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Abstract
An optimization procedure to reduce oscillatory hub
loads for a four bladed soft-inplane hingeless heli-
copter rotor is developed. The objective function to
be minimized consists of scalar norms of 4/rev vibra-
tory hub loads transmitted by a 4-bladed helicopter
rotor to the fuselage. The mass and stiffness proper-
ties of the rotor blades are considered as the design
variables. Constraints are imposed on the dynamic
stresses caused by the blade root loads, and move
limits on the design variables. An aeroelastic analy-
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sis based on finite elements in space and time is used K

to construct the response surface approximations for

the objective function and constraints. The response ™

surface approximations decouple the analysis prob- Mo

lem from the optimization problem. The numerical

sampling is done using the central composite design of M

the theory of design of experiments. The approximate My, M;'P, M7P
optimization problem expressed in terms of quadratic P

response surfaces is solved using standard technique.

Optimization results in forward flight with unsteady R

aerodynamic modeling show a reduction in the ob-  uj, vk

jective function of about 15 percent. The dominant  Bo, Bi, Bij

loads in vehicle vibration are the vertical hub shear
and the rolling and pitching moments which are re-
duced by 22-26 percent. The composite box-beam v
corresponding to the section properties predicted by p
the afzroelastlc optimization is designed using genetic Introduction
algorithm. Sem et
In a helicopter, the main rotor is the crucial subsys-
tem, which provides lift, propulsive force and control
capability of the helicopter. Therefore, the design of

Nomenclature

a lift curve slope

c blade chord main rotor is an important problem that has received
C blade damping matrix considerable attention. The design of the helicopter
EI, flap bending stifness rotor involves a variety of aerospace engineering disci-
EIL lag bending stifness plines. Rotor blades are slender flexible beams, which
F(X) objective function can undergo elastic deformations in bending and tor-

sion, that can be beyond the limits of linear beam the-
ories. The deflections of the blade interact with the
aerodynamic loading. The rotor blade aerodynamics
in turn, is coupled with the structural dynamics be-
cause much of the elastic deformation and damping in
flap and lag bending and in torsion is of aerodynamic
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origin. Therefore, the prediction of helicopter blade
and hub loads is an integrated aeroelastic problem.
Helicopter rotor aeroelastic analysis have been devel-
oped by academic institutions and helicopter com-
panies are widely used for preliminary design of the
helicopter rotor blades.

One of the chief issues in the helicopter industry is
the minimization of vibrations on the helicopter air-
frame, which are caused by an unsteady aerodynamic
environment and highly flexible rotating blades. The
vibratory bending moments acting along the blade
length also causes dynamic stresses, at several har-
monics of the rotational speed, on the rotor blade.
These dynamic stresses cause structural fatigue, lead-
ing to a reduction in blade life. The critical dy-
namic stresses generally occur at the spanwise loca-
tion where the vibratory bending moment is highest.
For the hingeless rotors, it occurs at the blade root.
Therefore, a direct approach for increasing the life of
the blade is to design the rotor to produce low vi-
bratory bending moments. The changes of mass and
stiffness along the blade chord and span direction af-
fect the structural dynamics and aeroelastic behavior
as well as the stress distribution.

In recent years, considerable research has been di-
rected towards the application of aeroelastic opti-
mization methodology for the vibration reduction
problem. Ganguli and Chopra [1] carried out aeroe-
lastic optimization studies out for rotor blades with
swept tips and for composite rotors. Yaun and Fried-
mann [2] carried out a structural optimization study
for vibration reduction of a composite rotor blade
with a swept tip. Chattopadhyay et al [3, 4] have
done extensive work on the optimization of helicopter
rotors and prop rotors. Other recent studies in heli-
copter rotor optimization includes those by Kim and
Sarigul-Klijn [6] for articulated rotors, Soykasap and
Hodges [7] for composite tilt rotors, and Celi et al [8]-
[9] addressing maneuver flight. A recent review on he-
licopter optimization is provided by Celi [10]. In the
above aeroelastic optimization studies, quasi-steady
aerodynamic model is used in the rotor aeroelastic
analysis.

The helicopter rotor dynamics analysis involves com-
plex computer analyses, which are computationally
expensive to perform. These analyses involve the
solution of nonlinear rotor dynamics equation, ob-
taining the helicopter trim condition and aeroelas-
tic stability condition. In the conventional aeroelas-
tic optimization studies, the large aeroelastic analy-
sis program has to be integrated with the optimiza-
tion software, which can make the problem a cum-
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bersome task. Gradient based approaches to opti-
mization require that the sensitivity derivatives ei-
ther be calculated analytically or by finite difference.
Finite difference derivatives are computationally ex-
pensive to calculate and the selection of an appro-
priate step size can be difficult. Analytical and semi
analytical derivatives have been used by Spence and
Celi [9], Murthy and Lu [11], Lim and Chopra [12],
and Ganguli and Chopra [1, 17]. These derivatives
are obtained using chain rule differentiation and in-
cluded in the computer program for aeroelastic anal-
ysis as an integral part. Analytical derivatives are
more accurate than finite differences and large sav-
ings of computer time are possible. However certain
approximations such as ignoring the changes in trim
conditions and blade normal modes due to changes in
design variables are often made in calculation of ana-
lytical derivatives. These assumptions appear to have
been reasonable for the vibration reduction problems.
A key problem of analytical derivatives is linked to
the issue of the software aging. With the passage
of time, changes are made in the aeroelastic analy-
sis to account for refinements in physical modeling.
When such changes are made, the analytical deriva-
tives must also be updated. This is not always possi-
ble as the domain experts performing physical mod-
eling may not be aware of the optimization aspects
of the software. Furthermore, in the industry setting
the rotor aeroelastic analysis codes are considered as
proprietary and it is very difficult to make changes
inside them. Therefore analytical derivatives are dif-
ficult to implement in an industry setting.

One approach to overcome this difficulty is to use sta-
tistical techniques to construct approximations of the
analyses that are much more efficient to run and eas-
ier to integrate together, and yield insight into the
functional relationship between the objective func-
tion and design variables [13]. This results in the
construction of the approximations of the analyses,
instead of integrating the computer programs. Re-
sponse surface (RS) methodology is one such statis-
tical method used to construct approximations [14].
Response surfaces for objective and constraint func-
tions are created by sampled numerical experiments
over the design space [15]. The response surface mod-
els created then replaces the computationally expen-
sive analyses and facilitates fast analysis and explo-
ration of the design space. Low order polynomials
are mostly used as the response surface approximat-
ing functions.

In helicopter aeroelastic optimization very limited
work has been done using response surfaces. Hen-
derson, Walsh and Young [16] have applied response
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surface techniques to helicopter rotor blade optimiza-
tion. They used multilevel decomposition approach
in optimization. A large complex optimization prob-
lem was broken into a hierarchy of smaller optimiza-
tion subproblems. The upper level objective func-
tion was a linear combination of performance and dy-
namic measures. Upper level design variables include
pretwist, blade stifnesses, tuning masses and tuning
locations. The lower level optimization assures that
a structure can be sized to provide the stiffnesses re-
quired by the upper level and assures the structural
integrity of the blade. The analysis proceeds from the
upper level to lower level while the optimization pro-
ceeds from the lower level to the upper level. How-
ever, in the study [16] response surface approxima-
tions are used for the cross-section design problem
and not as an approximation to the rotor aeroelastic
analysis.

The rotor blade cross-section design problem links
blade cross sectional properties with one dimensional
beam properties that are typically used for aeroelas-
tic analysis. Typically, the load carrying member in
a rotor blade consists of a box-beam blade spar. Ha-
jela et al. [5] used neural surrogate functions in the
optimization. The objective function and constraints
were approximated by the neural surrogate functions.
The neural networks, though are good universal func-
tion approximations, have a black-box nature and are
difficult to use in an industry setting. In contrast,
polynomial response surfaces are easy to understand
and capture the key slopes and curvatures of the de-
sign space while smoothing out local changes which
avoids the problem of spurious local minima.

The objective of this study is to perform an aeroelas-
tic optimization of a helicopter rotor, using response
surface approximations to the rotor aeroelastic anal-
ysis in the upper level problem. The helicopter aeroe-
lastic analysis is based on a finite element method in
space and time. To reduce helicopter vibrations, the
objective function includes all six components of 4P
hub loads for a four bladed hingeless rotors, while
maintaining the constraints on dynamic stresses de-
veloped on the rotor blade, which are caused primar-
ily by the 1/rev and 2/rev rotating frame loads. This
paper approaches the problem of vibration reduction
by developing an RS model for the objective function,
instead of doing the rotor dynamic analyses for each
function evaluation required by the optimization pro-
cess. The response surface approximated optimiza-
tion problem is then solved using standard gradient
based algorithms.

The lower level problem of composite box-beam de-
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sign is solved using genetic algorithm. The ability
of genetic algorithm to handle discrete design vari-
ables is used for obtaining the composite ply layups
with [0, (£45°), (£90°)] ply angles. Another feature
of this study is the use of sophisticated unsteady
aerodynamic model including impulsive and attached
flow aerodynamics which causes numerous conver-
gence problems in aeroelastic analysis. Note that the
quasi-steady aerodynamic model was used in the pre-
vious optimization studies and convergence problems
were not encountered [1, 17]. The response surface
approximations for the rotor aeroelastic analysis are
used to overcome the numerical convergence prob-
lems caused by the unsteady aerodynamic model.

Helicopter Rotor Dynamic Analysis

In this work, a comprehensive aeroelastic analysis
code, based on finite element method is used to eval-
uate the resultant forces of the rotor. The rotor-
craft structure is modeled as a nonlinear represen-
tation of elastic rotor blades coupled to a rigid fuse-
lage. The blade is modeled as a slender elastic beam
undergoing flap bending, lag bending, elastic twist,
and axial deflection. The effect of moderate deflec-
tions is included by retaining second order non-linear
terms [18]. The blade is discretized into beam fi-
nite elements, each with fifteen degrees of freedom.
The finite element equations are reduced in size by
using normal mode transformation. This results in
the non-linear ordinary differential equation with pe-
riodic coefficients as given below.

Mp + Cp + Kp = F(p, p) (1)

Here M,C,K and F represents the finite element
mass matrix, structural stiffness matrix, damping
matrix and finite element force vector, respectively.
These equations are then solved using finite element
in time in combination with the Newton-Raphson
method. The finite element in time approximation is
especially suited for periodic systems [19]. The above
equations govern the dynamics of the rotor blade.
The solutions to the equations are then used to cal-
culate rotor blade loads using the force summation
method, where aerodynamic forces are added to the
inertial forces. The blade loads are integrated over
the blade length and transformed to the fixed frame
to get hub loads. The steady hub loads are used to
obtain the forces acting on the rotor and combined
with fuselage and tail rotor forces to obtain the heli-
copter rotor trim equations.

F(6) =0 2)
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These nonlinear trim equations are also solved using
the Newton-Raphson method. The helicopter rotor
trim equations and the blade response equations in
(1) and (2) are solved simultaneously to obtain the
blade steady response and hub loads. This coupled
trim procedure is important for capturing the aeroe-
lastic interaction between the aerodynamic forces and
the blade deformations. Further details of the analy-
sis are available from the reference [20].

Response Surface Modeling

Response surface modeling techniques have been used
in the past few years to solve complex, computa-
tionally intensive engineering problems [21]. Design
of Experiments(DOE) theory provides a systematic
means of selecting the set of points in the k dimen-
sional design space, at which to perform computa-
tional analyses. By using the RS techniques, the
analysis codes are separated from the optimization
codes. The complex analysis codes are replaced by
the simple polynomials. Second order or quadratic
polynomials are mostly used.

A quadratic RS model in & variables of the form,

k k %
y=7p5+ Z Bizi + Z Z Bijxiz; (3)
i=1

i=1 j=1

is used in this paper. The second order model
described in the above equation is a widely used
model to describe experimental data in which sys-
tem curvature is present. The above equation con-
tains 1+ 2k + k(k — 1)/2 parameters. As a result,
the experimental design used must contain at least
1+ 2k + k(k — 1)/2 distinct design points. In addi-
tion, the design must involve at least three levels of
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varies from 1.0 to v/k. For the k = 2 case the value
of a, the axial distance is v/2. Figure (1 ) shows the

n
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Figure 1: Central Composite Design for k = 2

CCD for k = 2. In this case, for k = 2, there are 4(2*)
factorial points, 4 (2 * k) axial points and one center
point resulting in 9 points. Also note that for k = 2,
there are 1+ 2k + k(k — 1)/2 = 6 regression coeffi-
cients need to be determined to find the second order
response surface as shown in equation(20). The CCD
design therefore overfits the points to obtain the re-
sponse surface. It is therefore able to reduce the error
present in any one of the points and avoid the local
minima that are not robust and have high sensitivity
to change in the design variables.

In this work, the constraints were appended to the
objective function f(x), using a quadratic exterior
penalty function, which is of the form

J
each design variable to estimate the pure quadratic _ ' ' 2
terms. There are families of designs available, for fit- PX) = f(X) + Zl ujmaz(0, g;(X)]
ting the second order model. The central composite = K
designs(CCDs) is one of the popular class of second- 5
order designs. It involves the use of a two level fac- + ; v (hi (X)) (4)

torial or fraction combined with the 2k axial or star
points. As a result, the design involves, 2* factorial
points, 2k axial points, and n. center runs. The fac-
torial points represent a variance optimal design for
a first order model or a first-order+two-factor inter-
action type model. Center runs provide information
about the existence of curvature in the system. If
curvature is found in the system, the addition of ax-
ial points allow for efficient estimation of the pure
quadratic terms. The choice of «, the axial distance,
depends to a great extent on the region of operabilty
and region of interest. The values of axial distance

where, ¢;(X), ht(X) are the equality and inequal-
ity constraints, respectively expressed in the form,
9;(X) <0 and hi(X) = 0. The u; and vy represents
the penalty parameters.

Problem Description

The objective function .J, used in this study repre-
sents the vibratory hub loads and has been used as a
measure of rotorcraft vibration [1, 2]. The objective

&

29TH EUROPEAN ROTORCRAFT FORUM
Friedrichshafen, Germany, 16-18 September 2003

M.S. Murugan, R. Ganguli
Design Of Experiments Approach To Helicopter...

13-4



<

A PN

function is the sum of the scalar norms of the N/rev
forces and the N/rev moment’s transmitted by an
N-bladed helicopter rotor to the fuselage as the pri-
mary source of vibration. In this work, 4/rev hub
force resultant and, 4/rev hub moment resultant of
a four bladed rotor is used as the objective function
Jy. The objective function is of the form

F(X) = J, = \J(FiPY2 + (BiP) + (FiP)?

+/ (MaP)? + (MyP)? + (M:P)? - (5)

where the forces
and moments are non-dimensionalized with respect
to moQ2R? and moN2R3, respectively. In the above
equation F,, Fy and F, represents the longitudinal,
lateral and vertical dynamic forces acting on the hub
and, My, M, and M, are the rolling, pitching and
yawing moments acting on the hub, respectively.

In the helicopter rotor, the loads observed in the ro-
tating frame are periodic and can be expressed in
terms of Fourier series. The first harmonic of these
loads in the rotating frame is generally dominant
and the magnitude of the harmonics declines with
the higher harmonics. The 4/rev hub loads in the
fixed frame come from the 3/rev, 4/rev and 5/rev in
the rotating frame. Attempts to minimize the 4/rev
hub loads for a four bladed hingeless rotor in for-
ward flight can result in an increase in the 1/rev and
2/rev blade loads, causing higher dynamic stresses.
The lower harmonic blade loads which are higher in
magnitude are the main sources of dynamic stresses.
Therefore, the constraints are imposed on the dy-
namic stresses caused by the 1/rev and 2/rev blade
root bending moments. These constraints avoid re-
ducing the fatigue life of the blade. The constraints
are given by

i < T3 (6)

Jin < Jg (7)

where Ji,, Ji, are the scalar norm of 1/rev and 2/rev
blade root bending moments at the it? iteration of op-
timization, which are given below,

Jn' = [\/ (MzP)2 + (My")2 + (le”)z]l (8)

Tt = [\/ (MZP)2 + (My7)2 + (ME”)Z]Z (9)

Here JY,, J9, are the baseline values of the same 1/rev
and 2/rev dynamic stresses respectively. To ensure
the design variables stay within the region where the
response surface is valid, a constraint is added. For
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the two design variables, it is found that constraining
the design variables with in the circle as shown in the
figure(1) is effective. And the constraint is given by,

x4 13° <2 (10)

where the z;and zo are coded variables used in the
design of experiments and can be converted to phys-
ical variables using a linear transformation. For ex-
ample, the levels +1 and —1 of the coded variable
x1 in the figure (1) can correspond to 5 percent in-
crease and decrease from the baseline value of the
blade mass, respectively. The baseline value of the
magss corresponds to the center point in the z; di-
rection. Similarly for the coded variable zs, the +1
and —1 can correspond to 25 percent increase and
decrease from the baseline value of the torsional stiff-
ness. Therefore, once the baseline design at the center
point is selected, the factorial points can be defined as
percent changes in the baseline and the axial points
are calculated using a linear transformation.

Numerical studies showed that the constraint in equa-
tion (10) was necessary to prevent the design from
going in regions where the response surface approx-
imation is not valid. Though the response surface
approximation showed a reduction in vibration in a
region beyond the constraint given in equation(10),
the rotor analysis values showed an increase in the
vibration with the same design variables values. It
was also found that a square region [i.e, —v/2 < z; <
V2, — /2 < xy < /2] rather than the circular re-
gion also led to this problem. Thus the circle shown
in figure(1) acts as a good bound inside which the re-
sponse surfaces developed for this problem are valid.
Expanding the formulation (10) to k design variables,
the constraint can be expressed in the form,

1'12+.Z'22+.Z‘32+...+.Z‘k2 < k (11)

The design variables are constrained to remain with
in the hypersphere of radius vk. The three con-
straints used in this work can be written in standard
notation as,

a(X)=Ju' = Jn®
92(X) = Jao' — Jao°

k
g3(X) =) =’ —k (12)
i=1
The composite objective function can then be written
as,

P(X) = f(X) + u1[maz(0, g: (X))]?
+uz[maz(0, g2(X))* + us[maz(0,93(X))*  (13)

&
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where are u;,u2 and us are the penalty parameters.

Results and Discussion

For the numerical study, a four bladed soft-inplane
hingeless rotor blade which is uniform blade equiv-
alent of the BO105 rotor blade is considered. The
rotor properties used in this study are shown in the
Table(I).

Table I: Baseline Hingeless Blade Properties
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in the rotor dynamic analysis [1]. To see the influ-
ence of the unsteady aerodynamic model, optimiza-
tion is carried out first with the quasi-steady model.
A variation of 25 and 5 percent is taken from the
baseline values of torsional stiffness and the mass of
the blade, respectively. As per the DOE theory, 9
(i.e,22 + 2% 2 + 1 = 9) points are selected in the
design space. The objective function values are eval-
uated at the selected points, using the UMARC code.
A RS model is developed with these results, which is
shown in the figure(2),

Number of blades 4 THE RESPONSE SURFAGE MODEL
Radius (m) 4.94
Hover tip speed, m/s 198.12
m, (kg/m) 6.46 0.124~
E]Iy/moﬂzR4 0.0108 .
EL /m,Q*R* 0.0268 T
GJ/m,2R* 0.00615 2 or2-
m/m, 1.0 8
Lock number 5.2 QO'”S\
solidity 0.07 o116
Cr/o 0.07 =
¢/R 0.055 LoTTe-
§0.112\
z

An advance ratio of 0.3, which simulates forward
flight condition is used to obtain the numerical re-
sult.

Two Design Variables

To have the geometric representation of the RS model
and a better understanding of the method, only two
design variables are considered initially. These vari-
ables are selected as the blade mass and the torsional
stiffness, and are selected as they have been observed
to have a strong influence on rotor vibration from
earlier studies [1]. The Lock number has to be up-
dated with the change in the values of the mass. The
Lock number(y) is defined as v = pacR*/I;. Here p
is density of the air, a is the lift curve slope, c is the
blade chord, R is the rotor radius and [ is the mass
moment, of inertia of the rotor blade. Thus, as the
blade mass changes I, changes resulting in a change
in the Lock number.

The optimization is carried out for two cases. In
the first case, quasi-steady aerodynamic model is em-
ployed in the rotor analysis and in the second case,
unsteady aerodynamic model with both attached flow
and impulsive aerodynamics is used. The unsteady
aerodynamics are based on the Leishman model [22].

1)Quasi-steady Aerodynamic Model: In previ-
ous studies, quasi-steady aerodynamics has been used

Figure 2: RS with quasisteady model about baseline
design (AGJ = 25%, Am = 5%)

J, = 0.2719 — 3.9027G J — 0.2520m — 338.4307G J? +
0.08m2 + 9.106GJ * m

where the GJ and m represents the torsional stiffness
and the blade mass, respectively. The second order
response surface function is also given at the bottom
of the figure.

Then optimization is carried out using gradient based
method. Constraints are imposed on the function to
ensure that the design variables remain in the region,
where the response surface is valid. This is assured
by constraining the design variables to remain in the
circle as shown in the figure(1).

The results of the optimization shows a reduction of
4.08% in the objective function value J,. And the
non-dimensional optimum design values are GJ =
0.004454,m = 1.0442. This reduction is achieved
with a decrease in the torsional stiffness and a slight
increase in the mass from the baseline design value.

2) Unsteady Aerodynamic Model: In this case,

&
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and for all future results, unsteady aerodynamic
model is employed in the rotor analysis code. To
search for the global minima, the optimization is car-
ried out in different stages. The size of the design
space is reduced in each stage, by which the accu-
racy of the RS model is increased while reaching the
global minimum. The optimization process is ter-
minated when one of the constraints become active.
The stages of optimization are discussed below.

In the first stage of optimization, a variation of 25
and 5 percent is taken from the baseline values of
torsional stiffness and the mass of the blade, respec-
tively. Then, the optimization is carried out as dis-
cussed in the quasi-steady state case. The RS model
developed for this stage is shown in the figure (3).

THE RESPONSE SURFACE MODEL

o

~

o
!

I
~
1

o

[

o
!

o
©w
1

o

n

(3}
!

THE OBJECTIVE FUNCTION VALUE Jv

Figure 3: RS with unsteady model about baseline
design (AGJ = 25%, Am = 5%)

Jy = 0.0232 — 177.95GJ + 2.208m + 24113.19G J? —
0.88m? — 156.1GJ * m

In this stage, the J, is reduced by 7.15 percent from
its initial value, for the values of design variables,
GJ = 0.007 and m = 1.065. The results obtained in
this case show that value of mass has to be increased
and torsion stiffness also increased slightly from the
initial baseline design value for reduction in the ob-
jective function value. Also, the RS model developed
for the above two cases (shown in fig(2) & fig(3)) are
different, with in the same design space. This is found
to be because of the strong influence of torsional stiff-
ness, on the unsteady impulsive pitching moments.
This clearly shows the significance of the unsteady
aerodynamic model in the optimization process. The
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adequacy of the model developed is checked. The
residuals versus fitted values is plotted for the model
developed, as given in figure(4). The plot does not
reveal any obvious pattern and therefore the response
surface chosen is adequate.

0.04

0.02

RESIDUALS

-0.02

-0.04|

‘ ‘ ‘ ‘ ‘
X 0.15 02 0.25 03 0.35 0.4 045 05
RESPONSE VALUES

Figure 4: Plot of residuals versus fitted values for
model,

Jy = 0.0232 — 177.95GJ + 2.208m + 24113.19G J* —
0.88m?2 — 156.1GJ x m

The optimum values of the first stage are taken as the
initial design values for the next stage. The pertur-
bations in m and GJ are made progressively smaller
as the iteration progress. At the second stage, the
design space is created with a variation of 15 and 3
percent along the torsional stiffness and the mass, re-
spectively. In each stage, the constraints (20) and (7)
are checked and the optimization is proceeded. In the
third stage, a variation of 5 and 1 percent are taken
in the torsional stiffness and mass respectively. The
RS model developed for the second stage is shown in
the figure(5). The residuals versus the fitted values
for the model in figure(5) is shown in figure(6). The
RS model developed for the third stage is shown in
the figure(7). The residuals versus the fitted values
for the model in figure(7) is shown in figure(8). In
both the figures (6) and (8) the plot does not reveal
any obvious pattern. So the response surface models
developed are considered to be adequate.

A reduction of 5.28 and 3.31 percent is achieved in
the second and third stage, respectively. At the third
stage, the constraint Jg; becomes active and the op-
timization process is terminated. Finally, a total re-
duction of 15.74 percent is achieved, for the objec-
tive function J,. This is accomplished through three
stages of optimization where response surfaces are
created and optimization is carried out at each stage.
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Figure 5: RS model for second stage (AGJ =

15%, Am = 5%)

Jy = 2.1877 4+ 1126.89GJ — 10.433m + 8939.8GJ? +

8.3184m?2 — 1159.37GJ xm

0.04

0.02f %

RESIDUALS

-0.02

-0.04 *

-0.06

L L L L L L
"0.16 0.18 0.2 0.22 0.24 0.26 0.28
RESPONSE VALUES

L
0.3

L
0.32

L
0.34

0.36

Figure 6: Plot of residuals versus fitted values for

model,

Jy = 2.1877 + 1126.89GJ — 10.433m + 8939.8G J? +

8.3184m? — 1159.37GJ * m
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THE RESPONSE SURFACE MODEL
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Figure 7: RS model for third stage (AGJ =
5%, Am = 1%)

Jp = 0.7314 4+ 19.4041G J — 0.9939m — 9632.49G J? +
114.4797GJ * m

x10”

RESIDUALS

Ak

*

2 L L
0.175 0.18 0.185 0.19
RESPONSE VALUES

Figure 8: Plot of residuals versus fitted values for
model,

J, = 0.7314 4 19.4041G J — 0.9939m — 9632.49G J? +
114.4797GJ * m

M.S. Murugan, R. Ganguli
Design Of Experiments Approach To Helicopter...



<

A PN

Since the RS models created are simple polynomi-
als, optimization process finds the global constrained
minimum point very rapidly. The interactive nature
of the design process allows the termination of the
optimization process at any stage with a feasible op-
timal design. The approach is therefore well suited
for an industry setting.

Four Design Variables

In this stage, two more design variables, the flap stiff-
ness and the lag stiffness of the rotor blades are added
in the optimization process. The flap stiffness and
lag stiffness of the blade are kept constant for the full
span of the blade. Thus the four design variables are
blade mass, flap, lag and torsional stiffness. A varia-
tion of 25 percent is taken for each of these stiffness
variables and 5 percent along the mass design vari-
able. For the four design variables, the axial distance
in CCD is taken as v/4. And the function is evalu-
ated at 25(2% + 2 x4 + 1) design points. With these
function values, RS model created is given below .

Jy = 52.58 —2702.86E1I, + 1626.38E1,

—5033.19G.J — 77.4m + 11261.98E1I,
+5586.71EI? + 22333.57G J*
+28.84m” — 20795.47TEI, x EI;
+2578.52m « EI, + 47358 21GJ * EI,
+4360.02GJ * m — 1514.59EL, * m
—9800.8E1I, * GJ (14)

The RS function with the constraints (4)&(5) is then
minimized. A reduction of 14.85 percent in the opti-
mum function value is achieved in the first stage with
the dynamic constraint J4; becomes active.

The results from the optimization, using four design
variables are presented in Table(IT). At the optimum,
the frequencies are reduced as shown in the Table(
I11).

Table IT: Optimum Values

Reference At Optimum
EI, .0108 .0062
El» .0268 .0134
GJ .00615 .0033
m 1.0 1.0999

The vibration reduction is achieved by destiffening
of the blade in flap, lag and torsion directions and

torsional deformation(degrees)

29th European Rotorcraft Forum, Friedrichshafen, 16-18 September 2003
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Table III: Blade Frequencies(per rev)

Mode Reference* At Optimum

lag bending 744 (1) 579 (1)

flap bending  1.146 (2) 1.105(2) *the
flap bending  3.512 (3)  3.097(3)

torsion 4551 (5)  3.223 (4)

value in paranthesis is mode number

Torsional Deformation of blade
T T T

at Baseline

0 50 100 150 200 250 300 350 400
blade position (degrees)

Figure 9: Tip torsional deformation variation with
rotor azimuthal location

a small increase in blade mass. The frequencies of
the lag, flap and torsion mode are reduced from the
baseline values.

Figure(9) shows the torsional response of the blade
for the baseline and optimal designs. The response
is complicated due to the use of unsteady aerody-
namic models including impulsive pitching moments.
Figure(10) shows the 4/rev hub forces for the baseline
and optimal design. Figure (11) shows the 4/rev hub
moments for the baseline and optimal design. The
dominant component of the 4/rev hub forces in this
case is the 4/rev vertical shear and is reduced by 23
percent.

This comes at the expense of a increase of 51.8 per-
cent and 35 percent in the longitudinal and lateral
4 /rev hub forces, respectively. Figure (11) shows the
4/rev hub moments for the baseline and optimal de-
sign. The dominant component of the 4/rev hub mo-
ments are the rolling and pitching moments in this
case. These are reduced by 22.5 and 26 percent, re-
spectively. The relatively smaller yawing moment is
also reduced by 49.7 percent.
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Genetic Algorithm in Cross Section Design

The above upper level optimization problem ends
with optimal stiffnesses and mass for the rotor blade.
" With this optimal solution, the rotor blade cross sec-
: tion has to be designed. This method can be called
Hll Baseline - 5 . I
3 optimum as the ‘inverse method’ in optimization [25].

x10
25

ot 1 A uniform composite box beam model is considered
to be designed for the optimal solution. A box beam
model developed by Smith and Chopra [26] is used
as the baseline model. This design of the box beam
was obtained using a manual process to obtain a rea-
sonable elastic stiffnesses for the rotor blade. The
proposed design has outer dimensions of breadth b =
4.2 inch (106.68 mm) and height h= 2.2 inch (55.88
mm). Each box-beam wall has 26 plies of thick-
ness 0.0005 inch (.0127 mm). The ply angles were

[03/(£15)3/(£45)2],-

The above proposed box-beam model is then opti-

Fx Fy Fz mized to have the effective stiffness values near to the

optimal solution of the upper level problem. There-

Figure 10: Vibratory forces on the rotor hub fore, the objective function J used here represents

the sum of squares of differences between the current

stiffness values and the optimal stiffness values. The
objective J function is of the form

EIf - BI,\" (EI ~EL\® (GJ/ -GJ\?
J = Yy + z z +
EI] ( EIf ) ( GJ7 )
(15)
where EI,, EI, and GJ represents the flap, lag, tor-

. sional stiffnesses respectively and the superscript f
represents the final or desired values.

hub forces

4/rev

2
o

x10
7

Il Baseline
of B3 optimun | | The box beam breadth b, height h, and ply angles 6
are taken as the design variables with the thickness
of the box-beam walls kept constant. The box-beam

__ design variables are then,
D = [b,h, 0] (16)

The ply angle design variables can be written in a
general form by extending the Smith and Chopra
laminate as,

0 = [61, (£62), (£03), (£604), (£05), (£66), (£67)]
(17)
l M The constraints are used to control the departure of
o the box-beam dimension from a baseline design and
to avoid an unrealistic design. The constraints on b
and h are

4/rev hub moments
=~

Mx My

Figure 11: Vibratory moments on the rotor hub B < b< b (18)

h <h<ht (19)
where the superscripts [ and u refer to the lower and
upper bounds. Constraints are also placed on the ply
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angles.
6l << (20)

Ply orientation angles of composite laminates are al-
lowed to take values of 0°,45° and 90°. The upper
and lower limits for breadth is 5 inch and 4 inch and,
for height is 3 inch and 2 inch, repectively. The uni-
directional Graphite/Epoxy prepreg plies (Hercules
AS4/3501-6) is used for the composite box beam and
its material properties are given in Table(IV). The
objective function is then minimized using Genetic
Algorithms [27]. The results of the optimizaion are
shown in the Table(V). Also the box-beam design for
the baseline stiffness values are give in Table(VI)

Table IV: Material Properties of Graphite/Epoxy

Properties | Values
E;, (GPa) | 141.95
Er (GPa) 9.79
GLT(GPa) 5.99
vrT 0.42

Table V: Optimal Box-Beam Design

29th European Rotorcraft Forum, Friedrichshafen, 16-18 September 2003
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also done by Smith and Chopra [26] to arrive at a
feasible rotor design.

Aceroelastic Analysis Convergence

Convergence problems were encountered in the aeroe-
lastic analysis, at a few points identified by the
CCD, when using the unsteady aerodynamics model.
Therefore the rotorcraft aeroelastic analysis was con-
verged with a relaxed convergence criteria at these
points. The fragility of rotor aeroelastic analysis,
when sophisticated aerodynamic models are used has
been noted by some researchers [23, 24]. This prob-
lem is very important for the successful application
of optimization to rotor aeroelastic problems. If the
rotor aeroelastic analysis fails to converge at any
point, typical optimization algorithms based on gra-
dient or non-gradient methods will have serious prob-
lems. The ‘divergence’ of a non-linear analysis results
in the ‘divergence’ of the entire optimization process.
However, when constructing response surface approx-
imations, the rotor designer is able to use his or her
experience in tuning convergence parameters or ini-
tial guesses for the analysis to obtain a reasonable
load prediction. Therefore, the interactive develop-
ment and use of response surface approximations for
the rotor aeroelastic analysis allows the use of opti-
mization methods in helicopter industry.

bre\zfiadrtl}?b(liflsch) Optmif:;i) esign Table VI: Baseline Box-Beam Design
height (inch) 2.68 Variables Optimal Design
2 0° breadth (inch) 47
02 90° height (inch) 2.62
93 900 01 00
04 90° 05 450
05 90Y 03 00
B¢ 450 6, 450
07 0° 0 450
Stiffness Section Values 0 90Y
GJ 0.0031 0, 0°
El, 0.0064 Stiffness Section Values
El 0.0131 GJ 0.00647
El, 0.0105
EI, 0.0264
The section designed above have the effective stiff-
ness values (given in Table V, VI ) near to that re-
quired by the upper level problem (Table II). The Conclusions

mass of both box-beams designed is lesser than the
value of the blade mass required to acheive reason-
able frequencies given in Table III. Therefore, non-
structural mass can be added at the blade quarter
chord to bring it to the level required by the aeroe-
lastic analysis predictions. This addition of mass was

The problem of vibration reduction in a 4-bladed ro-
tor is solved using a response surface approach. The
objective function are the 4/rev hub loads. Con-
straints are imposed on blade root dynamic stresses
and bounds are placed on the design variables to keep

&
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them in the region where the response surface approx-
imation is valid. The lower level problem of compos-
ite box-beam design is solved using genetic algorithm.
The following conclusions are drawn from this study.

1. The response surface approximations for vibratory
hub loads with unsteady aerodynamic model in the
rotor aeroelastic analysis and the quasi-steady aero-
dynamic model in the aeroelastic analysis are dif-
ferent. The search direction for the optimum from
the baseline design is also entirely different for the
two cases. The importance of unsteady aerodynamic
model in the aeroelastic optimization is shown by RS
approximations.

2. Second order polynomial approximations based
on the central composite design are effective for rotor
aeroelastic analysis, provided the design variables are
restricted to a region of validity. The RS model with
in the hyper sphere of radius vk in the CCD design
shows good approximation, hence can be used as the
maximum move limit for the design variables in the
aeroelastic optimization.

3. The problems of numerical fragility of rotor aeroe-
lastic analysis in a few design points due to lack of
convergence, especially when unsteady aerodynamic
model is used, are easier to handle using the response
surface approach which overfits a second order func-
tion and is able to smooth out errors.

4. The response surface approach in upper level
optimization problem decouples the analysis prob-
lem from the optimization problem and can help in
spreading the use of optimization methods as a de-
sign tool in the helicopter industry, where one group
can develop the approximations and another group
can solve the optimization problems.

5. Using the blade flap, lag and torsion stiffness, and
blade mass as design variables, it is found that vibra-
tion reduction of about 15 percent is obtained using
just one response surface approximation. The final
design is softer in flap, lag and torsion and showed a
small increase in the mass. The dominant dynamic
loads which are the vertical hub shear, and rolling and
pitching moments show reduction of 23, 22.5 and 26
percent, respectively.

6. Rotor aeroelastic optimization typically use one-
dimensional beam stiffnesses as cross section design
variables. The problem of designing a box-beam cor-
responding to these section properties is addressed
using genetic algorithm. Results show that the GA
can be used to obtain ply layups with discrete design
variables [0, (£15°), (£45°)] and also to change the

29th European Rotorcraft Forum, Friedrichshafen, 16-18 September 2003
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dimensions of the box-structure.
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