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Aeroelastic Optimization of a Helicopter Rotor
to Reduce Vibration and Dynamic Stresses

Ranjan Ganguli* and Inderjit Choprat
University of Maryland, College Park, Maryland 20742

Optimization studies are carried out for a four-bladed, soft in-plane hingeless rotor consisting of a two-
cell composite box-beam spar. The design variables are the ply angles of the box—beam walls. The
objective functions are the vibratory hub loads and the vibratory blade bending moments; constraints
are imposed on blade rotating frequencies and aeroelastic stability. The objective functions are first
minimized individually, and then a combined optimization is performed to minimize both the objectives
simultaneously. As compared to the starting design, the optimum solution results in a 15-60% reduction
of the 4/rev hub loads as well as a reduction in the peak-to-peak flap and lag bending moments of 11
and 14 %, respectively. Starting from an initially infeasible starting design with a 3% requirement on lag
mode damping, the optimum solution with composite chordwise bending—torsion coupling results in an
increase in lag mode damping of over 200% compared to the starting design.

Nomenclature

Cr = thrust coefficient

c = blade chord

D; = blade section properties

EA, EI,, EI, = blade axial, flap bending, and lag bending
stiffness

u Foi Fin = 4frev longitudinal, lateral, and vertical

force

GJ = blade torsional stiffness

g = constraints

J, Jn J, = combined objective function, objective
function for dynamic stress, and objective
function for vibration

ks, kos = blade flap and lag bending—torsion
coupling

M%, M&, M = jirev torsion, flap bending, and lag

bending moment

4/rev rolling, pitching, and yawing

moment

reference mass per unit length

number of beam finite elements, number

of blades

rotor radius

kinetic energy

strain energy

axial, lag, and flap deformation of blade

virtual work

blade response
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lag angle

ply angle design variables
advance ratio

solidity ratio

mode shape

torsional deformation of blade
azimuth angle, time

rotation speed

blade rotating frequencies
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Introduction

UPERIOR fatigue characteristics and a high stiffness—

weight ratio compared to metals has resulted in widespread
use of composite materials in the design of helicopter blades.
Other potential benefits of composites such as their flexibility
in tailoring structural characteristics have not yet been ex-
ploited by the rotorcraft industry. Selected studies have shown
that composite couplings can reduce helicopter vibrations, en-
hance blade stability, and reduce blade stresses.'> However,
there are conflicting influences of the composite couplings on
various rotor system characteristics, which can complicate the
design process. Addressing this issue, optimization methods
are applied in this article to minimize vibration and blade dy-
namic stresses, and enhance aeroelastic stability, by tailoring
helicopter blade composite couplings.

High vibrations and high blade dynamic stresses in helicop-
ters are caused by harmonic loading on the rotor caused by an
unsteady aerodynamic environment and highly flexible rotat-
ing blades. For example, for a rotor with N blades, the N/rev
forces and moments are transmitted by the rotor to the fuselage
as a primary source of vibration. A direct approach for reduc-
ing these vibrations is to design the rotor to produce low vi-
bratory hub loads. Also, vibratory bending moments acting
along the blade length cause dynamic stresses, at several har-
monics, on the rotor blade. These dynamic stresses cause struc-
tural fatigue, leading to a reduction in blade life. The critical
dynamic stresses generally occur at the spanwise location
where the vibratory bending moment is highest; for hingeless
rotors this occurs at the blade root and for articulated rotors
around the blade midsection. Therefore, a direct approach for
increasing the life of a blade is to design the rotor to produce
low vibratory bending and torsional moments at the critical
spanwise locations. To design rotors with low vibration, con-
siderable research has been directed towards the application of
aeroelastic optimization methodology.’
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Early studies on aeroelastic optimization of helicopter rotors
focused on metal blades.®> Addressing this issue, the authors**
carried out an aeroelastic optimization study for a hingeless
composite rotor with blade spar modeled as a box—beam.® De-
sign variables were the ply angles of the box—beam, and the
objective function was a combination of the vibratory hub
loads. Constraints were imposed on blade frequencies and
aeroelastic stability. Optimization was performed for several
layups and configurations. It was found that elastic stiffnesses
reduce the vibratory hub loads by about 20-40%; composite
couplings yield a further reduction of about 10—15%.

Attempts to minimize vibration alone, such as those dis-
cussed previously, may cause an increase in the dynamic
stresses. For example, minimizing the 4/rev hub loads for a 4-
bladed hingeless rotor in forward flight, can result in an in-
crease in the l/rev, 2/rev and 6/rev blade root bending mo-
ments, causing higher dynamic stresses.’ Selected studies have
addressed the issue of reducing blade dynamic stresses. Peters
and Cheng’ used a frequency placement approach to satisfy
stress constraints on the rotor blade. By keeping the blade
bending and torsion natural frequencies away from harmonics
of the rotor speed, resonant amplification of the blade response
caused from the periodic aerodynamic forcing was avoided. In
another study, Banerjee and Shanthakumaran® applied optimi-
zation methodology to the design of the flexbeam of a bear-
ingless rotor to minimize the peak combined stresses along the
flexbeam length to reduce fatigue loads. Their results showed
a 70% reduction of the combined peak normal stress. These
studies highlighted the need for using dynamic stresses as con-
straints, but were limited in their modeling of aeroelastic in-
teractions. However, it is well established that aeroelastic cou-
plings have considerable influence on blade harmonic loading.
Hence, there is a need to use comprehensive aeroelastic opti-
mization methodology to minimize the source of the blade
dynamic stresses: the first few harmonics of the bending mo-
ments.

In this article, an objective function is developed to reduce
both vibration (using vibratory hub loads) and dynamic
stresses (using vibratory bending moments) at the blade root.
Using suitable weighting functions in the objective function,
aeroelastic optimization for a composite rotor blade with
aeroelastic tailoring is performed for minimizing 1) vibratory
hub loads, 2) vibratory blade bending moments, and 3) vibra-
tory hub loads and blade bending moments.

Formulation

The aeroelastic and sensitivity analysis are based on a finite
element method in space and time and are discussed in Refs.
4 and 5, respectively. Three different objective functions are
used in this study. The first represents the vibratory hub loads
J, alone, the second represents the vibratory blade bending and
torsional moments J,, and the third represents a combination
of both the vibratory hub loads and blade bending moments J.
Ply angles 6; of the walls of the two-cell box—beam spar are
used as design variables.

The first type of objective function J, is a sum of the scalar
norms of the N/rev forces and the N/rev moments transmitted
by an N-bladed helicopter rotor to the fuselage as a primary
source of vibration and is defined as

J, = V(FXE? + (FIEY + (FXF)
+ VMY + (MY + (MY 6))

where the forces and moments are nondimensionalized with
respect to mo{¥’R> and m,Q2’R’, respectively. The second type
of objective function J; is a measure of the vibratory bending
and torsional moments at the blade root that is the source of
dynamic stresses for a hingeless rotor and is defined as

M=6

Ti= D NG + (MEY + (M%) @
j=1

Again, the vibratory bending moments in J, are nondimen-
sionalized by dividing by m*R’. This function is the
weighted norm of the first A harmonics of the blade root bend-
ing and torsional moments. The number M is selected as six
for this study, since it is found that six harmonics provide an
accurate representation of the blade root bending moment. In
general, the 1/rev bending moment is the largest in magnitude
and the higher harmonic components become smalier. To in-
crease the weight of the higher harmonics (2/rev, 3/rev, ...,
Mirev) in J,, the jth harmonic component of the objective is
multiplied by the number j. For the combined optimization, J
is defined using the function scalarization approach:

J=KJ, + K,J, (3)

Defining K, + K, = 1, we observe that when K, =0, J=J,
and when K, = 0, J = J,. To give equal weight to both com-
ponents of the objective function, K; and K, are chosen by
solving the following equations: K,J, = K,J, and K, + K, =
1. These two equations ensure equal weights for the values of
the two components of the objective function. Solving these
equations for K, and K,, and substituting these in Eq. (3) yields
the combined objective function:

J=2J,J,/(, + 1) 4

Constraints are imposed on 1) aeroelastic stability and 2)
frequency placement. The aeroelastic stability constraint keeps
the rotor blade stable at the flight condition and is expressed
as g(0) = o + & = 0 for the kth mode. The frequency
placement constraint prevents blade resonance at frequencies
not covered by the objective function, and are expressed as
gr(0) =1 — w/w; < 0.and g/(8) = 1 — w/wf = 0 for the
kth mode.

Results and Discussion

For the numerical study, a four-bladed, soft in-plane hinge-
less composite rotor is considered. The rotor properties are
given in Table 1. For the analysis, the blade is divided into
five equally spaced finite elements. For discretization in the
time domain, four temporal finite elements with quartic poly-
nomial distribution within each element are used. Eight normal
modes (three flap, two lag, two torsion, and one axial) are used
for the trim analysis, and seven modes (three flap, two lag,
and two torsion) are used for the stability analysis. Results are
obtained at a forward speed of w = 0.3 and a C,/o of 0.07.

The blade spar is modeled as a two-cell box—beam made of
graphite/epoxy (AS4/3501-6) plies. The box—beam has an
outer box width of 4.2 in. and an outer box height of 2.2 in.
(Fig. 1a). Each wall of the box—beam has 26 plies, each having
a thickness of 0.005 in. Ply elastic stiffness properties are E,
= 20.59 msi, Er = 1.42 msi, G, = 0.87 msi, and v, = 0.42
msi. By choosing different ply layups, selected couplings can
be introduced (Fig. 1b). The configuration consisting of bal-
anced laminates with no elastic couplings is designated as un-
coupled A. The symmetric A layup with unbalance in the hor-
izontal walls has flap bending—torsion couplings. The
symmetric D layup with unbalance in the vertical walls has

Table 1 Rotor properties

Number of blades, 4
Radius, 16.2 ft
Hover tip speed, 650 ft/s
Cl, 573(1
C, 0.0095 + 0.2¢7
C, 0.0
c/R, 0.08
a, 0.10
Precone (3, 0.0
Lock number v, 6.34
Mass per unit length, m,, 0.135 slug/ft
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composite blade spar
2.2inch
I é giii &
A ¢ 9
. ‘S
-— > e e
4.2inch Graphite Epoxy composite
laminate with 26 plies
Balanced Laminate (BL) of 0.005 inch in each wall
r'y 0. Unidirectional sub-laminate
3 for axial and bending stifiness
(15/-15)
(30/-30) >ﬁ§'§§3§3§§3‘3‘§&°§$¢%m“
(15/-15)
0.13in (45/-45)2 _E%}E:ﬁ%:m (;::::r Line
(45/-45) )
(15/-15)
(30/-30)
(15/-15)
\ 0, Starting Design A
a) / (Balanced Laminate in all walls)
Balanced Layup (BL)
05 BLH i BL
(91/-01) BL
(02/-67) Uncoupled A
(83/-63)
(45/-45) R
symmetric

Unbalanced Layup (UL) Flap Bending-Torsion

03
(817061
(82/92)
©3/63) =
(45/-45), uL :
symmetric BL
b) Lag Bending-Torsion

Fig. 1 a) Cross-sectional dimensions of the two-cell box—beam
blade spar and baseline laminate and b) uncoupled and coupled
layups used for the optimization study.

lag bending-torsion coupling. The signs of the coupling de-
pend on the values of the design variables 68,, 8,, and 6.
Aeroelastic optimization is performed for three cases. For
case 1, the objective is to minimize the 4/rev vibratory hub
loads using the objective function J,. For case 2, the objective
is to minimize the first six harmonics of the vibratory bending
and torsional moments using the objective function J,. Finally,
case 3 involves the minimization of both the 4/rev hub loads
and the harmonics of the vibratory bending and torsional mo-
ments using the combined objective function J. The ply angles
0 are allowed complete freedom to move in the design space;
the optimizer can therefore select the desired sign of the cou-
pling at any spanwise station. The upper and lower bounds on
the blade frequencies are 0.60/rev < w,, < 0.80/rev, 1.08/rev
= wr = 1.18/rev, and 2.50/rev = w,r = 6.50/rev, where the
subscripts 1L, 1F, and 17 denote the first lag, flap, and torsion
modes, respectively. For the stability constraint, g, is chosen
to be zero. The stability constraint is applied on the first flap,

lag, and torsion modes. The optimization study is conducted
using the optimizer CONMIN (Ref. 9).

Case 1: Minimization of Vibratory Hub Loads

The optimization is first performed for the uncoupled A
layup. For the starting design, the design variables are 67 =
15 deg, 05 = 30 deg, and 6% = 15 deg (Fig. 1a). This starting
design (called starting design A) is feasible and the optimizer
shows good convergence characteristics when starting from
this design. All optimization cases in this article are started
from the starting design A. For the uncoupled A layup, J, is
reduced by 23% compared to the starting design (Fig. 2). This
reduction in the vibratory hub loads is from elastic stiffnesses
only. Next, optimization is performed for the symmetric A and
D layups. Compared to the uncoupled A optimum design, there
is a further reduction in J, of 16% for the symmetric A layup
and a small reduction of about 3% for the symmetric D layup
(not shown). This shows that the lag bending—torsion coupling
has a minor influence on vibratory hub loads. Note that the
symmetric D-I design shown in the figures is for an initially
infeasible design that is discussed later.

It is clear that elastic stiffness and couplings can be used to
obtain considerable reduction in the vibratory hub loads (Figs.
3 and 4). Comparing the symmetric A optimum design to the
starting design A shows a reduction in the 4/rev longitudinal,
lateral, and vertical forces of about 20% each, and a reduction
in the rolling, pitching, and yawing moment of about 30, 35,
and 70%, respectively.

The flap, lag, and torsion stiffness distributions along the
blade span, for the starting and the optimum designs, are
shown in Figs. 5, 6, and 7, respectively, where they are nor-

Il Starting Design A

[Z1 Uncoupled A (no composite coupling)

{7 Symmetric A (pitch-flap coupling)
Objecﬁve [[] Symmetric D (pitch-lag coupling)
Functions ) Symmetric D-I (pitch-lag coupling,

infeasible starting design)

Case 1, JV Case 3,J

Fig. 2 Objective function corresponding to initial and optimum
designs, normalized with starting design A values.

0.015
Il Starting Design A
Symmetric A(Case 1)
1 Symmetric A(Case 2)
0.010 - Symmetric A(Case 3)
FH4p N Symmetric D-l (Case 3)
FzH0
0.005 | S
¢ 7 % . N
N N
N N
F H4P FyH4P F2H4P

Fig. 3 Vibratory hub forces corresponding to initial and opti-
mum designs, normalized by steady thrust.
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malized with the starting design values. The starting design A
is uniform and has flap, lag, and torsional stiffness of El, =
0.0079, EI, = 0.0205, and GJ = 0.0023, respectively, and has
no elastic couplings. The values of elastic stiffness in these
figures can be interpreted as percentage changes from starting
design A. The symmetric A optimum designs are stiffer in flap
and lag and softer in torsion, compared to the starting design.
The spanwise distributions of the flap bending—torsion and lag
bending-torsion coupling are shown in Fig. 8. For the sym-
metric A optimum, the flap bending—torsion coupling k,; is
positive in sign and is distributed throughout the blade span.
The coupling is maximum at the root, decreases slightly at the
midsection, and again increases at the tip. The variation of the
ply angle design variables along the bladespan for the starting

0.30 7
1 M Starting Design A
0.25 1 Symmetric A(Case 1)
' Symmetric A(Case 2)
1 B Symmetric A(Case 3)
MH4P 0.20 T N Symmetric D-I(Case 3)
M,” 015+

zH

0.10 +

0.05

0.00 -

Fig. 4 Vibratory hub moments corresponding to initial and op-
timum designs, normalized by steady yawing moment.

1.3
1.2
1.1

EIy 1

EI° ogf

y Starting Design A
0.8 H —---- Symmetric A (Case 1)
1 — ~ - Symmetric A (Case 2)
0.7 : --------- Symmetric A (Case 3)
0.6 : ----- Symmetric D-1 (Case 3)
_____ 1
05 : T3 2 1
5 4
ROOT e

Beam Element

Fig. 5 Spanwise distribution of flap stiffness, normalized with
starting design A values.

1.3
1.2
1.1
El, 1
EL’ o9
Starting Design A
0.8 H —---- Symmetric A (Case 1)
I — = =Symmetric A (Case 2)
0.7 : ......... Symmetric A (Case 3)
T eeea- Symmetric D-l ( Case 3)
0.6 i
_____ 1
0.5 : : ’ '
5 4 3 2 !
ROOT Beam Element TP

Fig. 6 Spanwise distribution of lag stiffness, normalized with
starting design A values.

and optimum designs is shown in Figs. 9-11. For the sym-
metric A optimum design, the ply angles are between 0-30
deg. This may be because the largest composite couplings are
obtained within this range. The ply angles are rounded off to
the nearest integer values. The results for the optimum designs
are obtained by running the aeroelastic analysis using these
integer ply angles.

Figure 12 shows the damping of the first lag, flap, and tor-
sion modes for several different layups normalized with start-
ing design A values: o, = 0.0099, o = 0.488, and o = 0.932.
The flap and torsion modes are highly damped and the lag
mode is low damped. The symmetric A optimum design shows

1.2
Starting Design A
—---- Symmetric A ( Case 1)
1.1 — — -Symmetric A ( Case 2)
--------- Symmetric A ( Case 3)
..... Symmetric D-1 ( Case 3)
aJ 1
0
GJ" o9
0.8
0.7
0.6 ' : ’ '
5 4 3 2 !
ROOT Beam Element Tie

Fig.7 Spanwise distribution of torsion stiffness, normalized with
starting design A values.

0.0015
0.001
Starting Design A I
—---- Symmetric A (Case 1, pitch-flap) i
0.0005 | = — -Symmetric A (Case 2, pitch-flap) :
--------- Symmetric A (Case 3, pitch-flap)) h
----- Symmetric D-| (Case 3, pitch-lag)
K,,and !
. ;- ———=n !
K24 ! 1 : :
I
: I 1 I
-0.0005 1 H -
1 1
[ -
-0.001 L L L L
5 4 3 2 1
ROOT Beam Element TIP

Fig. 8 Spanwise distribution of bending-torsion coupling for the
coupled optimum design.

100
80 -TTT : -~—— Starting Design A
1 -—---- Symmetric A (Case 1)
| = = = Symmetric A (Case 2)
60 | O Symmetric A (Case 3)
0 : ----- Symmetric D-1 (Case 3)
1 40 '
1
20|
0
-20 : ! ; '
5 4 3 2 1
ROOT Beam Element e

Fig. 9 Spanwise distribution of 0, for initial and optimum de-
signs.
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80
————— 1
1
h Starting Design A
60 1 —---- Symmetric A (Case 1)
: = = - Symmetric A (Case 2)
R Symmetric A (Case 3)
40 1 eeee- Symmetric D- (Case 3)
62 I
20 fuemennee T T
[oonin g B T ETTTIS swnipinistel RLELELL LD ]
R 1
0 i :
_____ e n 1
o o
-20 : : ' '
5 4 3 2 !
ROOT Beam Element TIP

Fig. 10 Spanwise distribution of 6, for initial and optimum de-
signs.

100
----- 1
80 1 Starting Design A
1 —---- Symmetric A (Case 1)
1 — — ~Symmetric A (Case 2)
60 : --------- Symmetric A (Case 3)
;e Symmetric D-l (Case 3)
0 1
3 40 1
1
20
0
-20 ‘ ' ' '
5 4 3 2 !
ROOT Beam Element e

Fig. 11 Spanwise distribution of 6, for initial and optimum de-
signs.

4 T T -
Starting Design A
Symmetric A (Case 1)

3 A Symmetric A (Case 2) [

Symmetric A (Case 3)
Symmetric D-1 (Case 3)

N

NN |

Torsion

Lag Flap
Fig. 12 Damping of first lag, flap, and torsion modes for the
initial and optimum designs, normalized by starting design A val-
ues.

a decrease in the flap and lag mode damping, and an increase
in the torsion mode damping.

The significant reductions in the 4/rev hub loads comes at
the expense of the vibratory bending moments at the blade
root. This is clear from Figs. 13 and 14, which show the first
six harmonics of the flapwise moment M, and the lagwise mo-
ment M, at the blade root. The torsional moment M, is an order
of magnitude smaller than the bending moments and is there-
fore not presented. All of the harmonics are normalized with
starting design A values, and so the changes in the harmonics
can be interpreted as percentage changes from the starting de-
sign. Comparing the results of the starting design A and the
symmetric A optimum configurations shows a reduction in the

Starting Design A
Symmetric A (Case 1)
Symmetric A (Case 2)
Symmetric A (Case 3)
Symmetric D-I (Case 3)

ZINIZIN] |

{
T

AN
U

%

O

INNNNNNNNNNNNY
SRR
G

NN NN A A

ZN

1P 2P 3P 4P 5P 6P

Fig. 13 Harmonics of vibratory flap bending moment at the
blade root corresponding to the initial and optimum designs, nor-
malized by starting design A values.

4
Hl Starting Design A
Symmetric A (Case 1)
Symmetric A (Case 2)
3T v Symmetric A (Case 3)
) Symmetric D-1 (Case 3)
MzF:P
Mm__ P

2zR0O

4

v

DE
Wz A 2

N
N
N
\

SN

AN

1P 2P 3P 4P 5P 6P

Fig. 14 Harmonics of vibratory lag bending moment at the blade
root corresponding to the initial and optimum designs, normalized
by starting design A values.

3, 4, and S/rev blade root loads. This is because minimizing
the 4/rev loads in the fixed frame requires that the 3, 4, and
S/rev loads are reduced in the rotating frame. However, this
comes at the expense of an increase in the 1/rev, 2/rev, and 6/
rev loads, which are not covered by the objective function. In
fact, compared to the starting design A, there is an increase in
the peak-to-peak flap and lag bending moment of 17 and 12%,
respectively. These vibratory bending moments cause an in-
crease in the dynamic stresses for the optimum blade, resulting
in reduced fatigue life.

Case 2: Minimization of Vibratory Bending Moments

To reduce the vibratory bending moments at the blade root,
the objective function J, is minimized. Performing optimiza-
tion on the uncoupled A layup yields a reduction in J; of 21%
compared to the starting design A (Fig. 2). Next, the optimi-
zation is performed for the coupled layups. Compared to the
uncoupled A layup, the symmetric A and D layups show a
further decrease in J, of 12 and 2%, respectively. It appears
that lag bending—torsion coupling is not useful for reducing
the vibratory bending moments.

The symmetric A layup shows a reduction in the objective
Ja of 33% from the starting design A. Figures 13 and 14 show
that all six harmonics of the vibratory flap and lag bending
moments are reduced. For the flap moment, the first six har-
monics are reduced by 10, 20, 25, 30, 25, and 25%, respec-
tively, and for the lag moment the reductions are 40, 30, 10,
20, 25, and 20%, respectively. The peak-to-peak flap and lag
vibratory bending moments are reduced by 13 and 40%, re-
spectively, compared to the starting design. Since the vibratory
bending moments are dominated by the lag moment, the 40%
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reduction in its peak-to-peak value can lead to a considerable
decrease in the blade root dynamic stresses.

To investigate the causes for the reduction in the vibratory
bending moments, we look at the elastic stiffnesses and cou-
plings (Figs. 5-8). For the symmetric A layups, there is a
reduction in the flap and lag stiffness at the blade root of about
50% each and an increase at the outboard elements of about
5-20%. The torsional stiffness decreases throughout the blade
span and by about 30% at the blade root. It is clear that the
decrease in the vibratory bending moments is obtained by
making the inboard element much more flexible compared to
the starting design. The symmetric A layup shows a distribu-
tion of flap bending—torsion coupling along the blade span
with positive coupling in the first, third, and fifth elements,
and negative coupling at the second and fourth elements. The
variation of the ply angle design variables along the blade span
for the symmetric A optimum design is shown in Figs. 9-11.
At the root element, the ply angles are increased to high values
(60-90 deg); this causes the large reduction of flexural stiff-
ness for the case 2 optimum designs.

The damping for different layups is shown in Fig. 12. The
symmetric A optimum designs show a decrease in the lag and
torsion mode damping and an increase in flap mode damping.
Again, the stability constraint does not become active during
the optimization process.

From Figs. 3 and 4, it can be seen that the reduction in the
vibratory bending moments comes at the expense of the 4/rev
hub loads. In fact, comparing the symmetric A optimum to the
starting design A shows an increase in the 4/rev longitudinal
and lateral forces of about 10%. The 4/rev rolling moment is
reduced by about 25% and the 4/rev pitching and yawing mo-
ments are decreased by about 20% each. The 4/rev vertical
shear remains almost unchanged from the starting design
value. The decrease in the 4/rev moments can be attributed to
the reduction in all harmonics of the bending moments at the
blade root for these optimum designs. However, this decrease
in 4/rev moments is smaller than that obtained for the case 1
design where only the 4/rev hub loads were minimized.

Case 3: Combined Optimization

The previous results show that vibratory hub loads as well
as blade root bending moments can be reduced by tailoring
the structural properties of the blade. However, the reduction
in vibratory hub loads is accompanied by an increase in blade
bending moments, and the opposite happens when the blade
bending moments are minimized. To investigate whether it is
possible to minimize both the vibratory hub loads and the
bending moments simultaneously, the combined objective
function J is minimized.

Optimization is first performed for the uncoupled A layup.
There is a reduction in J of 21%, compared to starting design
A (Fig. 2). Next, the optimization is conducted for the sym-
metric A and D layups. Compared to the uncoupled A optimum
design, there is a further reduction in J of 15% for the sym-
metric A design and 3% for the symmetric D design. Again,
it appears that lag bending—torsion coupling has negligible
influence on reduction of vibratory hub loads and bending mo-
ments.

For the symmetric A optimum design, there is a reduction
in all six 4/rev loads, compared to starting design A. The 4/
rev longitudinal, lateral, and vertical forces are reduced by 20,
15, and 20%, respectively, and the 4/rev rolling, pitching, and
yawing moments are reduced by about 30, 30, and 60%, re-
spectively. The first five harmonics of the flap bending moment
are reduced by 5, 15, 40, 10, and 60%, respectively; and the
first, third, fourth, and fifth harmonics of the lag bending mo-
ments are reduced by 15, 5, 60, and 25%, respectively. How-
ever, the 6/rev harmonics of the flap and lag bending moments
are increased by 20 and 25%, respectively, and the 2/rev lag
bending moments increased by about 20%. Comparing the 4/
rev loads and vibratory bending moments for cases 1-3 de-

signs shows that the case 3 results give a compromise solution
where vibratory hub loads are minimized without the signifi-
cant increase in blade bending moments which occurred in
case 1. In fact, for the case 3 optimum design, most harmonics
of the root bending moments and the peak-to-peak value of
the flap and lag bending moments are reduced by 11 and 14%,
respectively.

The previous results show that by using elastic stiffness and
flap bending—torsion coupling, it is possible to reduce both the
vibratory hub loads and the vibratory bending moments. How-
ever, this reduction comes at the expense of lag mode stability;
the lag mode damping is reduced by over 50%, from the start-
ing design A value. The flap and torsion mode damping are
increased by 5 and 30%, respectively.

For the symmetric A optimum design, the flap and lag stiff-
ness are reduced at the root element by 15% each and in-
creased at the four outboard elements, compared to the starting
design. The torsion stiffness is increased at the inboard ele-
ments by about 10% and reduced at the outboard elements.
The distribution of flap bending—torsion coupling for the de-
sign shows the largest coupling at the two inboard and tip
elements and lesser coupling at elements 2 and 3. Again, the
coupling is positive in sign throughout the blade—span. The
distribution of the ply angle design variables that leads to these
stiffnesses and couplings is shown in Figs. 9-11.

Figure 15 shows the variation of the torsion and flap re-
sponse around the azimuth for the starting design A, uncoupled
A, and symmetric A optimum designs. The symmetric A de-
sign causes a change in the tip torsion response of about 1-3
deg around the azimuth. The results in the form of closed loops
in this figure are obtained at the design condition, o = 0.3. To
get a physical feel for the amount of coupling induced for the
optimum design, an aeroelastic analysis is performed for the
starting and coupled designs in hover. Since there is no azi-
muthal variation in the response in hover, the hover results are
a set of three points, for the starting design A, uncoupled A,
and symmetric A designs. These points are also shown in Fig.
15. The nose-down twist obtained for this hover condition be-
cause of the flap bending—torsion coupling is 2.6 deg. Using
the conventional definition of pitch—flap coupling (A¢ =
—K,B), we obtain, for this hover condition, K, = 0.7, which
corresponds to a &; angle of 35 deg (K, = tan ;). Typically,
helicopters have a 8, angle of the order of 20 deg. Figure 16
shows the lag response at the blade tip plotted with respect to
the flap response. Clearly, the change in the lag response be-
tween the starting design and the optimum design is small
compared to the change in torsion response.

The blade rotating frequencies for the first eight modes are
shown in Table 2. Using these results in conjunction with those
obtained by conducting a frequency sweep, a fan diagram is
plotted as shown in Fig. 17. The frequencies for the starting
design and the optimum design are always away from the in-
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Fig. 15 Variation of blade tip torsion response with respect to
tip flap response, for the initial and case 3 optimum designs.
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teger multiples around the 1/rev speed. Also, the frequencies
for the starting design and the optimum design are very close,
the largest difference of about 2% occurs for the second lag
frequency, which changes from 4.19 for the starting design to
4.28 for the optimum design. Therefore, reductions in the ob-
jective function obtained in this study are primarily because
of changes in the blade response, and not because of changes
in the blade frequencies.

Refined Aerodynamics

The previous results were obtained with quasisteady aero-
dynamics at u = 0.3. However, results obtained by performing
the aeroelastic analysis with a free-wake inflow model' and
unsteady aerodynamics'' also show a reduction in the objective
function at several forward speeds, even though the optimum
design was obtained with a quasisteady aerodynamic model
(Fig. 18).

Table 2 Rotating frequency for starting
and optimum design

Starting Symmetric A,

Mode design A, /rev case 3, /rev
First lag 0.72 0.69
First flap 1.14 1.13
Second flap 3.37 3.33
First torsion 3.62 3.61
Second lag 4.19 4.28
Third flap 7.37 7.30
Third lag 10.51 10.39
Second torsion 10.66 10.39

0.00

—— Starting Design A o°
- — -Uncoupled A (Case 3)
] -------Symmetric A (Case 3)
-0.01 1
Vap ,
R 90
-0.02 T
180°
-0.03 % e e
0.03 0.04 0.05 0.06 0.07 0.08

WTIP/R

Fig. 16 Variation of blade tip lag response with respect to tip
flap response, for the initial and case 3 optimum designs.
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Fig. 17 Fan diagram for the starting A and the symmetric A

optimum designs.

Infeasible Starting Design

The previous results showed that elastic stiffness and flap
bending ~torsion coupling can be tailored to reduce vibratory
hub loads and bending moments. However, lag bending—tor-
sion coupling was found to have a negligible effect on the
optimum designs. It is well known that lag bending—torsion
coupling has beneficial effects on aeroelastic stability, and
since the stability constraint did not become active for the
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0.015 +
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(free-wake and unsteady)
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Fig. 18 Variation of objective function with forward speed for
two cases: refined aerodynamics and quasisteady aerodynamics
(optimum solution is calculated at u = 0.3 with quasisteady aero-
dynamics).
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Fig. 19 Variation of blade tip torsion response with respect to
tip lag response, for the initial and pitch-lag coupled optimum
designs.
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Fig. 20 Variation of blade tip flap response with respect to tip
lag response, for the initial and pitch-lag coupled optimum de-
signs.
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results shown previously, lag bending—torsion coupling was
not fully exploited. To make the stability constraint active dur-
ing the optimization process, a margin of 3% is imposed on
the lag mode damping. This makes starting design A an infea-
sible design (o, = 0.0099 < 0.03). The optimization is then
performed using J (case 3) for the uncoupled A, symmetric A,
and D layups.

The uncoupled A and symmetric A layups are unable to
satisfy the 3% requirement on lag mode damping. Only the
symmetric D layup (lag bending—torsion coupling) reaches an
optimum design in the feasible region. This optimum design
is called symmetric D-I. There is an increase in the lag mode
damping of about 200% for the symmetric D-I design, com-
pared to starting design A. This increase in lag mode damping
comes at the expense of an increase in J of 13%. This increase
in the objective function is because of an increase in both the
vibratory hub loads and the vibratory bending moments as
shown in Figs. 3 and 4 and Figs. 13 and 14, respectively. The
elastic stiffness and coupling for the optimum design are
shown in Figs. 5-8, respectively. The lag bending—torsion
coupling k. is negative and is distributed along the blade span.
Note that positive k,, corresponds to negative pitch—lag cou-
pling. The ply angle design variables corresponding to the op-
timum designs are shown in Figs. 9-11.

The blade tip torsion response is plotted with respect to the
tip lag response in Fig. 19, for starting design A and the sym-
metric A optimum design. The change in twist because of the
lag bending—torsion coupling is less than 1 deg around the
azimuth. The two points on Fig. 19 represent the results in
hover. Using the conventional definition of pitch—lag coupling
(A¢ = —K,{), we obtain for the hover condition K, = —0.18,
which corresponds to a 8, angle of —10 deg (K, = tan §,). The
negative sign for the 8, angle shows negative pitch-lag cou-
pling, which means that lag back-produces nose-up pitch mo-
tion. Figure 20 shows the variation of the tip flap response
with respect to the tip lag response. It is clear that the change
in the flap response between starting design A and the sym-
metric D optimum design is small compared to the change in
the torsion response observed in Fig. 19.

Conclusions

Using an analytical formulation, rotor aeroelastic and sen-
sitivity analyses are developed for a composite blade with a
generic cross section. For the numerical study, a four-bladed
soft in-plane hingeless rotor with a two-cell blade spar is in-
vestigated. Design variables are the ply angles of the laminated
walls of the composite box—beam. The optimization problem
consists of minimizing three different objective functions: 1)
the vibratory hub loads alone J,, 2) the vibratory bending mo-
ments at blade root alone J,;, and 3) a combination of vibratory
hub loads and bending moments J. The following conclusions
are drawn from this study:

1) When only J, are minimized, the 4/rev loads are reduced
by 20—70% compared to the starting design, because of elastic
stiffness and flap bending-torsion coupling. However, the
peak-to-peak flap and lag bending moments increase by 17 and
12%, respectively. The low vibration optimum rotor comes at
the expense of reduced blade fatigue life.

2) When only J,; are minimized, the peak-to-peak flap and
lag bending moments are reduced by 13 and 40% compared

to the starting design, respectively. However, the 4/rev forces
increase by about 10%.

3) The function J yields a reduction in the 4/rev loads of
about 15-60%, and in the peak-to-peak flap and lag bending
moment of 11 and 14%, respectively.

4) Even though the optimization is performed at p = 0.3
with quasisteady aerodynamics, reductions in both vibratory
hub loads and bending moments are observed at other forward
speeds, even when unsteady aerodynamics and free wake are
used.

5) Starting from an initially infeasible design with a stability
margin of 3% in the lag mode, the symmetric D layup (lag
bending —torsion coupled) resulted in an increase in the lag
mode damping of over 200% compared to the optimum so-
lution for the uncoupled A blade. This increase in lag damping
comes at the expense of an increase in the objective function
of about 10%.

6) The maximum flap bending—torsion and the lag bend-
ing—torsion coupling obtained for the optimum designs are
equivalent to a 8, angle (pitch—flap coupling) of 35 deg and
a 8, angle (pitch—lag coupling) of —10 deg. Composites can
be used to induce relatively large bending—torsion couplings
in helicopter blades.
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