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I. ABSTRACT
A multipoint optimization procedure is developed to investigate design trade-offs in high speed
tilting proprotor aircraft. The design points include high speed cruise, take-off and hover. A
multilevel decomposition scheme is used in the optimization with aerodynamic and structural
performance as the objectives and constraints in the upper and lower levels, respectively. A
multiobjective optimization procedure is used to formulate the problem at each level. The
optimization problem consists of a nonlinear programming technique at the upper level and a
discrete procedure based on the simulated annealing algorithm at the lower level. The effect of
composite tailoring on rotor aerodynamic performance is investigated by modeling a composite
box beam to represent the principal load carrying member in the rotor. The aerodynamic
analysis is performed using the classical blade element momentum approach which includes a
representation of the high lift potential of propeller/rotor blades in comparison to two
dimensional airfoil properties. The structural analysis is performed using a quasi-one
dimensional finite element model based on an analytical composite box beam representation.
Optimum designs are compared with an existing rotor blade performance which is used as a
baseline or reference design. The results show significant improvements in both the
aerodynamic and structural performance at all design points.
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chord, ft
coefficient of drag
coefficient of lift
constraint function vector
stiffness matrix, p.s.i.
radial location, ft
wall thickness, in
simulated annealing cooling rate
thickness to chord ratio
swirl velocity, ft/s
elastic displacements
reference axes
axial force (lb)
objective functions
values of Fk at the beginning of an iteration
hover figure of merit
flapping moment, Ib-in
lagging moment, !b-in
number of constraints
number of design variables
number of objective functions
number of blade segments
random number, 0 < P < I
acceptance probability
blade torque, lb-ft
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transverse horizontal shear force, lb
transverse vertical shear force, lb
blade radius, ft
thrust, lb
simulated annealing "temperature"
forward velocity, ft/s
total local blade velocity, ft/s
local blade angle of attack
zero lift angle, de g.
elastic twist
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shear strains
box beam scaling factor
local blade element axes
rotor propulsive efficiency
blade twist, degrees

p

K-S function multiplier
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material axis normal stresses, p.s.i.
shear stress, p.s.i.
induced velocity, ft/s
blade sweep, degrees
design variable vector
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rotor angular velocity, r.p.m.
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3. INTRODUCTION
Til trotor aircraft, which combines the take-off and hover capabilities of helicopters with cruise
performance of fixed-wing aircraft have been of interest recentlyl-3. There are several
conflicting requirements associated with these design goals. For example, efficient cruise
performance requires thin blade sections which compromise hover performance. Blade sweep,
which can help reduce high tip Mach numbers (Mtip), thereby improving high speed efficiency,
can also adversely affect the structural performance.
Recently, research efforts have been initiated by Chattopadhyay et aJ.4-10 to develop formal
optimization procedures for addressing these issues in the design of tilt rotor aircraft. In Refs.
4 and 5 optimization procedures were developed to maximize high speed cruise propulsive
efficiency without degrading hover figure of merit. An optimization procedure was developed
in Ref. 6 to address the problem of aeroelastic stability in high speed cruise. In Ref. 7, the
drive system weight was minimized and the associated trade-offs in cruise efficiency were
investigated. The integrated aerodynamic, aeroelastic and structural optimization problem was
addressed in Ref. 8. McCarthy et aJ.9 developed a purely aerodynamic multiobjective
optimization procedure for improved high speed cruise and hovering performance using
planform and airfoil characteristics as design variables. More recently, Chattopadhyay et aJ.IO
developed a multilevel decomposition based optimization procedure in which the goal was to
improve aerodynamic performance in hover and cruise in the upper level and to improve
structural characteristics, in these flight modes, at the lower level. The results presented in
Refs. 9 and 10 were obtained by using a simple aerodynamic code based on blade element
approach and two dimensional airfoil theories. These were later corroborated by Dadone et
al.ll in a parametric study conducted to investigate the important design issues associated with
the development of high speed proprotors using a comprehensive Euler analysis.
This study extends the work of Ref. I 0 by including take-off performance in the optimization
formulation. The aerodynamic and structural design criteria in high speed cruise, in hover and
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in take-off are addressed using a multilevel decomposition based optimization procedure. At
the upper level, the aerodynamic performance of proprotors is optimized for each flight
condition using planform variables. Constraints are imposed on the rotor thrust in all three
flight conditions. A nonlinear programming technique based on the Broyden-FletcherGoldfarb-Shanno (BFGS) algorithm is used for the optimization. At the lower level, the rotor
is optimized for improved structural performance using composite ply stacking sequence as
design variables. Since only discrete design variables are used at the lower level, an
optimization procedure, based on simulated annealing algorithmi2, is developed to address this
complex problem. The results of the optimization procedure are compared with an existing
rotori3.
4. ANALYSIS
For the aerodynamics analysis, an algorithm based on blade element momentum approach is
used. The procedure offers a significant reduction in computational effort from more
comprehensive procedures which were previously used by Chattopadhyay and McCarthy4-8 in
the analysis of tilt rotor aircraft. The use of this analysis within an optimization procedure also
provides realistic design trends which can be verified by comparing the results obtained by
McCarthy et a!.9.10 with those obtained using an Euler code by Dadone et aLII.
The structural analysis is performed using a composite box beam model which includes blade
pre-twist, taper and sweep to represent the principal load carrying member in the blade. The
semi-analytical technique used in this study, which is an extension of the quasi onedimensional beam developed by Smith and Choprai4, offers significant computational savings
from more refined finite element models while maintaining sufficient accuracy.
4.1 Aerodynamic Analysis
The aerodynamic formulation is based on blade element approach initially developed by
Smithl5 and later modified by Talbotl6. In this approach, the two dimensional aspects of
· rotorcraft airfoils are modeled more accurately than the traditional 2-D airfoil theory to include
the effects of stall delay due to the rotation of the blade. Further, analytical closed form
expressions are available for the calculation of aerodynamic performance in terms of variables
such as planform, camber and thickness. This allows for variations of these parameters during
optimization for complete investigation of their effects on aerodynamic performance. The blade
element theory used in the algorithm is due to Glauert I7. An empirical fit was performed on
NACA 63 and 64 series airfoil families in order to supply a functional relationship between
maximum lift coefficient and the sectional thickness and camber for incompressible flow. The
theory calculates a blade element force based on two equations: the force due to the sectional
coefficients of lift (q) and drag (cct) and the force due to the change in momentum of air passing
through an annulus swept by the blade element as follows.
dT I

= 4nrp (V + 1li) 1li dr

(I)

(2)

dT2 = .!_pW2c(C]COSct-CctSina)dr
2
dQI = 4nr2p(V + 1lj)UTdr

(3)

(4)

dQ2 = lpw2c (CJ sina + cctcosa)rdr
2

where dT, dQ and dr represent the section thrust, torque and element length, respectively, W is
magnitude of the resultant velocity, V is the forward velocity and 1li and UT represent the
inflow and swirl velocities, respectively. The chord length and radial location are denoted c
and r, respectively, pis the density of air and a is the local angle of attack of the blade section.
This system of equations is then used to solve for the inflow and swirl velocities by equating
the thrusts and the torques.
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The algorithm has been found to correlate extremely well with advanced technology blades and
the procedure also yields meaningful design trends when used in formal optimization
procedures9,10. This code has been further modified by the authors to allow spanwise
variation of sweep to investigate the effect of sweep as a design variable. The aerodynamic
analysis is coupled with the structural analysis procedure which is described next. The results
of the complete analysis represent trimmed static solutions which include the effects of elastic
deformations.
4.2 Structural Analysis
The load carrying member of the rotor is modeled as a single-celled composite box beam
(Fig. 1). However, the weights of the honeycomb structure and the blade skin are also
included in the total weight calculation. The blade is discretized using finite elements with 19
total degrees of freedom, U 0 , and unequal element sizes. The nodal degrees of freedom are
described as follows.
z

-r-·-·-·-·-·-·~-----~·-·~~~
t(x)

_l_.-.L·-·-·-·-·-·-·-·
honeycomb

+ - - - - - - - - - - - c(x)
Figure I Blade cross section

(5)
where u is the axial displacement, v and w are the inplane horizontal and vertical displacements
and <1> is the elastic twist. First partial derivatives with respect to the spanwise axis (x) are
denoted ( ' ). The formulation assumes that the inplane displacements can be decoupled into a
term corresponding to pure bending and a term corresponding to shear as shown below.

= Vb + Vs
W = Wb + Ws

(6)

V

(7)

where the subscripts (b) and (s) refer to bending and shear displacements, respectively.
Identical node locations are used in specifying both aerodynamic and structural parameters.
The outer dimensions of the box beam (Fig. 2) are constant percentages of the chord and
thickness. Each composite plate used to model the composite box beam is assumed to be
symmetric about the midplane of the plate and is made up of 24 laminated orthotropic
composite plies. Further, the box beam is assumed to have double symmetry about the local
coordinate axes (T\ and~). This ensures that the two vertical walls are identical to each other
and also that the two horizontal walls are identical. The vertical and horizontal walls, however,
are assumed to be independent of each other. The beam cross section is described by
stretching, bending, twisting, shearing and torsion related warping and is an extension of a
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modeled developed by Smith and Chopra 14. Based on this model, the equations of equilibrium
are written as follows.
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Figure 2 Composite box beam
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where Mz and My are the lagging and flapping moments, respectively, and T is the torsional
moment. The axial force is denoted F, the inplane horizontal and vertical shear forces are
denoted Qy and Qz, respectively and kij (i,j = 1, 2, ··· , 6) represent the stiffness matrix
elements. The quantities Yx~ and Yx~o represent inplane shear strains. The elemental
equilibrium equations are written in vector form as follows.
(10)

where Fe

=[F Qy Qz T mx mz]T is the elemental force vector, Ke = [kij] is the elemental

stiffness matrix and Ue = [u' Yi1l Yit; cj>' (v"- Yi11 ') (w"- Yi/;')]T represents the elemental
degrees of freedom in the local coordinate system. Using these principles and the nodal
degrees of freedom, as described in Eqn 5, a finite element approach is developed using the
weak formulation I 0.
5. OPTIMIZATION PROBLEM

The primary objectives are to improve aerodynamic and structural performance of the tilt rotor
aircraft at three design points, high speed cruise, hover and take-off. Since the problem is
complex and is associated with several objectives functions, constraints and design variables, a
multilevel decomposition technique is used to decompose the problem into two levels. Such
techniques have found application in fixed wing aircraft and recently have been used in
helicopter design problems as welll8,19. More recently, Chattopadhyay et al. developed a two
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level optimization procedure for the design of high speed proprotors to maximize high speed
cruise and hover performance simultaneously 10. In this paper, the decomposition technique
developed in Ref. 10 is used to formulate an optimization problem involving a total of three
flight conditions. The optimization procedure is decomposed into two levels. The
aerodynamic performance is improved at the upper level and the structural criteria are addressed
at the lower level. The upper and lower levels are coupled through the use of optimal
sensitivity parameters19, which are essential in maintaining proper coupling between the levels.
Following is a description of the two levels.
5.1 Upper Level
The axial efficiency in high speed cruise (llc) and the figure of merit in both hover and in takeoff (FMh and FMt. respectively) are maximized simultaneously in this level using aerodynamic
design variables. Constraints are imposed on the rotor thrust at each of these flight conditions.
Geometric constraints are also imposed on the physical dimensions of the blade to ensure that
the load carrying member of the rotor is maintained within the dimensions of the airfoil. The
blade is discretized and design variables include the values of chord (c), twist (9), thickness to
chord ratio (tic) and zero lift angle of attack (UzJ) at each node. To ensure monotony of the
sweep, the following quadratic variation is used to represent the lifting line.
(II)

where Yale is the position of the aerodynamic center, which in this formulation coincides with
the shear center. The coefficient d 1 is used as a design variable to determine this position. The
sweep distribution can then be formulated using this expression as follows.
A(x) = tan-l(dJX)

(12)

· This also ensure continuity of the elastic axis. The optimization problem is stated as follows.
Maximize

subject to

=

Tc (Tclref
Th = (Thlref
Tt = CTtlref
Kthor :s; tmax
where <I>= [c(x), 9(x), A(x), UzJ(X), t/c(x)] is the design variable vector, the subscripts 'c', 'h'
and 't' refer to cruise, hover and take-off conditions, respectively and the subscript 'ref'
indicates reference rotor value. The quantity thor is the thickness of the horizontal wall in the
box beam, tmax is the maximum thickness of the airfoil and K is a scaling factor used to ensure
that the box beam is maintained within the airfoil cross section.
5.2 Lower Level
The structural characteristics of the rotor are investigated at this level. The objectives are to
minimize the tip displacements in cruise, in hover and in take-off. The most critical of these
displacements are included in the formulation. In cruise, the elastic twist (<!>c) and the inplane
displacement (vc) are critical. In hover and in take-off conditions, the vertical displacement (wh
and w1, respectively) and the elastic twist C<l>h and <!>t. respectively) are significant. Therefore,
these six displacements are selected as the individual objective functions to be minimized. Ply
orientations are used as design variables. However, to avoid impractical values, the ply angles
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are chosen from a set of pre-selected values [0°, ±!5°, ±30°, ... , 90°]. Stress constraints are
imposed and the Tsai-Wu failure criterion20, which assumes the following form is used to
reduce the number of these constraints.
(13)

where <JJ and crz represent normal stresses along the material axes and 'tJ2 represents the shear
stress (see Fig. 3). The subscripts 'T', 'C' and'S' represent the ultimate stress in tension, in
compression and in shear, respectively. Each of the composite plates used in the box beam
modeling are assumed to be symmetric about the midplane of the plate and the beam itself is
assumed to be symmetric about its local axes, 11 and 1;, (Fig. 2). Therefore, the above failure
criterion is imposed, on each lamina, at each of the four corners of the box beam to prevent
failure due to stresses.

Figure 2 Composite lamina material axes

6. OPTIMIZATION IMPLEMENTATION
Standard optimization techniques are associated with a single objective function which can be
minimized or maximized. Since the optimization problem addressed here involves multiple
design objectives, the objective function formulation is more complicated. Often, the
individual objective functions are combined using weight factors in a linear fashionl8. Such
methods are judgmental as the answer depends upon the weight factors which are often hard to
justify. Therefore, the problem is formulated using the Kreisselmeier-Steinhauser (K-S)
function approach2l. Using this approach the multiple objective functions and the constraints
are transformed into a single envelope function which is then extremized. The problem thus
reduces to an unconstrained optimization problem. The K-S function technique has been found
to perform very well in rotary wing applications6-l0,19
Since only continuous design variables are used during optimization at the upper level, a
nonlinear programming procedure (NLP) based on the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm22 is used. The lower level comprises only discrete design variables,
therefore an optimization technique based on the simulated annealing algorithm is implemented
at this level. Since the objective functions and constraints must be evaluated several times
before convergence is achieved, calculation of these values using exact analyses at each
iteration is computationally prohibitive. Therefore, at the upper level, the objective functions
and constraints are approximated using a two-point exponential expansion technique23, which
has been found to perform well in nonlinear optimization problems5-8,10,19. This technique
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takes its name from the fact that the exponent used in the expansion is based upon gradient
information from the previous and current design cycles.
In order to ensure the validity of the approximation it is necessary to impose bounds, or "move
limits" on the design variables during the optimization so that the design point remains in the
neighborhood of the original point. These move limits represent a percent change from the
original design variable. The move limits in this study are calculated using a variable scheme
developed by Thomas et al.24
If ply angles are modeled as continuous design variables and are later rounded off to the nearest
practical value (e.g. 17.3° being rounded off to 18°), the result can lead to sub optimal
designs25. A more efficient technique is to allow the ply angles to vary within a set of
prescribed values. Therefore, in the structural optimization problem at the lower level the goal
is to determine the optimal stacking sequence from within a set of laminates which are integer
multiples of 15° such as 0°, ±15°, ±30°, ... , 90°. This reduces the problem to a discrete
optimization problem and conventional techniques are no longer applicable. Therefore, a
procedure based on the simulated annealing algorithm is developed to address the completely
discrete probleml2. The procedure is outlined below.

START
Current design is F
Perturb current design Fnew
If Fnew < F then
F = Fnew
Else if Pace E; P then
F= Fnew
End if
Go to START
where F is the objective function to be minimized and P is a random number such that
0 .$. P 5. 1. The acceptance probability Pace of retaining a worse design is computed as
follows.
Pace =

exr(-~~)

(14)

where ~F is the change in the objective function and Tk is the "temperature" which is reduced
during successive iterations, to ensure smooth convergence, using the following relation.

(15)
where To is the initial temperature and rc is the cooling rate which determines the temperature at
the kth iteration. This reduces the probability of accepting a worse design. Occasionally
accepting a worse design under the given probability allows the algorithm to climb out of
possible local minima. The above loop is repeated a prescribed number of times for each cycle
in the multilevel optimization procedure.

7. RESULTS
The reference rotor used is an existing advanced three-bladed gimballed rotorl3. The
aerodynamic optimization in high speed cruise is performed at a cruise altitude of 25,000 feet
and a forward velocity of 300 knots with a rotational speed of 421 RPM. A vehicle weight of
13,000 lbs and aircraft lift to drag ratio (LID) of 8.4 is assumed. Therefore, the thrust in cruise
is constrained to be 774 lbs for the two engine aircraft. In hover, the aircraft is assumed to be
operating at sea level conditions with a rotational speed of 570 RPM and a 12 percent down
load effect from the rotor/wing interaction. The thrust in hover is therefore constrained to be at

47 - 8

7280 lbs. To simulate the take-off condition a load factor of 1.25 is used. Inclusion of the 12
percent down load effect, results in a take-off thrust of 9100 lbs. A rotational speed of 570
RPM is used and an altitude of 6695 feet is assumed to simulate a high altitude take-off. The
operating conditions are summarized in Table 1. The blade is discretized into 10 segments.
The composite material used in the structural analysis is carbon-PEEK AS4/APC2 which has
properties as listed in Table 2.
Table 1. Summary of flight conditions
Vehicle weight
Blade radius

13,000 1b
12.5

Hover
Altitude
Thrust, Th
Rotational speed

Sea level
7280lb
570RPM

Cruise
Altitude
Thrust, Tc
Rotational speed
Forward speed, V=

25,000 ft
774lb
421 RPM
300 knots

Take-off
Altitude
Thrust, T1
Rotational speed

6695 ft
9100 lb
570RPM

Table 2 Composite properties
Carbon-PEEK AS4/APC2
E1
E2
G12
UJ2
crn
crlc
cr2T
cr2c
'LJ2s

19.43 (106) p.s.i.
1.29 (106) p.s.i.
0.74 (106) p.s.i.
0.28
309.
160.
11.6
29.0
23.2

(103)
(103)
(1 03)
(103)
(J03)
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p.s.i.
p.s.i.
p.s.i.
p.s.i.
p.s.i.

At the upper level the design variables include the nodal values of the chord (c), twist (8), zero
angle of attack (O:z!) and thickness to chord ratio (tic). The sweep distribution (A) is based on a
quadratic lifting line. This yields a total of 45 design variables. The scaling factor (K), used in
the upper level constraints to ensure that the box beam is maintained within the airfoil section,
is assumed to vary along the span as follows.
4
K

=

3
2.5

1

X< 0.7
0. 7 :S: X < 0. 9

(16)

0.9:S:x:S:l.O

This also ensures the validity of thin wall theory at inboard sections of the blade, which carry
the majority of the load, without being too restrictive at the tip where thinner airfoils can
improve the aerodynamic performance. The tolerance on the lower level objective functions,
used as optimal sensitivity parameters at this level, is initially set at 5 percent and is later
relaxed to 20 percent for the tip bending displacements. An inhouse code based on the
Kreisselmeier-Steinhauser (K-S) function developed at Arizona State University is used as the
optimization algorithm at this level. The search direction used during optimization is based on
the BFGS algorithm21 and the two-point exponential expansion is used to approximate the
objective functions and constraints. The K-S function multiplier p is initially set at 50 and
increases during optimization to values as high as 210.
At the lower level, the design variables used represent discrete values of the composite ply
orientations. Since a symmetric and balanced lay-up is assumed in both the vertical and the
horizontal walls, this leads to 12 independent design variables which can assume any one of
the 7 pre-selected values of ply angle orientations. A value of 5 is used for p, the K-S function
multiplier. In the simulated annealing algorithm a value of 0.995 is used for the cooling rate,
rc, and the initial temperature (To) is set to 1.0.
In the multilevel problem, a total of 150 cycles is necessary for convergence at the upper level
where a cycle consists a "converged" design based upon one real analysis and several
approximate function evaluations. A total of 5000 iterations are necessary at the lower level.
Total convergence, including upper and lower levels, is achieved in five cycles. The results
from this multiple design point optimization are presented in Tables 3 and 4 and Figs. 4- 14.
The upper level objective functions are presented in Table 3 and Fig. 4. The figures of merit in
hover (FMh) and in take-off (FMt) are increased by 6.9 and 31 percent, respectively, from the
reference values. A small increase (0.52%) is obtained in the cruise propulsive efficiency (Tic).
These trends can be explained by examining the rotor planform.
A comparison of the optimum and reference chord distributions (c) are shown in Fig. 5 and
significant differences must be noted. The optimum distribution closely resembles the well
known ideal hover planform with notable exceptions at the root and at the tip. The closeness to
the hover planform is due to the large solidity necessary to achieve the thrust required in both
hover and in take-off. The deviation (from ideal hover planform) at the root is a result of an
upper bound of 0.2 which is imposed on the nondimensional chord (c/R) to avoid large chord
sections. The deviation at the tip is due to a geometric constraint which is imposed to ensure
that the box beam is maintained within the airfoil section. The reduction in the outboard
section, relative to the reference rotor, is attributable to the lack of any maneuver margin
requirement in the optimization problem formulation. Further, it is of interest to note that
although the area-weighted solidity (cr) is increased by nearly 31 percent, the thrust weighted
solidity (crT) is increased by only 7.1 percent (Table 3).
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Table 3 Summary of optimum results

Reference

Optimum

Objective functions
Levell:
FM (hover)

0.760
0.888
0.617

Ylax

FM (take-off)

0.813
0.893
0.807

Level2
Wh (in) .
Vc (in)
Wt (in)

11.5
-2.21
13.7
-2.05
-1.22
-1.73

1/>h (deg)
1/>c (deg)
1/>t (deg)

Solidity
area weighted, cr
thrust weighted, crt

0.08075
0.08913

D
II

6.95
-1.03
7.91
-1.77
-1.19
-1.39
0.1055
0.08976

Reference
Multilevel

1
0.9
0.8

0.52%
6.9%

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
FMh (hover)

T1 c (cruise)

FMt (take-off)

Figure 4 Summary of upper level objective functions
The thickness to chord ratio (t/c) distributions of the reference and the optimum rotor
configurations are presented in Fig. 6 and show large reductions from the reference rotor at the
inboard sections of the optimum rotor. The thickness is also slightly reduced from the
reference values at midspan locations and is slightly increased at the tip. The former is
explained as an attempt to improve the rotor performance by reducing the profile drag. The
latter represents the optimizer's effort to satisfy the geometric constraint which ensures that the
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box beam is contained within the airfoil section. Since the optimum distribution is very similar
to the reference distribution at midspan locations and slight increases are observed at the tip, the
profile drag over the working section of the blade in case of high speed cruise is only slightly
altered. This, coupled with the chord distribution over this section of the blade, results in only
a slight improvement of the high speed cruise propulsive efficiency (TJcl·

0.2

Reference

~

0.18
".0.16
"0
0.14
-5 0.12

-G-

Optimum

s

-§
( 'l

'§

0.1
0.08

s"' o.o6
:s=0.04
Q

z

0.02
04-~--.-.-~--~-r-,--.--.~

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Nondimensional radius, x!R

1

Figure 5 Chord distributions

0.3
Reference

.;:;• 0.25
.Sl
....

-G-

Optimum

~ 0.2

'EQ
-5 0.15

.s
~ 0.1
=
..:.:
:2 0.05

E-<

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Nondimensional radius, x/R

1

Figure 6 Thickness to chord ratio distributions
The twist distributions (8) are presented in Fig. 7. The twist is reduced from reference to
optimum values over the inboard section of the blade and is increased over the midspan
section. At the outboard section of the blade, the twist remains almost unchanged after
optimization. It must be noted from Fig. 7 that the largest differences between reference and
optimum, in both inboard and midspan locations, is of the order of two degrees. However, the
increase is achieved in a region of the blade which has greater resultant velocities. This reduces
the collective pitch of the blade thereby reducing the overall angle of the attack of the blade.
The result is a more even distribution of the angle of attack throughout the blade which
subsequently reduces the drag (Figs 8a,b). The minimal changes in the angle of attack
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distribution in case of high speed cruise, between reference and optimum, partially explains the
very small improvements obtained in 'llc·
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Figure 9 shows the zero lift angle of attack distributions (Cl.z!) for both the reference and the
optimum rotors. Significant decreases are observed from the reference values except at the tip.
The result is an increase in airfoil camber which improves the lift-to-drag ratio thereby
improving performance. However, associated with increased camber is higher drag divergence
Mach numbers (Mctct) which can adversely affect the cruise performance. Therefore to avoid
large drag penalties caused by operating the blade at local Mach numbers above Mctct. the zero
lift angle of attack is only slightly reduced at the tip.
The rotor planform remains unswept after optimization. This is explained as follows. Since
only static loading is included in this study and no aeroelastic stability requirements are
imposed, the sweep of the blade was constrained during optimization such that the rotor could
only be swept backwards. However, backward sweep induces large nose down pitching
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moments which increases the magnitude of the elastic twist which is used as an objective
function and is minimized at each flight condition. As a result, the optimizer avoids sweeping
the blades to remain in the feasible domain.
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Figure 9 Zero lift angle of attack distributions
The lower level objective functions are presented in Table 3 and in Fig. I 0 where large
reductions from the reference rotor are observed in all six objective functions. The elastic twist
in hover (<!Jh), in cruise (<!Jcl and in take-off C<!Jtl are reduced by 14, 2.7 and 20 percent,
respectively. The vertical displacement in hover (wh) is reduced by 40 percent and in take-off
(wtl by 42 percent. The horizontal displacement in cruise (vel is reduced by 54 percent.
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Figure 10 Summary of lower level objective functions
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Wt

(take-off)

The composite laminate stacking sequences are presented in Table 4. Note that in the reference
blade, the horizontal and vertical walls are assumed to have the same stacking sequence.
Further, since all of the laminates are considered to be symmetric about their midplane, only 12
of the 24 total plies are presented in the table for each wall. The individual ply thickness used
in this study is 0.001 in. which results in a total wall thickness of 0.24 in. The rearrangement
of the stacking sequence after optimization represents a compromise between the conflicting
requirements of reduced elastic twist and reduced transverse displacements. This is observed
by noting the inclusion of ±30 degree plies in both the horizontal and the vertical walls.
Table 4 Ply orientation angles

Reference
Outer ply

midplane

0'
0'
0'
0'
15°
-ISO
!5°
-15°
45°
-450
45°
-45°

Optimum
Horizontal Wall

Vertical Wall

15°
-15°
0'
0'
45°
-45°
45°
-45°
0'
0'

15°
-15°
15°
-15°

3QP

-30°

3QP

-30°
3QP

-30°
0'
0'
15°
-15°

The displacement distributions of the reference and optimum rotors are presented in Figs.
11-14. Figure 11 shows the elastic twist(<!>) distributions which are reduced in magnitude,
after optimization, throughout the blade span in all three flight conditions. Note that the elastic
twist values are all negative resulting in a nose down motion. Similar trends are observed in
case of the transverse vertical displacement (Fig. 12), the transverse horizontal displacement
(Fig. 13) and the axial displacement (Fig. 14). Since the centrifugal force is the only axial
force acting on the blade which remains unchanged between reference and optimum, in both
hover and during take-off, the axial deflections in both of these flight conditions remain the
same. The reductions in all of the displacement distributions are attributable to the improved
ply stacking sequence and the increased thickness of the airfoil due to larger chords which in
turn increases the box beam height.
8. CONCLUDING REMARKS
A multiple design point optimization procedure was developed for the design of high speed
proprotors. A multilevel decomposition optimization technique was used to decompose the
problem into two levels. Aerodynamic performance was the objective of the upper level and
the structural response was improved at the lower level. Optimization was performed
simultaneously to include high speed cruise, hover and take-off. The KreisselmeierSteinhauser function was used to formulate the multiple objective optimization problems at each
level. At the upper level, a nonlinear programming technique based on the Broyden-FletcherGoldfarb-Shanno method was used as the optimization algorithm. A simulated annealing
algorithm was used for the discrete optimization problem at the lower level. A total of 5 global
cycles were required for convergence. The optimum results were compared with a reference
rotor. Following are some important observations.
I . The multilevel optimization procedure significantly improves the aerodynamic and
structural response of the high speed proprotor blade at all three flight conditions.
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2. The chord distribution of the optimum rotor closely resembles the ideal hover chord
distribution. Exceptions are noted at the root and at the tip where the optimizer is driven by
the geometric constraints imposed on the problem.
3. The airfoil thickness to chord ratio is significantly decreased at inboard section of the blade
after optimization. This reduces the profile drag over this portion of the blade which
improves the performance.
4. The optimum twist is reduced at inboard sections, increased over the mid section and
remains largely unchanged at outboard sections. The result is a more optimum distribution
of the local angle of attack which improves performance in hover and in take-off. The tip
twist remains unchanged to maintain efficiency in high speed cruise.
5. The airfoil camber of the optimum blade is significantly increased from reference values to
improve the airfoil lift-to-drag ratio resulting in increased aerodynamic efficiency.

6. The simulated annealing algorithm successfully minimizes the tip displacements by altering
the composite plate stacking sequences in the horizontal and vertical walls. The optimum
composite stacking sequence represents a compromise between reduced elastic twist and
reduced transverse deformation. This is manifested through the selection of ±30 degree
plies in both the horizontal and the vertical walls.
7. A combination of improved stacking sequence and larger chord values leads to reduced
elastic deformation in the optimum configurations.
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