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Performance Enhancement of a Composite
Tilt-Rotor Using Aeroelastic Tailoring
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An optimization technique is applied in an attempt to improve the performance of a tilt-rotor aircraft with
composite blades that are enhanced by aeroelastic tailoring. The aeroelastic analysis is based on a published mixed
variationalformulationof the exact intrinsic equationsof motion of beams, along with a � nite-state dynamic in� ow
theory for the rotor. The composite rotor blade is modeled structurally as a composite box beam with nonstructural
massincluded.For optimizationthe designvariablesareblade twist, box dimensionsand wall thicknesses, ply angles
of the laminated walls, and nonstructural mass. The rotor is optimized using an objective function that is weighted
equally between the � gure of merit in hover and the axial ef� ciency in forward � ight. Constraints are considered on
blade weight, autorotational inertia, geometry, and aeroelastic stability. The effects of all structural couplings on
rotor performance are studied. Of all possible couplings, extension-twist coupling is found to be the most effective
parameter to enhance performance. The effects of accounting for pretwist and thin- vs thick-walled theories in the
blade cross-sectional analysis are discussed. Signi� cant improvements in the objective function are shown to be
possible even when optimizing only the extension-twist coupling of the rotor blade.

Introduction

D URING the past decades of rotorcraft development,many ro-
torcraft concepts have been suggested to achieve high-speed

capability while maintaining good helicopter performance. Al-
though many concepts have been considered as candidate aircraft,
only the tilt-rotor aircraft remains a serious and practical con� gu-
ration. Successful tilt-rotordesigns in military applications,such as
the XV-15 and the V-22 Osprey, fostered a civil version tilt-rotor,
the Bell/Augusta 609, which is currently being developed.

Structural and aerodynamic parameters of a tilt-rotor represent
a compromise design between helicopter and airplane modes. The
well-known parameters in tilt-rotor design are twist distribution,
mass distribution,and airfoil type of the rotor blades, along with ro-
tor parameters includingdisc loading,downwash, and rotor angular
speed. Some less-known parameters include structural couplings,
such as extension-twistand bending-twistcouplings.Early tilt-rotor
studieswere doneby Alexanderet al.1 by optimizingthe rotor-blade
twist distributionfor both � ight modes. Lake et al.2 pointed out the
feasibility of passive blade twist control by varying the mass distri-
bution along the blade.

Compositematerialshavebeenused in rotor-bladedesignbecause
of theirpotentialbene� ts. For example,thedifferencein rotorspeeds
between hover and forward � ight modes causes a change in the
blade centrifugal forces so that extension-twist structural coupling
can beoptimizedfor a giventilt-rotor.3,4 Several researchershavefo-
cusedonaeroelasticresponseof compositerotors to improveaircraft
performance such as Chandra and Chopra,5 Barwey and Peters,6

Ganguli and Chopra.7 Recently, Chattopadhyay et al.8 developed a
multilevel optimizationprocedure for high-speedprop-rotors using
composite tailoring. More recently, Soykasap and Hodges9 studied
aeroelastic optimization of a composite tilt-rotor and demonstrated
the feasibility of extension-twist coupling in the rotor blade. Not
considered in earlier studies were effects of the other couplings
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such as bending-twist and extension-bending,the effect of pretwist
on blade cross-sectionalproperties, or relaxationof the thin-walled
modeling assumption.

By use of an integrated analysis, including three-dimensional
aerodynamicsand a � nite element structuralmodel for the blade, an
attempt has been made to improve composite tilt-rotorperformance
using aeroelastic tailoring in the present study. The rotor aeroelas-
tic analysis is performed by using a mixed variational formulation
based on the exact intrinsic equationsof motion for beams attached
to moving frames10 and the � nite-state dynamic in� ow theory by
Peters and He.11 Tilt-rotor performance is enhanced by optimizing
the � gure of merit in hover and the axial ef� ciency in forward � ight.
Building on previous work, Ref. 9 is extended to include effects of
other structural couplings. Furthermore, isolated rotor stability is
investigated, the in� uence of initial twist is included in the calcula-
tion of blade stiffness coef� cients, and the effect of rotor speed on
the performance is studied.

Structural Analysis
The rotor has three identicalcompositeblades,each modeled as a

laminated composite box beam inside an airfoil-shapedcavity with
nonstructural mass. Schematics of a blade cross section and of a
rotor blade are shown in Figs. 1 and 2, respectively. The analysis
consists of an integrated set of programs, which perform a two-
dimensional cross-sectional analysis of the rotor blade, followed
by a one-dimensional aeroelastic � nite element analysis of an iso-
lated rotor. (The aeromechanical stability of the wing-rotor system
is analyzedby use of a separatespecializedpackagedescribednext.)

Two-Dimensional Cross-Sectional Analysis

Prior to theexecutionof the isolatedrotoranalysis,cross-sectional
propertiesmust be determined. In the cross-sectionalanalysis there
are two approaches discussed. One is restricted to a thin-walled
beam and gives closed-form expressions for all of the stiffnesses.
Beam-stiffness coef� cients are obtained by using an anisotropic,
thin-walled, closed-section beam theory by Berdichevsky et al.12

During the derivation of the expressions, some parameters are ne-
glected, such as pretwist and curvature effects. (Pretwist and initial
curvature effects in the cross-sectional analysis are less signi� cant
than those in theone-dimensionalequations,but theseeffectsare not
negligible in either place, in general.13 ) When the analytical cross-
sectional analysis is applicable, it yields substantial time savings,
calculatingthe stiffnesseswithin a small percentageerror.However,
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Fig. 1 Blade cross section.

Fig. 2 Spanwise blade details.

the analytical approach can yield signi� cant errors if its limitations
are violated.14 The other type of approach, a numerical one, is em-
bodied in the variational asymptotic beam section (VABS) code.15

VABS calculates the cross-sectionalproperties by the use of the � -
nite element method. Thus, it can model any kind of cross section
and is not restricted to thin-walled beams. The main drawback of
using VABS in optimization is that the function evaluationsbecome
very expensive.

One-Dimensional Finite Element Analysis

The structural analysis uses the nonlinear beam theory of
Hodges.10 The theory is based on the exact intrinsic equations of
motion for initially curved and twisted beams in a moving frame.
The intrinsic equations of motion are derived from the extended
form of Hamilton’s principle as

t2

t1

R

0

[d (K ¡ U ) + d W ] dr dt = d A (1)

where K and U are kinetic and strain energy densities per unit
length, respectively; d A is the virtual action at the ends of the beam
and at the ends of the time interval t1 · t ·t2; d W is the virtual
work of the aerodynamic loads per unit length; and r is the rotor
radial coordinate, with maximum value R. The bars over d A and
d W indicate that they need not be variationsof functionals.

The internal force and moment column matrices FB and MB and
linear and angular momentum column matrices PB and HB are in-
troduced by requiring

FB =
@U

@c

T

, MB =
@U

@j

T

PB =
@K

@VB

T

, HB =
@K

@X B

T

(2)

where the subscript B denotes the deformed blade cross-sectional
reference frame, and c and j are the force and moment strains
measures, respectively. Similarly, VB and X B are the measures of
reference line velocity and cross-sectional frame angular velocity
in the deformed beam coordinate system, respectively.

The beam constitutive laws relate the strain and force measures
and velocity and momentum measures as

FB

MB
= [S]

c

j
,

PB

HB
=

m D ¡ me

me I

VB

X B
(3)

where S is the matrix of cross-sectionalstiffness coef� cients; m is
the mass per unit length of the beam; D is a 3 £ 3 identity matrix;
me is a nonzero, antisymmetric containing the offsets between the
beam reference line and the cross-sectionalmass centroid; and I is
the matrix of cross-sectionalmass moments of inertia.

The variational formulation is given by

t2

t1

R

0

d V ¤
B

T PB + d X ¤
B

T HB ¡ d c ¤ T FB

¡ d j ¤ T MB + d W dr dt = d A (4)

where ( )¤ denotes the geometricallyexact expressions for velocity,
angular velocity, force strain, and moment strain, given by

V ¤
B =C Ba (va + Çua + ˜x aua)

X ¤
B =Cba D ¡ ˜h / 2

1 + h T h /4
Çh + C Ba x a

c ¤ =C Ba Cabe1 + u 0
a ¡ e1, j ¤ =C ba D ¡ ˜h / 2

1 + h T h /4
h 0 (5)

The subscriptsand superscriptsa, b, and B denote the rotating rotor
frame, the undeformed blade cross-sectional reference frame, and
the deformed blade cross-sectional reference frame, respectively.
Cba is the transformation matrix from frame a to frame b; ua is
the column matrix of displacement measures in the a frame; h is
the column matrix de� ned as h i = 2b i tan( a /2) with the angle of
rotation a about the unit vector[b 1 , b 2, b 3]T . Here e1 is [1, 0, 0]T ; va

is the columnmatrix of inertialvelocitymeasuresof the undeformed
beam reference line in the a frame; x a is the column matrix of
inertial rotor angular velocity measures in the a frame; ˜( ) denotes
the 3 £ 3 antisymmetric cross-product operator matrix associated
with the 3 £ 1 column matrix ( ); Ç( ) is the partial derivative with
respect to t ; and ( ) 0 is the partialderivativewith respect to the beam
axial coordinate x1.

Lagrange multipliers are used so that VB , x B , c , and j satisfy
the geometric relations in Eq. (5). After some algebraic manipula-
tion one can express all of the governing equations in the weakest
possible form to obtain

t2

t1

d P a dt = 0 (6)

where, for a beam of length l, we have

d P a =
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(7)
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In Eq. (7) fa and ma are column matrices of measure numbers in a
of the external force and moment vectors, respectively,which come
from aerodynamic loads. The ˆ( ) terms are the boundary values of
the correspondingquantities.

To dividethebladeinto N � nite elements,Eq. (6) canbewrittenas

t2

t1

N

i = 1

d P i dt = 0 (8)

The following transformation and interpolation are applied within
each element:

x = xi + n D li , dx = D li dn , ( ) 0 =
1

D li

d

dn
( )

d ua = d u i (1 ¡ n ) + d ui + 1 n , ua = ui

d w a = d w i (1 ¡ n ) + d w i + 1 n , h = h i

d F a = d F i (1 ¡ n ) + d F i + 1 n , FB = Fi

d Ma = d M i (1 ¡ n ) + d M i + 1 n , MB = Mi

d Pa = d P i , PB = Pi , d H a = d H i , HB = Hi (9)

where u i , h i , Fi , Mi , Pi , and Hi are constant within each element;
all d quantities are arbitrary; and n varies from 0 to 1.

The � nal structuralequationscan be written in the rotating frame
as

FS (X , ÇX ) ¡ FL(X , Y, ÇX) = 0 (10)

where FS( ) and FL ( ) are the structural and lift operators, respec-
tively; X is the column matrix of unknown structural variables

X = F̂ T
1 M̂ T

1 uT
1 h T

1 F T
1 M T

1 PT
1 H T

1 ¢ ¢ ¢ uT
N h T

N F T
N M T

N PT
N H T

N ûT
N + 1

ˆh T
N + 1

T
(11)

and Y is the column matrix of unknown in� ow state variables,given
in the aerodynamic analysis.

Aerodynamic Analysis
Lift Model

For a thin airfoil the aerodynamicloads consistof both circulatory
and noncirculatoryforces and moments as in Ref. 16:

fB2 =
1

2
q 1 ca WB3 ¡

c

2
X 1 WB3 ¡

cd

a
WB2 W

fB3 =
1
2

q 1 ca
c

2
X 1 ¡ WB3 WB2 ¡

cd

a
WB3 W

¡
c

4
ÇVB3 +

c2

16
ÇX 1

m B1 = ¡
1

32
q 1 c3a WB2 X 1 ¡ ÇVB3 +

3c

8
ÇX 1

fB1 = m B2 = m B3 = 0 (12)

where X 1 is the component of blade angular velocity along the B1

direction; q 1 , c, a, and cd are the mass density of the air, the chord
length, the lift curve slope, and the drag coef� cient, respectively;
and W is the relativewind speedwith WB2 and WB3 beingthe relative
wind measures in the B frame, given by

WB2 = eT
2 CbaC(va + ˜x aua + Çua + k e3)

WB3 = eT
3 CbaC(va + ˜x aua + Çua + k e3) (13)

where k is the induced in� ow velocity.

In� ow Model

The in� ow model uses the � nite-state dynamic in� ow theory by
Peters and He.11 In this theory the blade sectional aerodynamic
lift, drag, and moment are based on thin-airfoil theory, whereas
the unsteady induced in� ow velocity is computed from a three-
dimensional generalized dynamic wake theory. The resultant air-
loads are both three-dimensionaland unsteady. The dynamic wake
theory is developed from incompressible potential � ow. The un-
steady induced � ow is related to the blade aerodynamic lift by a
system of � rst-order ordinary differential equations written in the
rotating frame as

K m
n 0

0 K m
n

am
n

bm
n

¤

+
Bm

nt V m
n ¡ m K m

n

m K m
n Bm

nt V m
n
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t
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2

ˆs m
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c

ˆs m
n

s

(14)

where am
n and bm

n are the modal in� ow states.The ˆs m
n are the general-

ized in� ow forcing functions and are obtained by spanwise integra-
tion of blade aerodynamic lift. The ( ) ¤ implies a nondimensional
time derivative. The in� ow is expanded as

¯k (r̄ , ¯w , t̄ ) =
1

m = 0

1

n = m + 1,m + 3,...

u m
n (r̄) am

n ( t̄ ) cos(m ˆw )

+ bm
n ( t̄ ) sin(m ˆw ) (15)

where r̄ is the nondimensional radial coordinate, ˆw is the azimuth
coordinate, t̄ is the nondimensional time X t , and the u m

n (r̄) are the
radial in� ow shape functions.

The in� ow state variables and in� ow equations can be written as

Y = ¢ ¢ ¢ am
n

T
¢ ¢ ¢ ¢ ¢ ¢ bm

n

T
¢ ¢ ¢

T

(16)

¡ FP (X, Y ) + FI (Y, ÇY ) = 0 (17)

where FP (X, Y ) and FI (Y, ÇY ) are the pressure and in� ow operators
and represent the right-hand side and left-hand sides of Eq. (14),
respectively.

Aeroelastic Analysis
The governing system equations can now be written in the form

FS (X , ÇX ) ¡ FL (X, Y, ÇX ) = 0

¡ FP (X, Y ) + FI (Y, ÇY ) = 0 (18)

The problem can be considered in two parts: steady-state (inde-
pendent of time) and transient (time-dependent) responses.The un-
known variables are taken to be

X

Y
=

X̄

Ȳ
+

ÏX (t )
ÏY (t )

(19)

where X̄ , Ȳ are the steady components and ÏX (t), ÏY (t) are the tran-
sient components of the solution.
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Steady-State Response

In the case of the steady-state response, all blades are deformed
the same amount for all time. The system equations thus reduce to

FS( X̄ ) ¡ FL ( X̄ , Ȳ ) = 0, ¡ FP ( X̄ , Ȳ ) + FI (Ȳ ) =0 (20)

The steady-state rotor aeroelastic response is obtained for a given
operating state, either in hover or axial � ight. A trim procedure
is added to the system to get desired values of thrust, in which an
iterativescheme for the controls is considered.The controlvariables
include collective pitch and cyclic pitch. Cyclic pitch is ignored in
the study for the sake of simplicity because the effect of it is quite
small for steady-state response.17

The steady-stateresponseis obtainedby using the computer code
AEROSCOR (Aeroelastic Stability of Composite Rotors), written
by Shang and based on Ref. 16, extended for this study to include
axial � ow and cyclic modes. In the steady-state analysis the non-
linear structural and in� ow equations are solved iteratively by the
Newton–Raphson method.

In a gimballed rotor, blades are attached to the hub without � ap
or lag hinges, and the hub itself is connected to the rotor shaft by a
universal joint or gimbal. As explained in Ref. 18, during the coning
motion each blade behaves as cantilevered, generating no net pitch
or roll moment on the rotor. Thus, in this study the steady-state
solution is obtained by assuming cantilever boundary conditions.

Isolated Rotor Stability

Aeroelasticstabilityof the systemis investigatedby calculationof
the eigenvaluesof the resulting linear, constant-coef�cient, ordinary
differential equations obtained by perturbation of the steady state.
For isolated rotor stability the cantilever boundary conditions are
assumed for the collective mode, whereas pinned-free boundary
conditions for � apping only are applied to the cyclic modes.

The bladeequationsarewritten in the rotatingframe, representing
the motion of an individual rotor blade. The in� ow equations are
written in the rotating frame, yet representing the in� ow of the
rotor. Therefore a special multiblade coordinate transformation is
needed to represent the rotor behavior—one in the rotating frame.
The transformation is carried out to generate three sets of equations
for collective, differential, and cyclic modes as follows:

ÏXq = ÏX0 + ( ¡ 1)q ÏXd + ÏX c cos( ˆw q ) + ÏX s sin( ˆw q ) (21)

where q is the index of the blade, X0 and Xd are collective and
differential modes, respectively, and Xc and X s are cyclic modes.
The differentialmode only existswhen the rotor has an evennumber
of blades. In� ow variables are separated for collective, differential,
and cyclic modes as

ÏY = ÏY0 + ÏYd + ÏYc (22)

The � nal stability equations of a perturbed system are written for
collective, differential, and cyclic modes as follows:

[A]
ÇÏX
ÇÏY

+ [B]
ÏX
ÏY

=
0

0
(23)

Whirl Stability

A whirl stabilityanalysisisneededin ordernot to limit the forward
speed of the tilt-rotor aircraft. Because the aeromechanicalstability
of a tilt-rotor is most signi� cantly affected by the wing stiffness
and the blade mass distribution,we choose to investigate it here by
using the available computer program RAPID (Rotorcraft Analysis
for Preliminary Design).19 RAPID solves for the nonlinear system
trim responseand performs an eigenvalueanalysis about the nonlin-
ear trim solution. Because RAPID assumes a rigid blade, the opti-
mization only affects the blade mass and twist distribution.Because
these calculations take a few hours on a Pentium II class computer
(133 MHz), RAPID is really not rapid relative to the steady-state

response and isolated rotor stability calculations.To avoid slowing
down the optimization, then, the stability is only checked at the end
of theoptimization.However, the whirl stabilityanalysiswouldhave
to be implemented within the optimization if the optimized con� g-
uration were to exhibit a whirl instability.Fortunately, for this study
it does not.

Optimization Problem
The optimizationproblemis posedas a constrainedmaximization

problem with a multiobjective function. During the optimization,
the � gure of merit in hover and the axial ef� ciency in forward � ight
are maximized simultaneously for speci� ed � ight conditions. In
hover, the � gure of merit is FM =C3/2

T /[
p

(2)CP ]. In forward � ight
the axial ef� ciency is de� ned as g cr = TV / P . Weighting factors are
imposed to reduce this multiobjectiveproblem to a single objective
problem.

The � gure of merit FM is a comparison of the actual rotor per-
formance with that of the ideal rotor. To improve the hover per-
formance, the rotor power must be minimum for a given operating
condition. In hover the total power consists of induced power and
pro� le power. The former is necessary to produce the thrust, and the
latter is inevitably lost owing to the drag of the blades. However, the
loss can be reduced by using advanced airfoils. Momentum theory
suggests that the in� ow distributionover the blade must be uniform
for an ideal rotor.

In forward � ight the rotor power consists of induced power (in-
cludes the axial power) and pro� le power. The total in� ow over the
rotor disk increases because of axial speed, causing a decrease in
induced in� ow velocity. The sectional angle of attack of the rotor
blades depends on pitch and in� ow angles:

a (r) = h (r) ¡ u (r ), h (r ) = h 0 + h t (r) + h e(r ) (24)

where h 0 is the collective pitch angle, h t is the local built-in twist
angle, and h e is the local angle of elastic twist. Most of the in� ow
angle u (r) in forward � ight comes from axial � ow. For an angle of
attack to be feasible, the pitch angle must be higher than the in� ow
angle.

The design variables for the optimization consist of both aero-
dynamic and structural parameters. The blade is discretized into 12
� nite elements. The blade twist, box width and height, horizontal
and vertical wall thicknesses, and nonstructural mass concentrated
at the quarter-chord are allowed to be different in each � nite ele-
ment, whereas the ply angle for the laminated walls is assumed to
be constant along the blade in order to provide extension-twistcou-
pling and manufacturing ease. There are side constraints imposed
on all design variables to ensure a meaningful design.

Constraints imposed on the optimization are blade weight, au-
torotationalinertia,strength,geometry,and aeroelasticstability.The
assumption is made that the number of blades, rotor radius, airfoil
distribution,rotor angular speed, and chord distributionare constant
during the optimization. The inequality constraints are as follows.
First, the blade mass, which is the structural mass plus any non-
structural mass, is constrained, so as not to increase manufacturing
cost. To use thin-walled box-beam theory, the ratio of wall thick-
ness to the box major dimensions should be less than 10%; this
is imposed as a constraint except as noted here. In case of power
failure, the autorotational inertia of the blade must be greater than
a speci� ed reference value. To prevent blade stall, angles of attack
for both � ight regimes are constrained at the three-quarter radius.
The blade is subject to aerodynamic loads (lift, drag, and pitching
moment) as well as centrifugal loads. The structural variables for
each � nite elements of the blade are obtained by solving the system
equations. After calculating maximum stresses in the cross section
of the box-beam, a failure criterion is needed to prevent material
failure. In this study the Tsai–Wu failure criterion is used to prevent
the optimizer from selecting a structural con� guration in which the
blade root stresses are too large. Finally, to prevent isolated rotor
instability in both � ight regimes as well as the destabilization of
the rotor/wing in forward � ight, aeroelastic stability constraints are
imposed. For a stable solution the real part of all eigenvalues must
be less than zero.
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The optimization problem may then be stated as follows.
Maximize

F(X) = K1 FM + K2 g cr

gi (X ) · 0 for i = 1, . . . , m

Subject to

h j (X ) = 0 for j = 1, 2

X l
i · X i · X u

i for i = 1, . . . , n (25)

where K1 and K2 are the weighting factors chosen by the user. The
equality constraints are

h1 = Thover ¡ (Thover)ref =0, h2 = Tcruise ¡ (Tcruise)ref =0 (26)

At each optimization step the rotor is trimmed by adjusting the
collectivepitch angle h 0 so that the equality constraintsare satis� ed.

The automateddesignsynthesisoptimizationcode20 is used as the
optimizer. A feasible direction technique is used for optimization.
The gradients of the objective function and constraints are obtained
numerically by using the forward � nite difference approach.

Optimization Results
The reference rotor optimizedhas the same con� guration param-

eters as those of an existing three-bladedgimballed rotor, an XV-15
with metal blades. The rotor properties are given in Table 1. The
planform, thickness, and twist distribution of the rotor are given in
Figs. 3 and 4.

Aeroelastic optimization is performed at typical operating points
of CT / r = 0.13 and X = 565 rpm at sea level for hover and CT /
r = 0.046, X =458 rpm, and V = 300 knots at 25,000ft for forward
� ight. The lift curve slope of the airfoil is corrected for compress-
ibility effects as suggested by Ref. 18:

a =
aincompp
1 ¡ M 2

(27)

Table 1 Rotor properties

Parameter Value

Number of blades Q 3
Radius of rotor disc R 3.81 m
Blade chord c 35.6 cm
Blade mass mref 47.48 kg
Precone angle b 0 2.5 deg
Autorotation inertia IAref 109.89 kg-m2

Coef� cient of drag cD0 0.008
Lift curve slope ahover 5.2

Fig. 3 Blade chord and thickness distribution.

Fig. 4 Blade twist distribution.

Fig. 5 Ply angle de� nition.

Fig. 6 Extension-twist coupled box beam.

The aircraft is capable of high duration hover (approximately
1 h at design gross weight), helicopter mode � ight, and airplane
mode level � ight at speeds greater than 300 kn. The weighting
factors are taken to be K1 = K2 =0.5 for this aircraft. The � utter-
free requirement of the XV-15 is 1.2VD (360 kn at sea level).21

The box beam is assumed to be made of AS4/3501-6 graphite/
epoxy. The material properties are E1 =1.42 £ 1011 N/m2 , E2 =
E3 =9.8 £ 109 N/m2, G12 = G13 =6.0 £ 109 N/m2 , G23 = 4.83 £
109 N/m2 , q = 1603 kg/m3, m 12 = m 13 =0.42, and m 23 =0.5. Each
wall used to model the box beam is made of laminated orthotropic
composite plies.

Extension-Twist Coupled Box Beam

Extension-twist coupling is chosen as the variable with the most
potential to optimize the rotor performance. For a given cross sec-
tion extension-twistcouplingcan be created by wrapping the layups
using the � lament-winding technique. The ply angle is de� ned as
the angle between the � ber direction and the spanwise unit vector
b1, as shown in Fig. 5. Such a cross section has the same stack-
ing sequence for each wall (see Fig. 6) and provides a so-called
circumferentially uniform stiffness. A positive ply angle produces
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Fig. 7 Effect of ply angle on the performance.

negative extension-twist coupling and vice versa. Sometimes this
con� guration is also called an antisymmetric con� gurationbecause
the layupsare antisymmetricwith respectto the cross-sectionalmid-
planes. Moreover, use of a single-ply angle around the contour of
the box beam is desirable to reduce hygrothermal deformation as
studied numerically and experimentally by Lentz and Armanios.22

Effects of other couplings are studied in the following section.
The optimum rotor blade is designed to maximize the perfor-

mance in both � ight regimes. To accomplish the multiobjective de-
signgoal,a multistepmethodis applied.First the resultsareobtained
for the steady-stateaeroelastic responseand compared with the ear-
lier test results. Then, the design sensitivities are investigated. Fi-
nally, an optimization strategy is chosen based on the sensitivity
results. Steady-state results are validated with test results in Ref. 9.

The rotor response to the perturbations about the steady state is
obtained for both hover and forward � ight, and the effect of ply
angle on the damping is investigated. For the collective modes in
both � ight regimes, the negative ply angle (positive extension-twist
coupling) tends to increasethe damping,particularlyin hover.There
is an unstableregion in hovercyclicmode for ply anglesgreater than
¡ 5 deg. The results show that forward � ight is free of instability.
However, the accuracy of the present stability results remains to be
validated due to the lack of experimental data.

The effect of the ply orientation angle and corresponding
extension-twistparameter b 14 = S14 /

p
(S11 S44) on the rotor perfor-

mance is shown in Fig. 7 for the case in which no constraints are
imposed and other parameters including built-in twist distribution
are kept constant. The performance in both � ight regimes is very
sensitive to the ply angle. As the extension-twistparameter changes
with the ply angle, it affects the deformedtwist distributions,chang-
ing the elastic twist distributions in both � ight regimes. The twist
change is based on the magnitudes of the coupling, axial force and
torsionalmoment, and can bedevelopedin desireddirectionsin both
� ight regimes by varying the coupling for given loading conditions.
In our case because the axial forces and torsional moments along
the span of the rotor blade are different in hover and airplanemodes,
it is possible that some value of the coupling can be found so as to
improve performance in both � ight regimes.

For constrainedoptimization the results are obtained by � rst tak-
ing into account the ply angle as a design variable and angles of
attack in hover and forward � ight as constraints. Some extension-
twist coupling,which yieldsa nose-upelastic twist, is neededfor the
baseline to make it have performancesimilar to that of the reference
rotor. To this end, the ply angle is assumed to be 5 deg for the entire
box beam of the baseline.

Optimum solutions are given in Table 2. The corresponding in-
duced in� ow velocities over the blade are given in Fig. 8 for hover
and in Fig. 9 for forward � ight. Elastic twist distributionsfor the op-
timized ply angles are given in Figs. 10 and 11. The elastic twists of
the baseline are 2.8 deg for hover and 2.2 deg for forward � ight, re-
spectively. The optimal elastic twist in hover is ¡ 8 deg, whereas

Table 2 Optimum ply angle

Flight Ply angle, Improvement,
condition deg FM g cr %

Baseline 5 0.7419 0.8213 —–

Hover ¡ 10.83 0.7538 —— 1.60
Forward � ight ¡ 34.10 —— 0.8710 6.05
For both ¡ 23.01 0.7505 0.8694 3.63

Fig. 8 Induced in� ow distribution for optimized ply angles (hover).

Fig. 9 Induced in� ow distribution for optimized ply angles (forward
� ight).

Fig. 10 Elastic twist distribution for optimized ply angles (hover).
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Fig. 11 Elastic twist distribution for optimized ply angles (forward
� ight).

the optimal elastic twist in forward � ight is ¡ 9.9 deg. Optimizing
the coupling in both � ight regimes, one obtains elastic twists of
¡ 13.7 deg for hover and ¡ 8.8 deg for forward � ight.

Next, the rotor angular speed is consideredas a design parameter.
The upper and lower limits of rotor angular speeds are restricted
because of the drag divergence Mach number of the airfoils, the
centrifugal force limits for the structural load path, and the max-
imum steady-state torque limit of the rotor shaft. The maximum
steady-state torque of the reference rotor shaft is 130,000 lb-in.
(14,688 Nm). Optimum angular speed in hover is obtained as
617.5 rpm (FM =0.7462) for the initial value of the ply angle. The
rotor angular speed itself does play an important role in the perfor-
mance. However, the effect of rotor speed on the hover performance
is negligible (the improvement is less than 0.2%) after optimizing
the ply angle. The optimum angular speed in forward � ight is ob-
tained as 414.6 rpm (g cr = 0.8426) and 394.5 rpm (g cr =0.8762)
for initial and optimal ply angles, respectively.Thus, decreasing the
forward � ight revolutions per minute would appear to be helpful.
However, because of torque limitation, the effect of rotor speed on
the forward � ight performance is negligible (the improvement is
0.8% at the torque limit) after optimizing the ply angle. Therefore,
the rotor angular speeds in both � ight regimes will henceforth be
assumed constant in the optimization.

The built-in twist at each section of the blade is considered as a
design variable, along with the ply angle. Constraints are imposed
on the local anglesof attack. We choose two differentstartingpoints
to investigateif there are local maxima: S1 refers to the baselinede-
sign, and S2 refers to the baselinedesignhavingoptimum ply angle,
¡ 23 deg. The former yields FM =0.7565 and g cr =0.8774 with an
improvement of 4.52%, whereas the latter yields FM =0.7531 and
g cr = 0.8771with an improvementof 4.28%. The baselineblade has
an initial twist of ¡ 33 deg over the productivepart of the blade, from
r / R =0.1 to 1. The optimum solution (starting from S1) decreases
the twist to ¡ 41.7 deg and decreases the ply angle to ¡ 0.7 deg,
whereas optimum solution (starting from S2) decreases the twist
to ¡ 33.8 deg, and decreases ply angle to ¡ 13 deg. This appar-
ent discrepancy is a result of the fact that both the extension-twist
coupling, and the built-in twist can be used to improve the perfor-
mance so that both in� uence the deformed twist distribution. The
optimization process results in two different con� gurations, repre-
senting local maxima. Starting with S1 yields more built-in twisted
and less coupledblade than that with S2. Because the differencebe-
tween local maxima is very small, this suggests that highly twisted
and structurally uncoupled blades can be replaced by structurally
coupled blades with less built-in twist if one starts with S2.

Then, the box-beamdesign variablesand nonstructuralmasses as
well as ply angle and twist are included in the optimization, which
requires a total of 73 design variables.Angles of attack, blade mass,
autorotationinertia,material failure,and aeroelasticstabilityare im-
posedas constraints.Following the result of the precedingoptimiza-
tion step, the S2 design is chosen as a startingpoint for the optimiza-

tion to take advantageof extension-twistcoupling.Starting from S2,
the objective function is maximized. Compared to the initial values,
the � nal design represents a 4.34% improvement in the objective
function,yielding FM =0.7553 and g cr = 0.8756. The � nal optimal
solution increases the twist to ¡ 33.5 deg and decreases ply angle
to ¡ 22.1 deg. The � nal design is able to improve the performance
characteristics from the initial design and satis� es all constraints.

Bending-Twist Coupled Box Beam

Bending-twist coupling is created by layups which provide so-
called circumferentially antisymmetric stiffness. In this case hori-
zontal walls having h i layup on one side and ¡ h i on the other side
with respect to cross-section midplane produce � ap-twist coupling
(as shown in Fig. 12). Similarly, vertical walls having h i layup on
one side and ¡ h i on the other side with respect to the cross-sectional
midplane produce lead-lag-twist coupling.

Balanced layups, represented by [¢ ¢ ¢ / ( f i / ¡ f i ) ¢ ¢ ¢ / ]n , are as-
sumed to be made of zero-deg ply angle for the sake of simplicity
because the major part of the coupling comes from antisymmetric
layups for other walls. The resultsare obtainedusinga single design
parameter h , with anglesof attack in hover and forward � ight as con-
straints. Starting from h = ¡ 5 deg, optimum solutions are given in
Tables 3 and 4 for a � ap-twist coupled and a lead-lag-twist coupled
box-beam, respectively. Results show that bending-twist coupling
improves rotor performance, but the improvement is less than that
of extension-twist coupling as found in Ref. 23.

Other Couplings

Extension-bending couplings can be created by using balanced
layups, but in a different way for horizontal and vertical walls.
Different balanced layups in horizontal walls produce extension-
� ap coupling, whereas different balanced layups in vertical walls
produce extension-lead-lagcoupling. Although the same balanced
layups in either vertical or horizontalwalls do not play an important
role in the coupling, they affect the torsionalrigidity.Therefore they
need to be � xed during the optimization to see only the effect of the
coupling.The samebalancedlayupsare assumedto bemade of zero-
deg ply angle providing high torsional � exibility. The results with

Table 3 Optimum ply angle for � ap-twistcoupled box beam

Flight Ply angle, Improvement,
condition deg FM g cr %

Hover ¡ 11.41 0.7524 —— 1.42
Forward � ight ¡ 15.51 —— 0.8531 3.87
For both ¡ 14.63 0.7523 0.8530 2.70

Table 4 Optimum ply angle for lead-lag-twistcoupled box beam

Flight Ply angle, Improvement,
condition deg FM g cr %

Hover ¡ 2.55 0.7484 —— 0.88
Forward � ight 17.15 —— 0.8382 2.06
For both 16.19 0.7481 0.8381 1.47

Fig. 12 Flap-twist coupled box beam.
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the constraints of angles of attack in hover and forward � ight show
that extension-�ap and extension-lead-lagcouplings improve rotor
performance by 1.4 and 1.3%, respectively,which are signi� cantly
less than the improvement attainable by use of extension-twistcou-
pling. Moreover imposing other constraints including strength and
stability would decrease the improvement attainable.

Extension-twist-bending couplings can be created by using the
same balanced layups for either horizontal or vertical walls and
different angle-ply layups for the rest. If there are no symmetric
or antisymmetric layups with respect to cross-section midplane, a
fully-coupled box beam is obtained. Extension-twist-bending and
fully coupledbox beamsare alsostudied.The resultsare obtainedby
imposing angles of attack in hover and forward � ight as constraints.
The former improves the performance by 2.7%, whereas the latter
improves by 3.6%. The improvement by fully coupled box beam is
almost the same as using only extension-twist coupling. Thus, the
use of more complicatedlayupsdoesnot reallybuyany performance
enhancement and makes the manufacturingprocess more involved.

Optimization with VABS

Because of limitations in the applicability of the thin-walled ap-
proach, VABS may be used to get accurate results for the cross-
sectional stiffnesses. However, such calculations take a lot of com-
puter time (roughly 2 min on an HP 9000-735 computer for each
cross section). VABS uses six-noded � nite element meshes for the
cross section. To speed up the optimization, two levels of optimiza-
tion were considered. At the � rst level the results are obtained by
the use of a crudemesh. After the optimizationproceedsfor a while,
the mesh is re� ned, and the optimization is continued. In the crude
mesh the cross section of the box is divided into a total of eight
elements (2 £ 1 for each wall), yielding errors in stiffnesses up to
5%, yet taking only 3.3 s per cross section. The re� ned mesh uses
96 elements (4 £ 6 for each wall), keeping the errors less than 1%,
yet taking 85 s.

Following the steps just mentioned, we obtained optimum ply
angles for an extension-twist coupled box beam, which are given
in Table 5. Obtaining stiffnesses from VABS, one � nds a 0.4% in-
crease in the performance with respect to thin-wall approach. In
other words, the thin-walled approach results in an optimum con-
� guration with an estimated performance that is 0.4% too low. Re-
sults that include the built-in twist as a design parameter are given
in Tables 6 and 7, without and with the pretwist effect on the stiff-
nesses, respectively. (VABS uses the opposite sign convention for
ply angles.The resultspresentedare basedon the sign conventionof

Table 5 Optimum ply angle using VABS

Flight Ply angle, Improvement,
condition deg FM g cr %

Baseline 5.0 0.7419 0.8213 ——
Hover ¡ 12.18 0.7547 —— 1.73
Forward � ight ¡ 33.88 —— 0.8791 7.04
For both ¡ 32.28 0.7510 0.8791 4.28

Table 6 Optimum ply angle and twist using VABS
(without pretwist effect)

Optimization Ply angle, Twist, Improvement,
method deg deg FM g cr %

Opt. (S1) ¡ 10.9 ¡ 46.9 0.7542 0.8916 5.28
Opt. (S2) ¡ 15.0 ¡ 45.2 0.7549 0.8891 5.17

Table 7 Optimum ply angle and twist using VABS
(with pretwist effect)

Optimization Ply angle, Twist, Improvement,
method deg deg FM g cr %

Opt. (S1) ¡ 7.5 ¡ 50.5 0.7556 0.8938 5.51
Opt. (S2) ¡ 6.1 ¡ 51.7 0.7558 0.8942 5.55

Fig. 5.) Inclusion of the pretwist angle in the stiffness calculations
yields an average of 0.3% increase in the overall performance. As
comparedto the thin-walledapproach,VABS gives a 1.3% improve-
ment.This suggeststhatonecan, foroptimizationpurposes,improve
the utility of closed-form expressions for the cross-sectional stiff-
nesses of thin-walled beams by modifying them so that pretwist is
taken into account.

Conclusion
An optimizationstudyon the performanceof tilt-rotoraircrafthas

been presented. The present study shows that the built-in twist dis-
tribution and extension-twiststructuralcouplingare key parameters
affecting tilt-rotor performance when the airfoil distribution, rotor
speed, and rotor radius are kept constant. Although rotor angular
speed plays an important role in rotor performance, the effect of
changing the rotor angular speed is negligibleonce ply angle and/or
twist distribution are optimized.

As far as structural couplings are concerned, the most important
coupling is found to be extension-twistcoupling.Moreover, a blade
with such couplingcanbemanufacturedeasilyby the � lamentwind-
ing technique.A single-ply angle along the blade span and through
the thickness of the box beam can be used. Such a con� guration
also offers a hygrothermally stable solution. The present research
has shown that substantial improvements are not obtained by vary-
ing the ply angle (or extension-twistcoupling) along the blade span
as well as through the thickness.Highly twisted and structurallyun-
coupled rotor blades can be replaced by structurallycoupled blades
with less built-in twist. In spite of the simplicity of this con� gura-
tion, the Tsai–Wu failure criterion does not predict material failure
for the optimum blade design.

Structural couplings can be tailored for a tilt-rotor performance
as long as failure criteria and stability boundaries are not violated.
In this study isolated rotor stability is investigated for both hover
and forward � ight as well as whirl � utter. Although the isolated
rotor instabilitiesare observed in hover when varying the ply angle
to produce the extension-twist coupling, the optimized con� gura-
tion is free of instability.However, the present stability results have
not been validated because of a lack of published results (either
analytical or experimental) for this type of con� guration.

There were some questions raised by the earlier work of Nixon23

about the possibilityof achievinghigh extension-twistcouplingand
whirl-� utter instability stemming from the coupling.Previous work
showed that the amount of the twist deformation caused by the
coupling could be further increased by additional tip mass, but that
adding the tip mass is found to be detrimental to whirl � utter. In the
present work the couplings are obtained by the choice of layup of
box beam without the additionof a tip mass. Whirl � utter is checked
by RAPID for the � nal optimum solution.

Although our optimized con� gurations are shown to be free of
whirl-� utter instability, one could argue that a more powerful tool
than RAPID may need to be used.However, it appears to the authors
that even if there were a negative effect of blade structural coupling
on whirl � utter it could be alleviated by appropriately tailoring the
wing stiffness, as suggested by recent studies.24

Another area in which the present work needs to be improved is
the area of avoiding resonanceconditions.The optimizedcon� gura-
tion does have some frequencies near integer multiples of the rotor
speed (see Ref. 14, pp. 85–87). Although this does not necessarily
indicate there will be a problem, the underlyinganalysis for the op-
timization should be generalized to the point that such conditions
can be rigorously examined. Moreover, the optimization should be
reworked so as to avoid certain frequencyranges where appropriate.

At this stage it appears that enhancementof the rotor performance
by optimizing twist (built-in twist as well as elastic twist) is both
possible and practical. Thus, the capability of signi� cantly enhanc-
ing rotor performance by use of structural coupling should not be
ignored.
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