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ABSTRACT

The load mitigation and energy capture characteristics
of twist-coupled HAWT blades that are mounted on a
variable speed rotor are investigated in tlis paper. These
blades are designed to twist toward feather as they b,end
with the pretwist set to achieve a desirable twist distri-
bution at rated power. For this investigation, the
ADAMS-WT software has been modified to include
blade models with bending-twist coupling. Using twist-
coupled and uncoupled models, the ADAMS software is
exercised for steady wind environments to generate CP
curves at a number of operating speeds to compare the
efficiencies of the two models. The ADAMS software
is also used to generate the response of a twist-coupled
variable speed rotor to a spectrum of stochastic wind
time series. This spectrum contains time series with two
mean wind speeds at two turbulence levels. Power con-
trol is achieved by imposing a reactive torque on the low
speed shaft proportional to the RPM squared with the
coefficient specified so that the rotor operates at peak
efficiency in the linear aerodynamic range, and by limit-
ing the maximum RPM to take advantage of the stall
controlled nature of the rotor. Fatigue calculations are
done for the generated load histories using a range of
material exponents that represent materials from welded
steel to aluminum to composites, and results are com-
pared with the damage computed for the rotor without
twist-coupling. Power output for the various cases is
also monitored to ‘determine power deviations resulting
from the coupling. Results indicate that significant
reductions in damage are.achieved across the spectrum
of applied wind loading without any degradation in
power production.

This work was supported by the United States Depart-
ment of Energy under Contract DE-AC04-94AL8500.
This material is declared a work of the U. S. Gover-
nmentand is not subject to copyright protection in the
United States.

INTRODUCTION

A fairly comprehensive literature survey for blades
which are designed to deform in some desired way
under the action of aerodynamic and centrifugal-loads is
presented in Reference 1. Some of the references cited
in that work which include both wind turbine and heli-
copter applications are reproduced in the Appendix.
The prospect of installing blades that twist as they bend
and/or extend on horizontal axis wind turbines provides
opportunities for enhanced energy capture andlor load .
mitigation. Although this coupling could be achieved in
either an active or passive manner, the passive approach
is much more attractive due to its simplicity and econ-
omy. As an example, a blade design might employ cow
pling between bending and twisting so that, as the blade
bends due to the action of the aerodynamic loads, it also
twists modifying the aerodynamic performance in some
way.

Previous works have focused on the application of
blades with this bending-twist coupling to constant
speed rotors, investigating increased energy capture,
aeroelastic stability, and enhanced load mitigation.
Results indicate that energy capture can be increased
significantly by configuring the coupled blades to twist
toward stall while increasing the rotor diameter to main-
tain the maximum power at its design value2. However
subsequent simulations with the rotor turning in turbu-
lent winds show substantial increases in fatigue damage
when the coupled blades (i.e. blades with bending-twist
coupling) twist toward stall as they bend4. Moreover
for a range of windspeeds in the stall regime stall flutter
is observed4. Twisting toward stall also destabilizes
divergence although not critically for reasonable levels

3 In contrast, when the blades twist towardof coupling .
feather, fatigue damage is reduced by approximately a
factor of two, stall flutter is not observed and divergence
is stabilized3’4. Classical flutter, however, is destabi-
lized, although not critically for reasonable levels of
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coupling3. There is evidence from the simulated power
curve of a constant speed rotor that energy capture may
be somewhat reduced whe; the blades twist toward
feather4. It should be noted that these blades were ori-
ginallydesigned to operate without the twist-coupled fea-
ture and were pitched as a rigid body toward stall to
limit the maximum power to its design value. However,
twist-coupled blades carefully designed to eliminate this
preset pitch would tend to minimize this reduction and
possibly even increase performance in low winds.
Active turbine power control also serves to eliminate
this degradation.

As with the previous work, the analysis for the bending-
twist coupled blade is carried out within the confines of
beam finite element theory using the ADAMS5 soft-
ware. The coupling terms for the beam elements are
generated starting with beam “stress-strain” relations.
For the bending-twist coupling the “stress-strain” rela-
tions at a point along the blade span, x, are given by:

ae

[ 1[][1EI-g %= ‘b ‘(1)

–g GK 29 Mt

z

Here, 9 = i)vlax is the flapwise slope of the blade (v is
the flapwise displacement), Mb is the flapwise bending
moment, q is the blade twist, and Ml is the twisting
moment. The quantities EI and GK are the flexural
rigidity and torsional stiffness respectively, and g is the
coupling term which has a value of zero for the standard
beam where no coupling is present. In order for this
system to be positive definite g is taken to be:

g = tx~~K , –1<(X<1 (2)

The coupling coefficient, a, provides for variable cou-
pling within the designated limits. Practical experience
suggests that a may be limited to -0.6< a <0.6. OnIy
bending in the flapwise direction is accounted for in
Equation 1. Bending in the edgewise direction is con-
sidered to be small relative to the flapwise direction;
yielding minimal coupling: Axial extension is also
ignored for this type of coupling. For ease of model
generation the ADAMS-WT7 software is modified to
incorporate the bending-twist coupling.

The current work focuses on the application of bending;
twist coupled blades to a variable speed controlled rotor.
These blades are first optimized by settingthe pretwist
such that a desirable twist distribution is achieved at.
rated power. For steady wind operation, the peak rotor
efficiency is determined at each windspeed by optimally
adjusting the rotor RPM. This peak efficiency is plotted

versus wind speed and compared to that for blades with
no twist-coupling. Simulations are also completed for
turbulent winds, to verify that the reductions in fatigue
damage noted for constant speed operation are also evi-
dent for the variable speed case, and to investigate any
possible power degradation. z

Using a twist-coupled model of a representative variable
speed rotor, ADAMS is exercised using turbulent wind
time series generated with SNLWIND-3D8 for hub-
height mean windspeeds of 8 @s and 14 mk, each
approximately 90 minutes in length. These windspeeds
represent the linear aerodynamic and stall regions of the
power curve, respectively. The post stall region of the
power curve was not investigated here because in that
region the rotor is operating at a constant speed, a con-
figuration previously addressed. Two turbulence levels
are used in these simulations, the current IEC Class I
standardg and 5070 of that standard. ”These levels repre-
sent a relatively turbulent site and a relatively benign
one. Whh the wind loadings defined above, computa-
tions are completed for blades with the optimal pretwist
and a value of the bending-twist coupling coefficient of
a = 0.6, where a = 0.0 corresponds to the uncoupled
case. Load histories and power output are computed -”
and stored for all of the above cases for subsequent post
processing.

Fatigue damage estimates are computed for these load
histories assuming that damage is proportional to the
load cycle amplitude raised to a material exponent, b,
namely:

Dccsb (3)

where S is the stress amplitude and D is fatigue damage.

Values for b of 3,6, and 9 are used to represent a range
of materials from welded steel to aluminum to compos-
ites. The damage is assumed to be cumulative and
therefor Miner’s Rule is invoked. Damage results for
the selected level of bending-twist coupling are com-
pared to the uncoupled case. Average power levels are
also compared.

The remaining sections of the paper contain a descri-
ption of the rotor model and wind inputs, computed
results, and concluding remarks.

ROTOR AND TURBULENCE MODELS

The rotor models created using ADAMS-WT employ
fully flexible blades comprised of 20 elements each. All
other model parts and interconnections are rigid.
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Table 1: Model Configuration Summary

Parameter I Value I
Number of bladps 3

Rotor configuration I upwind I
I

Yaw configuration fixed

Rotor radius 16.4 m

Rotor hub height 50 m

Rotor tilt angle I 0.0 deg I

Sling (dist from yaw axis to hub) 4.0 m

Rotor rotational speed (variable) O-32 RPM

—
Parameters for the basic model are presented in Table 1.
The rotor blade is based on an existing 15m blade
design, modified to include twist-coupling. Models
were developed for coupling coefficients of ci = 0.6 and
ct = 0.0. For the uncoupled case the pretwist varies as
indicated in Figure 1 by the solid curve (the negative
sign indicating twist toward feather). For the twist-cou-
pled rotor the pretwist was set so that this twist distribu-
tion was achieved at rated power.

This pretwist is determined by building a rotor with two
blades in the same azimuthal location, one uncoupled
and one with twist-coupling. Pointers in the ADAMS/
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Figure 1: Pretwist for the twist-coupled and
uncoupled blades.

Solver dat~et are then modified so that aeroloads from
AERODYN’O computed for the uncoupled blade were
also applied to the coupled one (in lieu of the aeroloads
AERODYN would normally compute for it). The blade
twist distribution that occurs due to the twist-coupling
under this loading is then subtracted from the desired
twist distribution providing the optimal pretwist. Thus
when the aeroelastic twists are included in the aeroload
computations the twist distribution at the rated power
will coincide with the desired one. The accuracy of this
technique depends on the linearity of the blade twist
with the aeroloads in the range of interest.

For the rotor turning at 32 RPM the windspeed at rated
power was defined to be 13 rnls. This value was chosen
in part to bring the peak power of the twist-coupled rotor
into compliance with that of the uncoupled one. The
optimal pretwist for the twist-coupled blade under the
load associated with this windspeed is shown in Figure 1
by the dashed curve. To be more consistent with con-
vention, this pretwist could be recast by shifting the dis-
tribution so that the pretwist is zero at the tip and then
specifying a full blade pitch of 4.85 degrees toward stall.
The power curves for the coupled with optimal pretwist
and uncoupled rotors operating at a constant speed of 32
RPM are shown in Figure 2. Note-that the two power
curves are essentially equivalent with the uncoupled
rotor generating slightly more power than the twist-cou-
pled one at the extremes of the windspeed range.

Variable speed control was effected by applying a reac-
tive torque to the rotor at the low speed shaft. For the
linear aerodynamics range of the power curve this
torque was made proportional to the RPM squared with
the coefficient selected to balance the torque produced
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by the wind loads, thereby allowing the rotor to operate
at maximum efficiency. Above the linear range, the stall
controlled nature of the rotor was exploited by limiting
the rotor speed to 32 RPM. This was accomplished by
significantly increasing the reactive torque when this
RPM is exceeded. The coefficient for the torque equa-
tion in the linear range was computed using data from
the peak of the CP curve for the uncoupled rotor. This
coefficient was also used for the twist-coupled rotor
although it may not be optimal. The tip speed ratio at
this peak value combined with the maximum rotor speed
indicate that the wind speed at the top of the linear range
is approximately 8.6 rrk.

Simulated turbulence was created using SNLWIND-3D
for 2 average wind speeds as discussed earlier. Inputs to
the program were chosen to duplicate conditions speci-
fied in the IEC standard. Shear velocity input was used
to vary turbulence intensity. Nine 10-rninute wind data
sets, each with a different seed, were created at each
wind speed for IEC turbulence intensity levels. Nine
additional 10-minute turbulence files were created at
each wind speed with the turbulence intensity set to
50% of IEC levels. Generally turbulence intensities for
the simulated winds at 8 and 14 mk came out slightly
less than the target values.

In all, a total of 90 minutes of simulated turbulence at
each mean wind speed and turbulence level were cre-
ated. Thus, with the two models investigated, a total of
720 simulated minutes - comprised of 72 10-minute
simulations - are used in this analysis.

RESULTS

Steadv Wbd Results for a Twist-CouD]ed Rotor
For an uncoupled variable speed rotor, the efficiency of
the rotor in the linear aerodynamic range can be maxi-
mized by running at the tip speed ratio associated with
the peak of the power coefficient curve. For the twist-
coupled case, however, the location of the peak of the
power coefficient curve changes modestly with rotor
RPM due to the twisting of the blades. Thus the maxi-
mum rotor efficiency must be represented as a function
of windspeed (or RPM) and the RPM versus windspeed
schedule required to achieve maximum efficiency must
be altered from that of the uncoupled rotor.

Using the ADAMS software for both the twist-coupled
and uncoupled rotors, power curves were generated for
rotor speeds from 12 to 36 RPM in intervals of 3 RPM
for windspeeds varying from 4 to 20 m/s. The families
of CP curves shown in Figure 3 were developed from
these power curves. For the uncoupled rotor these
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Figure 3: CP curve families for rotor speeds from
12 to 36 RPM for the twist-coupled
and uncoupled rotors. .

curves are nearly coincident as expected, but for the
twist-coupled one there is some degree of spread due to
the induced blade twisting. Plots of the maximum effi-
ciency versus windspeed shown in Figure 4 were also
developed from the power curves. It is apparent from
these curves that over a significant portion of the wind- -
speed range associated with linear aerodynamics, the
maximum rotor efficiencies are essentially identical. At
lower windspeeds the uncoupled rotor operates at mod-
estly higher efficiencies than the twist-coupled one. The
RPM versus windspeed schedules required to achieve
these efficiencies are shown in Figure 5. Note that the
schedule for the uncoupled rotor is approximately linear
with windspeed, representing a constant tip speed ratio.
The CP curves of Figure 3 indicate that those for the
twist-coupled rotor tend to have sharper peaks than
those for the uncoupled rotor. This may make it more
difficult for the twist-coupled rotor to achieve maximum
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Figure 4: Comparison of the efficiencies of the
twist-coupled and uncoupled rotors.
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efficiency in a turbulent wind environment, resulting in
reduced energy capture. ‘IMsissue will reinvestigated
in the next segment of this section

Turbulent Wind Results for a Twist-Couo]ed Rotor
Simulation results discussed in this segment include
normalized fatigue damage and average power for the
uncoupled and twist-coupled variable speed rotors
driven by the various turbulent wind loadings.

The fatigue damage is computed for the out-of-plane
root bending moment only as the loads are generally
highest for that moment at that location. Loads due to
blade twist are not considered in the damage computa-
tion. Figure 6. summarizes the fatigue damage results.
For each turbulence intensity the damage for both rotors
is normalized to the damage accumulated by the uncou-
pled rotor for the 14 m/s wind. Thus in Figures 6C and
6d the damage associated with the uncoupled rotor is
unity for all three values of the material exponent.

For the 8 rnls windspeed both rotors are operating in a
variable speed mode the majority of the time since the
windspeed at the top of the linear range is approxi-
mately 8.6 mh. Comparing damage results for this
windspeed at the two turbulence intensity levels (Fig-
u~es 6a and 6b), there is significant damage reduction
for the twist-coupled rotor relative to the uncoupled one
especially for the higher material exponents. When
b=3, the damage reduction is minimal.

Figures 6a and 6b when compared to Figures 6Cand 6d
show the curious result that the relative damage for an
8rn/s wind at b = 6 and 9 is greater than that at 14 mls.
As discussed by Lobitz and Laino4, this is due to differ-
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Figure 6: Comparison of relative fatigue damage for
a) 8 m/s winds with 100% IEC turbulence intensity.

. b) 8 mh winds with 50% IEC turbulence intensity.
c) 14 m/s winds with 100% IEC turbulence intensity.
d) 14 m/s winds with 50% IEC turbulence intensity. -

ences in range of lift coefficient that occurs at different -
windspeeds and turbulence levels. Thus although the
mean loads are greater at 14 mk the load cycle ranges
may be greater at 8 mls.

This is illustrated in Figure 7 where inverse Weibull dis-
tributions (i.e. ln(-ln(l-CDF)), where CDF is the Cumu-
lative Distribution Function) are shown for the rotor
load ranges associated with the two turbulence levels.
The inverse Weibull is a probability scale. So each hori-
zontal level is associated with a specific probability.
Whh this in mind, the right-most curves at a given prob-
ability level represent configurations which possess
greater load ranges. The logarithmic nature of these
curves tends to dwarf results, and therefore differences
between the solid and dashed curves are actually greater
than they appear. In any case the dashed curves of Fig-
ure 7 corresponding to the uncoupled rotor tend to lie to
the right of the solid ones which represent the twist-cou-
pled rotor, indicating greater load ranges and therefor
greater damage for the uncoupled rotor. For both turbu-
lence levels the 8m/s curves cross over the 14 rnh ones
such that higher load ranges are more prevalent for the 8
mls case. When these load ranges are raised to the pow-
ers of 6 and 9 they contribute substantially to the dama-
ge, and result in a greater cumulative damage for the 8
mh wind relative to the 14 rrds one.

For the windspeed of 14 mh, both rotors are operating
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Figure 7: Inverse Weibull plots of the rotor load range distributions for
a) 100% IEC turbulence intensity.
b) 50% IECturbulence intensity.

in the stall regime and therefore turn at a nearly constant
speed of32RPM. Forthetwo turbulence intensities the
normalized damage is shown in Figures 6C and 6d.
Damage reductions for the twist-coupled blade relative
to the uncoupled one are substantial, even at b=3 where
reductions are minimal for the 8 m/s windspeed.

The damage results for 14 n-h are similar to those
reported in Reference 4 where the rotors operated at
constant speed. Some deviation is expected due to the
different ways in which the twist-coupled blade is con-
figured to limit peak power (twist scheduling versus pre-
set full blade pitch). However, comparing Figures 6C
and 6d with their counterparts in Reference 4, the dam-
age reductions there are approximately 50% greater than
those reported here. The probable cause of this differ-
ence is that the authors of that document unwittingly
specified a twist coupling coefficient of approximately
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Figure 8: Comparison of average power for 8 and 14
mh winds with

a) 10(Y%IEC turbulence intensity.
b) 50% IEC turbulence intensity.

a = 0.72, whereas it was thought and reported to be 0.6,
and generally the greater the twist coupling coefficient
the greater the damage reduction.

In Figure 8 comparisons are shown for average power .
for the twist-coupled and original uncoupled (the stiffer
one) rotors at the two turbulence levels. As indicated,
differences in power output between the uncoupled and
twist-coupled rotors are negligible.

Turbulent Wind Results for a Softened Rotor
In References 3 and 6 mathematical expressions are pre-
sented indicating that the introduction of off diagonal
terms in the beam stiffness matrix to model twist-cou-
pling causes the beam to become softer in bending, even
though the terms representing the flexural rigidity are
not altered. This softening is also apparent in the cur-
rent simulations where blade tip deflections for the
twist-coupled rotor exceed those of the uncoupled one
by approximately 50%, as shown in the histograms of
Figure 9 for the 14 m/s windspeed at 100% IEC turbu-
lence intensity. To determine the role this softening
plays in the damage reduction an additional uncoupled
model was developed where both the blade flexural
rigidity and torsional stiffness were reduced to be com-
mensurate with those of the twist-coupled model.
Resulting blade tip deflections for this new model are
equivalent to those of the twist-coupled one (see Figure
9). Fatigue damage comparisons for this new softer
uncoupled model relative to the previous uncoupled one
are shown in Figure 10 in a format similar to that of Fig-
ure 6. The bar charts for the 8 mls windspeed show that
there is indeed a damage reduction associated with the
softer uncoupled model, although not as large as that of
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Figure 9: Histograms of tip displacements for the
uncoupled, twist-coupled and softened uncoupled
rotors (14rn/s, 100% IEC turbulence intensity).

the twist-coupled rotor. For 14 mk windspeed the dam-
age for the softer uncoupled rotor actually increases rel-
ative to the stiffer one. Thus just softening the blades
produces mixed results with regard to fatigue damage
reduction and at best provides only a fraction of the
damage reduction produced when twist-coupling is
incorporated.

CONCLUSIONS AND RECOMMENDATIONS

The ADAMS software is employed to investigate the
feasibility of using HAWT blades that twist as they bend
to mitigate fluctuating loads for a variable speed rotor.
The twist coupling coefficient for the blades was set at
et = 0.6 (twisting toward feather), and the blades were
pretwisted toward stall to match the constant speed
power curve for uncoupled blades. Power control is
achieved by imposing a reactive torque on the low speed
shaft proportional to the RPM squared with the coeffi-
cient specified so that the rotor operates at peak effi-
ciency in the linear aerodynamic range, and by limiting
the maximum RPM to take advantage of the stall con-
trolled nature of the rotor,

Prior to running turbulent wind simulations, steady wind
results were obtained showing that for variable speed
operation the twist coupled rotor described above can be
almost as efficient as the uncoupled one if a slightly
altered RPM versus windspeed schedule is followed.

Turbulent wind simulations were made for two average
hub-height wind speeds and two wind turbulence set-
tings. Fatigue damage is computed from the load histo-
ries using material exponents that represent materials
ranging from welded steel to composites. In most cases
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significant to substantial fatigue damage reductions
(30-50%) were exhibited by the twist-cotipled rotor,
with the exception that for the low windspeed with the
material exponent set at 3 the damage reduction was
minimal. In all cases power production for the twist-
coupled rotor was equivalent to the uncoupled one.
Thus for this twist-coupled rotor, substantial fatigue
damage reductions prevail for the rotor in variable speed
operation as in the case for constant speed, and with no
loss in power output.

The turbine model used was a simple one, making it dif-
ficult to extrapolate results to machines incorporating
pitch control which would extend the range for variable
speed operation, free yaw, andlor non-zero rotor coning.
The combination of rotor coning and variable speed is
especially interesting, as twist will vary with rotor speed
due to flap loading caused by centrifugal force. The
substantial fatigue damage reductions that have been
predicted call for additional study, and twist-coupled
rotors incorporating these increasingly common charac-
teristics should .be investigated not only for load mitiga-
tion but also to determine the impact of twist coupling
on various rotor control forces.

The fatigue benefits of twist-coupling can only be real-
ized if blades incorporating this trait can be built. Com-
posite, uniform, D-spars have already been designed and
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fabncated6 that possess coupling coefficients in the
range of 0.6. The next step involves the design and fab-
rication of a much more complex twist-coupled blade
with a coupling coefficient in thk same range. Design
factors such as span-wise variance of coupling coeffi-
cient, and optimization of blade geometry to make the
most of the. advantages of twist-coupling need to be
investigated. The ultimate goal is to design and produce
a rotor blade that provides maximum benefit to turbine
performance with minimal additional production cost.
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APPENDIX

A fairly comprehensive literature survey for blades
which are designed to deform in some desired way
under the action of aerodynamic and centrifugal loads is
presented in Reference 1. Some of the references cited
in that work which include both wind turbine and heli-
copter applications are reproduced below.

Wind Turbine Atmlications

Cheney, M. C. and Speirings, P. S. M. “Self Regulating
Composite Bearingless Whd Turbine: Solar Energy,
Vol. 20, (1978).

Bottrell, G. W. “Passive Cyclic Pitch Control for Hori-
zontal Axis Whd Turbines;’ Proceedings of Wind Tur-
bine Dynamics, NASA Conf. Pub. 2185, DOE Pub.
CONF-8 10226, Cleveland, OH, (1981).

Curnn, H. “North Wind 4kW ‘Passive’ Control System
Design;’ Proc. Wind Turbine Dynamics, NASA Pub.
2185, DOE Pub. CONF-81O226, Cleveland, OH,
(1981).

Hohenemser, K. H. and Swift, A. H. P. “Dynamics of an
Experimental Two Bladed Horizontal Axis Wind Tur-
bine with Blade Cyclic Pitch Variation;’ Wind Turbine
Dynamics, NASA Pub. 2185, DOE Pub. CONF-81O226,
Cleveland,.OH, (1981).

Karaolis, N. M., Mussgrove, P. J., and Jeronimidis, G.
“Active and Passive Aeroelastic Power Control using
Asymmetric Fibre Reinforced Laminates for Wind Tur-
bine Blades;’ Proc. 10th British Wind Energy Conf., D.
J. Milbrow Ed., London, (1988).

Karaolis, N. M., Jeronimidis, G., and Mussgrove, P. J.
“Composite Wind Turbine Blades: Coupling Effects and
Rotor Aerodynamic Performance:’ Proc., EWEC’89,
European Wind Energy Conf., Glasgow, Scotland,
(1989).

Stoddard, F., Nelson, V., Starcher, K., Andrews, B.
“Determination of Elastic Twist in Horizontal Axis
Wind Turbines; AEI, West Texas”State Univ., SERI
Cntr. RL-6-06013, NREL, Golden, CO, (1989).

Corbet, D. C. and Morgan, C. A. “Report on the Passive
Control of Horizontal ti]s Wind Turbines: ETSU WN
6043, Garrad Hassan and Partners, Bristol, UK, (1992).

Kooijman, H. J. T. “Bending-Torsion Coupling of a
Wind Turbine Rotor Blade: ECN-I--96-O6O, Nether-
lands Energy Research Foundation ECN, (1996).

Windpower Monthly February W]ndtech Notes, com-
piled by D. Milborrow, pp. 42-43, (1998).

He]icotxer Arm]ications

-McCarthy, J. L., and Brooks, G. W., “A Dynamic Model
Study of the Effect of Added Weights and Other Struc-
tural Variations on the Blade Bending Strains of an
Experimental Two-Blade Jet-Driven Helicopter in Hov- “
ering and Forward Flight:’ NACA TN-3367, (1955).

Miller, R.H., and Ellis, C.W. “Helicopter Blade Vibra-
tion and Flutter;’ Journal of the American Helicopter
Society, Vol. 1, No. 3, pp. 19-38, (1956).

Hirch, H., Dutton, R. E., and R’asamoff, A. “Effects of
Spanwise and Chordwise Mass Distribution on Rotor
Blade Cyclic Stresses;’ Journal of the AHS, Vol. 1, No.
2, pp. 37-45, (1956).

Daughaday, H., DuWaldt, F., and Gates, C. “Investiga-
tion of Helicopter Blade Flutter and Load Amplification
Problem;’ J. of the American Helicopter Sot., Vol. 2,
No. 3, pp. 27-45, (1957).

Shanthakumaran, P. “Optimum Design of Rotor Blades
for Vibration Reduction in Forward Flighty Ph.D. Dis-
sertation, Mechanics and Structures Dept. UCLA,
(1982).

Blackwell, R. H. “Blade Design for Reduced Helicopter
Vibration:’ Journal of the American Helicopter Society,
VO1.28, No. 3, pp. 33-41, (1983).

Friedmann, P. P., and Shanthakumaran, P. “Aeroelastic
Tailoring of Rotor Blades for Vibration Reduction in
Forward Flight; AMA Paper 83-0916, (1983).

Friedmann, P. P., and Shanthakumaran, P. “Optimum
Design of Rotor Blades for Vibration Reduction in For-
ward Flight;’ Journal of the AHS, Vol. 29, No. 4, pp. 70-
80, (1984). “
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Hong, C.H., and Chopra, I. “Aeroelastic Stability of a
Composite Blade;’ .lournal of the AHS, Vol. 30, No. 2,
(1985).

Panda, B., and Chopra, I. “Dynamics of Composite
Rotor Blades in Forward Fligh~” Vertica, Vol. 11, No.
1-2, (1987).

Celi, R. “Aeroelasticity and Structural Optimization of
Helicopter Rotor Blades with Swept Tips,” Ph.D. Dis-
sertation, Mechanical,’ Aerospace ,and Nuclear Engi-
neering Dept., UCLA, (1987).

Lim, J., and Chopra, I. “Design Sensitivity Analysis for
an Aeroelastic Optimization of a Helicopter Rotor,”
AIAA Paper 87-0923, (1987). ~

Lim, J., and Chopra, I. “Aeroelastic Optimization of a
Helicopter Rotor;’ Proc., 44fhAnnual Forum of theAHS,
Washington DC, pp. 545-558, (1988).

Celi, R., and Friedman, P. P. “Structural Optimization
with Aeroelastic Constraints of Rotor Blades with
Straight and Swept Tips;’ AIAA Paper 88-229Z also,
AMA Journal, Vol. 28, No.5, (1988).

Bir, G., Chopra, I., Nguyen, K. “Development of
UMARC (University of Maryland Advanced Rotor
Code),” Proc. of the 46ti1Annual National Forum of the
AHS, Washington, D.C., (1990).

Smith, E. C., and Chopra, I. “Formulation and Evalua-
tion of an Analytical Model for Composite Box Beams,”
Journal of the American Helicopter Society, (1991).

Chandra, R., and Chopra, I. “Experimental arid Theoret-
ical Analysis of Composite I-Beams with Elastic Cou-
plings,” AIAA Journal, Vol. 29, No. 12, (1991).

Chandra, R., and Chopra, I. “Structural Behavior of
Two-Cell Composite Rotor Blades with Elastic Cou-
plings,” AMA Journal, Vol. 30, No. 12, (1992).

Ganguli, R., and Chopra, I. “Aeroelastic Optimization of
a Composite Helicopter Rotor,” Fourth AMA Sympo-
sium on Multidisciplinary Analysis and Optimization,
Cleveland, Ohio, (1992).

Ganguli, R., and Chopra, I. “Aeroelastic Optimization a
Helicopter Rotor with Composite Tailoring,” Proceed-
ings of the 4# Annual Forum and Technology Display
of the American Helicopter Society, St. Louis, Missouri,
(1993).

Bir, G., and Chopra, I. “Aeroelastic Stability of Rotor-
craft with Advanced Geometry Blades,” Mathematical
and Comp. Modeling, Vol. 19, No. 34, (1994).

Ganguli, R., and Chopra, I. “Multi-Objective Optimiza-
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