy Iy

Config. ,92:; ’92:2 '92:(3) % % t/c Vi r “,t”;o -1 Mode P, ;:—'1“0

[#] [nd.] [nd.] [nd] [%] [%] [%] [knots] [%] [hp]  [%%]
OPT-1 1.03 - - - - 17 359 17.6 SWC 886 99.5
OPT-2 125 0.70 - 52 - 17 365 19.4 SWT 875 983
OPT-3 1.17 1.07 093 40 48 17 370 21.0 SWC 873 98.0

When considering the simplest configuration with a linear twist, the optimization routine increases the wing airfoil
thickness (17% t/c) to raise the whirl-flutter speed. As a consequence, the twist slope is slightly increased compared to
the baseline twist distribution, i.e. 97, /91, = 1.03, to reduce the increment of power due to the higher drag generated
by the thicker wing. This solution leads to a significant extension of the flutter-free envelope (+17.6%). Besides, the
power required is contained to the twist slope increment.

Giving more freedom to the blade twist law allows increasing the flutter-free envelope by another 6 to 11 knots
while still keeping the power limited (see OPT-2 and OPT-3 in Tab.[7). Once again, the optimization routine increases
the wing airfoil thickness to 17%. However, the optimized configurations with piecewise linear twist laws are now
characterized by an increment of the twist slope on the inboard sections while the twist slope is reduced on the outboard
sections. These modifications allow us to further increase the whirl-flutter speed through the mechanism discussed in
the previous section. Unfortunately, the already reported limited robustness of the solver CAMRAD/JA in finding trim
conditions beyond the limits of the flight envelope affected in particular the possibility to explore in depth the design
space with the three-slope configuration.

The V — ¢ plots for the three optimized configurations are shown in Fig.[T4] Symmetric and antisymmetric roots
are compared with the eigenvalues of the baseline configuration with reference to the flight speed. All the optimized
configurations show that the AWB root is more stable when compared to the baseline configuration thanks to the thicker
wing, which provides a higher frequency separation between the wing beam bending and torsion modes, as highlighted

by Nixon in Ref. [3]. The same effect, but less remarked, is presented for the SWB and SWC modes.

Among all the optimized configurations, the OPT-2 returns the highest flapwise bending moment at the blade root,
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Fig. 14 Whirl-mode frequency and damping w.r.t. flight speed for the optimized configurations.



hence the highest trim coning angle, increasing further the pitch-lag coupling (see Eq. 2)) and modifying the SWT
modal participations. The main symmetric modal participation factors of the aeroelastic SWT mode at 380 knots for
the three optimized configurations are shown in Fig. [T3] normalized by setting the airframe SWT = 1. It is found that
the aeroelastic SWT mode, which drives the whirl flutter for the optimized configuration OPT-2, provides the highest
participation of the symmetric lead-lag cyclic cosine mode ({j¢). Indeed, its contribution is 20% greater than the other
optimized configurations and even more significant than the airframe SWT modal participation. The lead-lag cyclic
motion shifts the center of gravity of the rotor from its center (as for the ground resonance in helicopters, see Ref. [39],
Chapter 20), exciting the SWT mode. This mechanism reduces the damping of the aeroelastic SWT, providing a switch

on the whirl-flutter onset between SWC and SWT for the optimized configuration OPT-2.
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Fig. 15 Main symmetric modal participation factors of the aeroelastic SWT mode at 380 knots for the optimized
configurations.

The blade sectional loads computed for the three optimized configurations and depicted in Fig. [T can help the
reader to figure out the impact of twist modifications on the power required and stability proneness. Section forces and
bending moments are computed on the rotating shaft reference frame at 300 knots for the normal and inplane mean
components. With this reference frame, the blade radial stations are measured along the y-axis, starting from the blade
root up to the tip. Inplane loads are computed along the x-axis, positive along the blade trailing edge. Normal loads are
evaluated along the z-axis, positive upward and orthogonal to the rotor shaft plane.

Both configurations OPT-2 and OPT-3 shift the rotor thrust toward the blade tip (Fig.[I6(a)) when compared to the
baseline configuration. Although the total thrust remains the same, as remarked by the vertical shear force evaluated
at the blade root (see Fig.[T6(D)), the corresponding flapwise bending moments are larger (Fig.[T6(c)), increasing the
blade trim coning angle and the pitch-lag coupling, as well as the whirl-flutter speed. The inplane sectional forces
along the blade span are also modified by the twist distributions, as shown in Fig. [[6(d)] However, the optimized
configurations return the same lagwise bending moments at the blade root (see Fig. [I6(f)), avoiding any increment in

the power required.
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Fig. 16 Normal (top) and inplane (bottom) rotor loads for the optimized configurations - 300 knots.
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Rotor coning and control moments for the optimized configurations — level flight with unlimited power.

The rotor coning and the control moment measured at the blade cutout are shown in Fig. [I7 with reference to the

flight speed. The highest trim coning angles are obtained for the two segments’ optimized solution (OPT-2), where the

twist modification is more significant, as well as the rotor loads along the blade span. Finally, it must be remarked the

change produced in the pitch control moment: it decreases for all flight speeds, reducing the load on the rotor pitch

link, as shown in Fig.[T7(b)] This is in contrast with the effect generated by the usage of swept-tip blades reported

in Refs. [[12] [13]] that lead always to an increase in pitch link loads. Indeed, acting on the blade twist distribution the
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aerodynamic center is not shifted along the chord direction but simply rotated about the blade feathering axis.

C. Assessment of the Effects for Different Trim Conditions

While the analysis in level flight with unlimited power was helpful to understand the physics of the relationship that
exists between the blade twist and the whirl flutter, the trim conditions considered are not fully representative of what
happens with real flying aircraft.

Consequently, trim and stability analyses have been recomputed for limited power conditions, considering the
baseline and the optimized configurations of Table[7] to verify the robustness of the proposed solutions. For the sake
of completeness, windmilling conditions have been considered as well. Whirl-flutter speeds and the corresponding

mode shapes are summarized in the bar charts of Fig.[T8] Both limited power and windmilling conditions reduce the

wol e 370 =Baselin97
OPT-1
359 349 355 352 340 344 340 |mmmOPT-2

. EOPT3 ||

200

Vg, [knots]

100

Unlimited Power Limited Power Windmilling

Fig. 18 Whirl-flutter speeds for the optimized configurations obtained at different trim conditions.

stability boundaries, although the optimized configurations are still able to increase the critical speeds when compared
to the baseline configuration. As expected, the worst-case scenario is due to the windmilling conditions. Indeed, the
increment on the whirl-flutter speed is reduced to 13%.

The trim parameters for the optimized configurations with limited power are depicted in Fig[T9] The power limit is
set to the maximum continuous power supplied by the Lycoming LTC1K-41K turboshaft engine, equal to 1550 hp. From
the previous results, it can be observed that up to 320 knots the power required is less than the maximum continuous
power (see Fig.[0(a)). At higher flight speeds, the aircraft starts to dive to reach the target speed set by the trim analysis.
The trim conditions show the negative climb angle above 320 knots (Fig.[I9(a)) and the consequent reduction of thrust
(Fig.[I9(b)). This, in turn, is the root cause of the fast decrease of the rotor coning angle, as shown in Fig. which
is probably the main responsible for the reduction of the whirl-flutter speed.

Free-flight windmilling conditions are allowed only in a descending flight. Indeed, the climb angles shown in
Fig.[20(a)] are negative at any flight speed. The zero-power condition provides negative thrust values (see Fig. 20(b))
and the corresponding rotor coning angles are reduced when compared to powered trim conditions. Nonetheless, the
optimized configurations with multiple twist slopes are still able to provide higher trim coning angles compared to the

baseline configuration, as depicted in Fig. It must be remarked that all the optimized configurations are also
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Fig. 20 Trim parameters for the baseline and optimized configurations — Windmilling.

characterized by a thicker wing, which is also responsible for the whirl-flutter speed increment.
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Fig. 21 SWC and SWT damping w.r.t. flight speed obtained for the optimized configuration OPT-3 at different
trim conditions.

Finally, it should be noted that the whirl-flutter mode switches for the optimized configuration OPT-3 when moving

from powered to unpowered cases. Indeed, the most critical whirl-flutter onset for the OPT-3 powered conditions is the
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SWC mode, although the SWT also shows a destabilizing trend at high flight speed, as depicted in Fig. The
windmilling condition reduces the damping of the two symmetric roots compared to powered conditions (see Fig. 21).
However, the damping ratio of the SWT in windmilling conditions starts to deviate from the powered curves before
the SWC, anticipating the intersection with the zero damping axis of about 5 knots. A similar effect is obtained for
the optimized configuration with a single twist slope (OPT-1), although the corresponding SWT mode in powered
conditions is more stable than the SWC with the result that the damping reduction due to the zero power condition does

not cause any mode switching.

D. Assessment of the Effects in Helicopter Mode

The previous section showed how a modification in the twist angle distribution along the blade and on the wing
airfoil thickness can positively influence the whirl-flutter boundaries, without penalties on the power required. However,
to understand if the proposed design changes are affordable it is necessary to assess also the effects in HEMODE. For
tiltrotors, this condition is crucial since it allows vertical take-off/landing and the possibility to hover.

CAMRADY/IJA settings are consequently modified to perform the trim analysis in HEMODE mode for the baseline
(15% thin-wing) and the optimized configurations. It has been decided to run a trim analysis between 0 and 80 knots,
the maximum speed for the HEMODE configuration (see Ref. [4]), to verify that no significant penalizations in terms of
the power required are obtained using the modified configurations. Trim results are shown in Fig. 22] Figure 22(b)]
shows how the power required in the HEMODE flight conditions is lower for the solutions that have a reduced slope in
the blade tip, namely for the optimized configurations OPT-2 and OPT-3. For these two cases, the modification of the
blade twist leads to a slight increment of induced power, although the profile power is reduced so that the overall power

required decreases. A benign effect is also observed on the rotor coning angles (Fig. and on the control moments

(Fig. 22(d).

V. Conclusions

A detailed XV-15 aeroelastic tiltrotor model, with Advanced Technology Blades, has been analyzed with
CAMRAD/JA to examine the effects on whirl-flutter stability boundaries and power required of different blade twist
configurations and different wing airfoil thickness values. The XV-15 airframe has been modified to have a reference
model with a thinner wing (15% t/c) to better reveal the effects on whirl-flutter boundaries. To identify the best design,
an optimization algorithm has been set up to explore the design space, considering the wing airfoil thickness and the
blade twist as design variables with the objective of maximizing the whirl-flutter speed of the aircraft without requiring
an increment of the power required. The first element highlighted by the optimization has been the tendency to increase
the wing airfoil thickness to values close to 17% to increase the overall stability of whirl-modes without increasing

significantly the power required. The additional inclusion of a carefully defined blade twist has been able to further
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Fig. 22 Trim conditions in helicopter mode.

increase the flutter-free boundaries, without increasing the power required, through a twist slope decrease near the blade
tip and a slope increase at the blade root. In fact, the modification of the distribution of thrust over the blade span,
shifting the total blade thrust vector toward the blade tip, led to the increase of the flapwise bending moment at the blade
root, and the consequent increase of the trim coning angle that has been identified as the responsible for the increased
whirl-flutter stability. The rotor loads obtained with the optimized solutions with multiple twist slopes increased the
flapwise bending moments generated in forward flight at values that are still well below those experienced by the blades
in helicopter mode. The lagwise bending moment is kept constant at the blade root, avoiding any increment of power
required. Conversely, the impact of the optimal twist on rotor pitch link loads has been assessed as benign, since the
section aerodynamic center is not shifted along the chord direction, but rotated about the blade feathering axis. This
effect makes these solutions more attractive than the use of a sweep angle added at the blade tip. Finally, it has been
verified that the proposed design changes do not impact negatively the helicopter mode performance, particularly on the

power required.
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In conclusion, it is possible to affirm that all analyses performed showed a clear influence of the blade twist angle
on the whirl-flutter stability. Given the positive impact that this parameter may have on the aircraft performance and
specifically in terms of the power required, the blade twist angle should be considered as one of the basic design
parameters to be kept into account at the level of conceptual assessment of a tiltrotor configuration, together with other
more classical parameters like wing airfoil thickness and torsional stiffness. The preliminary optimization presented
here showed how it is possible to identify some sweet spots, where a careful selection of the blade twist leads to
improvements in terms of extension of the flutter-free flight envelope, as well as reductions of the power required.
Further optimizations, based on a more accurate optimization algorithm and simulation model may identify optimal
configurations that can fit the operational objectives of the aircraft to be designed.

More generally, an increase in whirl-flutter stability, even if linked to a limited increase of the power required, could
be traded with the advantages obtained by the possibility to extend the flight envelope of a tiltrotor. Consequently,
further and more accurate investigations of the design options on specific aircraft configurations are required, to fully

assess the potential of this additional design variable.
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