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The effect of uncertainty in composite material properties on the nonlinear aeroelastic response and vibratory
loads of a four-bladed composite helicopter rotor is studied. The aeroelastic analysis is done using a finite element
method in space and time, and the composite cross section is analyzed using a variational asymptotic approach. The
effective material properties of composite laminas are first considered as random variables with a coefficient of
variation of 5%. The material uncertainty is propagated to cross-sectional stiffness, rotating natural frequencies,
aeroelastic response, and vibratory loads of the composite helicopter rotor. The stochastic cross-sectional and
aeroelastic analyses are carried out with Monte Carlo simulations. The stochastic stiffness values are scattered up to
15% around the baseline stiffness values and show a Gaussian distribution with a coefficient of variation of about
4%. The uncertainty impact on rotating natural frequencies depends on the level of centrifugal stiffening for
different modes. The stochastic rotating natural frequencies indicate a possibility of their coincidence with the integer
multiples of rotor speed. The propagation of material uncertainty into aeroelastic response causes large deviations
from the baseline predictions and affects the crucial higher harmonics content, which is critical for vibration
predictions. The magnitudes of 4/rev vibratory loads show a scattering up to 300 % from the baseline value, and their
probability density functions show non-Gaussian-type distributions. Further, the uncertainty results for a coefficient
of variation of 10% in the material properties are obtained. The uncertainty impact on the aeroelastic response is

found to be proportional to the coefficient of variation of the composite material properties.

I

HE highly multidisciplinary and complex nature of rotorcraft

aeroelasticity has led researchers to focus on improving the
fidelity of analytical modeling, developing new solution methods,
and validating the aeroelastic results with experimental or flight test
data [1-4]. With these advances in computational methods, the
predicted aeroelastic performance can still deviate from the actual
system response because of the randomness associated with the
parameters and operating conditions defined for an aeroelastic
analysis. In recent years, much interest has focused on incorporating
uncertainties into the aeroelastic analysis [3]. When compared with
the research on fixed-wing aircraft [6-10], very few studies have
focused on the uncertainty issues involved in rotorcraft aeroelastic
analysis and quantification of these uncertainties on its response [11].
However, uncertainty quantification is a key issue in aero-
elasticity [5].

Uncertainties can generally be classified as aleatory (random) and
epistemic (subjective)[12]. Aleatory uncertainties can be defined as
the inherent variations associated with the system parameters or the
environment under consideration and are also referred as
variabilities, irreducible uncertainties, inherent uncertainties, and
stochastic uncertainties. Aleatory uncertainties are generally
modeled using a probabilistic description. In structural mechanics,
the randomness in mechanical properties such as mass, stiffness, and
geometrical imperfections because of fabrication errors or lack of
quality controls can be classified as aleatory uncertainties. In the
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context of aeroelasticity, in addition to structural uncertainty, the
randomness in parameters such as wind velocity, lift, and drag
coefficients can also be termed as aleatory uncertainties [13,14].

On the other hand, epistemic uncertainty derives from a lack of
knowledge or information in any phase of the modeling process and
little or no experimental data for a physical parameter. It is also
termed as reducible uncertainty, subjective uncertainty, and model-
form uncertainty. In structural mechanics, the ignorance of material
or geometrical nonlinearity and exclusion of shear deformation in
analytical models, definition of failure for a structure, and lack of
accurate information about structural damping can be termed as
epistemic uncertainties. In aeroelasticity, which is a multiphysics
problem, lack of high-fidelity aerodynamic models or unmodeled
nonclassical or nonlinear structural effects can be categorized as
epistemic. Therefore, a better understanding of the physical process
or availability of sufficient data can curtail the epistemic uncertainty
of the system. Most current work on rotorcraft aeroelasticity focuses
on improved modeling and therefore addresses the reduction of
epistemic uncertainty. Corresponding research toward quantifying
and reducing the adverse effects of aleatory uncertainty are very
limited [11].

Rotorcraft aeroservoelasticity couples the fluid, structure, and
control domains. The randomness in the input parameters (aleatory)
and the fidelity of mathematical models for analysis (epistemic) in
each domain can influence the predicted response. From the
structural perspective, composite materials, which are extensively
used in today’s rotor blades, are a major source of aleatory
uncertainty. The macrolevel material properties of a composite
lamina depend on the microlevel properties such as fiber and matrix
material properties and fabrication variables such as fiber volume
ratio, misalignment of fibers leading to fluctuations in ply-angle
orientation, variation in ply thickness, fiber waviness or undulation,
intralamina voids, incomplete curing of resin, and excess resin
between plies. These variables are statistical in nature and influence
the macrolevel mechanical properties of composite lamina [15-20].
Therefore, the effect of randomness (aleatory) in composite
mechanical properties on rotorcraft aeroelasticity should be
evaluated. Such uncertainties can affect the interpretation of results
in which aeroelastic analysis results are compared with the
experimental or flight test data [3,4].
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Fig. 1  Details of the rotor blade and its cross section.

The fidelity of a mathematical model for composite-blade cross-
sectional analysis is also a source of uncertainty (epistemic) other
than the randomness in material properties. Most works on
composite rotor blades have used analytical models for cross-
sectional analysis [21-24]. The analytical models have restrictions
on the complexity of blade cross section when compared with the
detailed finite element analysis. A finite element method based on
variational asymptotic beam sectional (VABS) analysis can handle
complicated airfoil cross sections and structural inhomogeneity of a
realistic helicopter rotor blade [25,26]. Such an analysis can also
accurately capture important nonclassical and nonlinear effects
present in composite rotating beams and thereby reduce epistemic
uncertainty.

Several stochastic methods are available for uncertainty analysis
[27-33]. These methods can generally be categorized as intrusive
and nonintrusive methods from a computational perspective. The
intrusive methods need the governing equations and deterministic
analysis programs to be modified to perform uncertainty analysis. In
the nonintrusive methods, uncertainty analysis can be performed
without any modification of the governing equations or the analysis
programs. Monte Carlo simulations (MCS) constitute the most
popular nonintrusive uncertainty-analysis technique.

In this study, the material properties of composite laminas used in
the rotor blades are considered as random variables. The impact of
these material uncertainties on the rotor aeroelastic response and
vibratory loads are studied. The uncertainty analysis is performed
using the direct MCS. The primary reasons for selecting MCS are as
follows:

1) The rotorcraft aeroelastic codes are complex in nature and need
domain experts for incorporating any intrusive uncertainty-analysis
technique.

2) The advanced computing machines available currently
consume less computational time for each rotorcraft aeroelastic
simulation, making MCS practically feasible [34].

The material uncertainty is first propagated to the cross-sectional
stiffness of the rotor blade. From the cross-sectional stiffness,
uncertainty is propagated to rotating natural frequencies, nonlinear

Table 1 Helicopter properties

Number of blades 4

Radius R, m 4.94
Rotor angular speed €2, rad/s 40.12
Mass m, kg/m 6.46
Solidity o 0.10
Cr/o 0.07
Lock number y 6.34

Table 2 Material properties of graphite/epoxy

Property Mean

E,, GPa 141.96
E,, E;, GPa 9.79
Gy, Gi3, GPa 6.00
G3, GPa 4.80
Vo, Vi3 0.30
Va3 0.34
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Fig. 2 Monte Carlo simulation results of composite material proper-
ties.
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Fig. 3 Monte Carlo simulation results of rotor blade stiffness.

aeroelastic response, and vibratory loads of the helicopter rotor
blade.

II. Rotor Blade Cross-Sectional Analysis

A critical aspect of helicopter rotor dynamic analysis is the
calculation of equivalent 1-D beam properties for the 3-D rotor blade.
The VABS analysis provides the 1-D beam properties of composite
blades accurately and is computationally efficient [25]. In the
variational asymptotic procedure, the 3-D strain field is expressed in
terms of 1-D strain measures and unknown cross-sectional warping
functions (which account for the cross-sectional out-of-plane and
cross-sectional in-plane deformations). The strain energy density of
the beam is then minimized to determine the warping functions in
terms of 1-D strain measures. The warping functions are determined
asymptotically based on the orders of the small parameters involved.
Based on such an analysis, the classical stiffness model of a rotor
blade turns out to be the most rudimentary, yet asymptotically

Table 3 Statistics of cross-sectional stiffness

Stiffness Baseline COV, %

Case I Case I
EA/m,Q*R? 523.43 4.47 8.95
GJ/m,Q*R* 0.0037 342 6.88
Ely/m(,QzR4 0.0057 4.46 8.93
EI,/m,Q°R* 0.1249 4.21 8.44
K4 /m,Q*R? —2.2597 3.94 7.93
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Fig. 4 Probability histograms of rotor blade cross-sectional stiffness.
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Fig. 5 Convergence of the lag and torsion stiffness.

correct, result and can be expressed as follows: to torsional displacement of the rotor blade, as shown in Fig. 1. The
detailed formulation and the asymptotic procedure for cross-

F, EA K, Ky Ky u sectional analyses are given in [25].
Mx — KlZ GJ K23 K24 (]5/ (1)
A]Z v 2: gz Z; 12;4 l:j,, III. Nonlinear Aeroelastic Model
A comprehensive aeroelastic analysis code based on the finite
where u, v, and w, correspond to axial, lag (rotor in-plane), and flap element method in space and time is used to evaluate the helicopter
(rotor out-of-plane) displacements, respectively, and ¢ corresponds blade response [35]. The helicopter is modeled as a nonlinear

representation of composite rotor blades coupled to a rigid fuselage
with 6 degrees of freedom. The rotor blade is modeled as a slender
elastic beam undergoing flap bending displacement w, lag bending
4 Torsion 2 displacement v, elastic twist ¢, and axial deflection u with a rotational
§ speed of €2, as shown in Fig. 1. The effect of moderate deflections is
included by retaining second-order nonlinear terms. For a given
blade, the governing equations are derived using a generalized
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5, i - - e Torsion 1 where U is the virtual strain energy, 4T is the virtual kinetic energy
g of the elastic blade, §W is the virtual work done by the external
Flap 2 . . A .
g at aerodynamic forces acting on the blade, and v = 27 is the azimuth
S 2f 1 Lag 1 angle of the blade around the rotor disk. The unsteady aerodynamics
o J
Flap 1 and free-wake models are used to calculate the aerodynamic forces
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Table 4 Statistics of rotating natural frequencies

Mode Baseline (per rev) COV, %
Case I Case II

Lag 1 1.44 1.85 3.73
Lag 2 8.79 1.94 3.92
Flap 1 1.12 0.21 0.42
Flap 2 3.17 0.73 1.47
Flap 3 6.65 1.31 2.63
Torsion 1 4.17 1.66 3.37
Torsion 2 12.38 1.70 3.44

one elastic twist (;5) at internal nodes of the beam element. These
DOF capture the cubic variations in axial and bending (flap and lag)
deflections and quadratic variation in elastic torsion. The finite
element equations are reduced in size by the normal mode
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transformation. This results in the nonlinear ordinary differential
equation with periodic coefficients, as given next:

Mp) + CW)p() + KWp(y) =F@.p.v)  (3)
where M, C, K, F, and p represents the finite element mass matrix,
damping matrix, structural stiffness matrix, finite element force
vector, and modal displacement vector, respectively. Nonlinearities
in the model occur primarily due to Coriolis terms and due to
allowing of moderate deflection in the strain-displacement relations
and nonuniform inflow. The preceding equations govern the
dynamics of the rotor blade. These equations are then solved using a
finite element in time in combination with the Newton-Raphson
method. The solutions to the equations are then used to calculate
rotor blade loads using the force summation method, in which
aerodynamic forces are added to the inertial forces. The blade loads
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Fig. 8 Probability histograms of the fundamental rotating frequencies.
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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 helicopter rotor trim equations:

F(©) =0 @)

These nonlinear trim equations are also solved using the Newton—
Raphson method. The helicopter rotor trim equations and the blade
response equations (3) and (4) are solved simultaneously to obtain
the blade steady response and hub loads. This coupled trim procedure
is important for capturing the aeroelastic interaction between the
aerodynamic forces and the blade deformations. Further details of the
analysis are available in [35].

IV. Numerical Results

In this section, the effect of material uncertainties on the cross-
sectional stiffness, rotating natural frequencies, aeroelastic response,
and vibratory hub loads of the composite rotor blade are studied. The
vehicle properties of a hingeless helicopter rotor used in this study are
given in Table 1 [36]. ANACAOQO015 airfoil section with a 304.8-mm
(12-in.) chord is selected for this study [37]. The details of the airfoil
section are given in Fig. 1. The skin and the D-spar are considered to
be made of graphite/epoxy plies with the material properties given in
Table 2 [38]. Each ply is 0.127 mm (0.005 in.) thick. The stacking
sequences for the skin and D-spar are selected as [0,/ £ 45,]; and
[0s/ £ 45,/0,],, respectively, so that the rotating natural frequencies
of the rotor blades represent a stiff in-plane rotor [36].

A. Blade Cross-Sectional Stiffness

First, the impact of material uncertainty on the blade cross-
sectional stiffness is evaluated. A random input variable x; with a
normal distribution can be given as

X; = [+ 01 ®)

where p is the mean, o; is the standard deviation, and r; is any
random number generated from a Gaussian distribution with a mean
of 0 and a standard deviation of 1. The scatter in the macrolevel
effective elastic properties of composite lamina
(E\, E,, Gy, G 3, V15, Vy3) With respect to randomness in microlevel
variables has been reported in the literature [15,16]. Therefore, in this
study, the macrolevel elastic properties of composite lamina given in
Table 2 are considered as independent random variables. The
uncertainty analysis is carried out for two cases: in case I, a
coefficient of variation (COV = o /) of 5% is considered for each
material property, and in case II, a COV of 10% is considered for
each material property. A COV of 5% is typical of randomness of
composite materials [18] and a COV of 10% is used to study the
effect of doubling the uncertainty level on the stochastic aeroelastic
response of the rotor. However, the results discussed are for case I,
unless it is stated as case 1.

The direct MCS based on a simple random sampling method is
used in this study [30]. In this approach, a probability distribution
type for the random variable is first selected. Then a sampling set
from the distribution is generated. Finally, the simulations are
conducted using the generated sampling set. The cross-sectional
stiffnesses of rotor blade are evaluated for 5000 random samples of
material properties. The finite element based VABS code requires the
geometry of the 2-D blade cross section with the details of nodes,
elements, ply material, and ply orientation angles. Therefore, a
subroutine is developed to provide the necessary details of the rotor
blade cross section. The rotor blade cross section shown in Fig. 1 is
meshed and the baseline stiffnesses are evaluated with the mean
values of material properties. For MCS of cross-sectional stiffness,
only the material properties defined in the VABS input file are
changed randomly within their respective distributions, and
remeshing of the cross section is not needed.

The baseline (deterministic) and nondeterministic stiffness values
are evaluated for the cross section with the origin defined at the

quarter-chord of the airfoil. The MCS of composite material
properties and rotor blade cross-sectional stiffnesses are shown in
Figs. 2 and 3. For visualization, only three of the six random material
properties (E, G,, and v;,) and three of the cross-sectional stiffness
terms (EI,, EI,, and GJ) are shown in these figures. The stochastic
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stiffness values are scattered up to +15% around the baseline
stiffness value. However, it is observed from Fig. 3 that the cross-
sectional stiffnesses are not scattered throughout the design space,
compared with the scatter in the material properties shown in Fig. 2.
The baseline values and statistics of the cross-sectional stiffnesses
are summarized in Table 3. The histograms of blade stiffnesses show
normal distributions, as given in Fig. 4. Further, the increase in COV
from 5 to 10% in material properties increases the spread of the
probability distributions of stiffnesses while retaining their Gaussian
nature. This can also be seen from the COV values given in Table 3,
which show a proportional relationship between material property
COV and stiffness COV.

The preceding results show that the aeroelastic analysis
predictions with the baseline stiffness values have much less
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probability of remaining the same when material uncertainties are
considered in the analysis. For the blade cross section considered, the
elastic couplings other than the extension-lag coupling are very
small. The extension-lag coupling stiffness also shows a normal
distribution with 15% deviation around the baseline, as seen in Fig. 4.
The adequacy of number of MCS is checked by the convergence of
standard deviation of cross-sectional stiffness, as shown in Fig. 5.
The 5000 MCS for stochastic cross-sectional analysis takes about
80 h of CPU time.

B. Rotating Natural Frequencies

The uncertainty impact on rotating natural frequencies of the rotor
blade is studied with the stochastic stiffness values of the preceding
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section. The rotating natural frequencies are calculated by solving the
following eigenvalue problem:
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K ® = o’M®

where the stiffness K includes the structural stiffness and

centrifugal stiffening when the blade is rotating, M is the structural
mass matrix, o are the natural frequencies, and ® contains the mode

(6) shapes.

Table 5 Uncertainty impact on the magnitude of 4/rev vibratory loads

Loads Baseline Mean Median Minimum (% deviation from baseline) Maximum (% deviation from baseline)
F, 0.0270 0.0269 0.0270 0.0250 (—7) 0.0283 (5)

F, 0.0296 0.0295 0.0296 0.0276 (—7) 0.0303 (2)

F, 0.0025 0.0027 0.0025 0.0005 (—82) 0.0100 (298)

M, —0.1806 —0.1803  —0.1806 —0.1880 (—8) —0.1666 (4)

M, —0.1841 —0.1838 —0.1841 —0.1963 (-9) —0.1671 (7)

M —0.0361 —0.0361 —0.0361 —0.0419 (=7) —0.0336 (16)
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For the aeroelastic analysis, the first three normal modes for flap,
two normal modes for lag, two for torsion, and one for axial motion
are used to capture the essential dynamics of the system. The MCS
of rotating natural frequencies of flap, lag, and torsion modes are
shown in Fig. 6. The convergence of the MCS for the lag and
torsion frequencies is shown in Fig. 7. It is observed that 5000
random samples are sufficient for the convergence of standard
deviation of rotating natural frequencies. The baseline natural
frequencies and their COVs for rotating blades are given in Table 4.
The rotating blade shows a COV of 0.21, 1.85, and 1.66% for the
fundamental flap, lag, and torsional frequencies, respectively. Thus,
among the three fundamental frequencies, lag and torsion
frequencies exhibit higher COVs, whereas the variation in flap
frequency is comparatively less. However, the COVs of rotating

0.5 T T T T

Baseline ]
5% cov

0.4r b

0.451

0.351 ]

0.251 b

0.2r b

Probability of occurrence

0.15f 1

0.1F 1

0.051 b

. -
-10 -5

0 5 1
% deviation from baseline FX

0.5 T T T T

Baseline
Bl 5% cov b

o

w

a
T
L

o
w
T
L

Probability of occurrence
o
o o
N a1
T T
L L

o

.

o
T
1

0.1 4

-10 -5 0 5

% deviation from baseline Fy
Baseline
5% cov

04r b

-15

0.5 T T T T

0.45F

0.351 ]

0.251 ]

0.2r j

Probability of occurrence

0.151 ]

0.1r j

0.051 ]

m ! !
100 200 300
% deviation from baseline FZ

0
-200

-100 0

400 500

600

Probability of occurrence

Probability of occurrence

Probability of occurrence

MURUGAN, HARURSAMPATH, AND GANGULI

natural frequencies increase for the higher modes of flap, lag, and
torsion motions, as shown in Table 4. The histograms for flap, lag,
and torsional fundamental frequencies of the rotating blade given in
Fig. 8 show Gaussian distributions. Again, the effect of doubling
the COVs in the material properties causes a proportional increase
in the distributions. This can also be seen from the COVs shown in
Table 4.

From Table 4, it is observed that the uncertainty impact on
rotating natural frequencies varies for the flap, lag, and torsion
modes. This is can be explained as follows. As is well known, in a
rotating blade, the centrifugal stiffness (which is proportional to the
rotational speed, blade mass, and blade length) plays a role in
dynamics, in addition to the structural stiffness [39]. However, the
uncertainty in elastic properties is propagated only to the structural
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Fig. 14 Probability histograms of the hub vibratory forces.
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Fig. 15 Probability histograms of the hub vibratory moments.

stiffness, and centrifugal stiffness is unaltered. Therefore, the
uncertainty impact on the rotating natural frequencies varies for
each mode inversely with respect to the influence of centrifugal
stiffness over the corresponding overall stiffness. For a hingeless
rotor blade with uniform mass, the centrifugal stiffening has
different impacts on the flap, lag, and torsional motions of the
rotating blade [39]. The centrifugal stiffness dominates the flap
motion of the rotating blade, compared with its structural stiffness.
For the lag motion, the structural stiffness dominates the motion,
compared with the centrifugal stiffness. Therefore, the effect of
uncertainty in the structural stiffness has a greater influence on the
lag frequencies than with the flap frequencies, as shown in Table 4.
For the torsional motion, the structural stiffness is comparatively
higher than the centrifugal stiffness and therefore the randomness in

torsional stiffness has a higher impact on torsion
frequencies.

The stochastic rotating natural frequencies given in Fig. 6 show a
probability of coinciding with the integer multiples of rotor speed
[39]. From Fig. 6, it is observed that the integer multiples of rotor
speed occur in frequency bands of first torsion, second torsion, and
second lag modes. That is, the impact of material uncertainty can
possibly lead to resonance conditions of rotor blade and the resulting
high levels of vibration.

rotating

C. Aeroelastic Response

The material uncertainty effects on the aeroelastic response of the
composite rotor blade is evaluated at an advance ratio of 0.3 with a
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rotorcraft aeroelastic analysis code [35]. The aeroelastic analysis is
carried out for the 5000 cross-sectional stiffness matrices evaluated
in Sec. IV.A.

The steady-state response of a helicopter blade rotating at speed 2
is periodic, with a period of 277 in a dimensionless timescale: ¥ = Q¢
[39]. The baseline and MCS of blade tip response for one revolution
are shown in Figs. 9-11. The peak values of flap, lag, and torsion
responses show substantial deviation from baseline predictions with
respect to the material uncertainty. The scattering of the torsion
response is higher in the region of azimuth value of 90 to 270 deg than
in other regions. There is a change in the steady as well as the
harmonic content of the response. The large impact of material
uncertainty on torsion response is a very important observation
because the elastic twist is critical not only for aeroelastic effects on
the rotor blade, but also for the control of the helicopter as a whole.

D. Vibratory Hub Loads

In helicopters, the aerodynamic loads acting on the rotor blades are
transmitted to the fuselage and cause severe vibrations. For a rotor
with N blades, the loads with frequencies that are integer multiples of
NS are transmitted from the rotor to the hub [39]. The prediction of
these vibratory loads is a key issue in the aeroelastic analysis, design,
and optimization of a rotorcraft [2]. Therefore, for a four-bladed rotor
considered in this study, the impact of material uncertainty on these
4 /rev vibratory loads (which are longitudinal shear F, lateral shear
F,, vertical shear F,, rolling moment M, pitching moment M, and
yawing moment M) are studied. The 4/rev forces are normalized by
the rotor steady thrust, and the 4 /rev moments are normalized by the
rotor steady yawing moment.

10710 , . , ,
9.5t J
5
<
S
g
EEE 1
* K ¥
_g *** on ******** *************a
8 x T x LI *
g 85 *x % * 1
[s]
c
S
8 e
2 o 1
k] *
o
(%]
7.5t 1
3
7 . . . .
100 1000 2000 3000 4000 5000
No. of MCS
Fig. 17 Convergence of the vibration objective function.

The baseline and MCS of 4 /rev vibratory forces and moments are
shown in Figs. 12 and 13. The magnitudes of vibratory hub loads are
given in Table 5. The deviation of mean, median, and extreme values
from the baseline (deterministic) value varies for each component of
the vibratory loads. The extreme values of vertical force show a
deviation of —82 to 298% from its baseline value. The longitudinal
and lateral forces show a deviation of —7 to 5% from their baseline
value. The rolling and pitching moments show a scattering of around
—9 to 7% from their baseline values. The vibratory yawing moment
shows a scattering of around —7 to 16%. The probability histograms
of 4/rev loads given in Figs. 14 and 15 show non-Gaussian-type
distributions. The histograms for case II (i.e., for a COV of 10% in
material properties) are also shown in Figs. 14 and 15. There is a
proportional increase in spread of the histograms of vibratory hub
loads due to the increase in material uncertainty. However, the
shapes of the histograms remain similar. Note that both case I and
case Il MCS are run with 5000 points.

Most of the aeroelastic optimization studies for vibration
reduction have the objective function as a scalar norm of the
magnitudes of 4/rev forces and 4/rev moments, as given next [2]:

J= P+ P4 F2 e \[M2 M2+ 122 )

The uncertainty effect on the preceding vibration function J is
shown in Fig. 16. The vibration function J shows a scattering of —7
to 4% from the baseline for case I, with a non-Gaussian distribution.
For case II, the shape of the distribution remains quite similar, with
most of the points to the left of the mean. However, the distribution
spread is increased for case II. The preceding results clearly indicate
that the randomness in composite material properties has a
considerable influence on the vibratory-load predictions. The
convergence of standard deviation of vibration function J is shown in
Fig. 17. The stochastic aeroelastic analysis with 5000 MCS takes
about 50 h of CPU time on a PC with a quad-core processor.

In the current work, the UMARC code is used for aeroelastic
simulations. However, it will be interesting to compare the
uncertainty-analysis results from different rotorcraft comprehensive
analysis codes such as CAMRAD II and DYMORE in future work.
Further, the aeroelastic analysis uses the classical Euler—Bernoulli
model for the force-displacement relationship of the rotor blade.
However, the Timoshenko model will increase the accuracy of third
or higher bending frequencies and is a topic for further research.

V. Conclusions

The aeroelastic response of a composite helicopter rotor with
material uncertainty is studied. Young’s moduli and Poisson’s ratios
of the composite material are modeled as independent normally
distributed random variables. The effect of material uncertainties on
the cross-sectional stiffness, rotating natural frequencies, aeroelastic
response, and vibratory hub loads of the composite rotor blade are
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evaluated using Monte Carlo simulations. The following
conclusions are drawn from this study for a COV of 5% in the
material properties:

1) The flap, lag, and torsional stiffnesses of the composite rotor
blade show COVs of 4.46, 4.21, and 3.94%, respectively. The
extension-lag coupling shows a COV of 3.94%. The stiffnesses show
normal distribution with a COV contraction, compared with the
material properties.

2) The flap, lag, and torsional fundamental natural frequencies of
the rotating composite blade show COVs of 0.21, 1.85, and 1.66%,
respectively. The flap natural frequencies are less sensitive to
material uncertainty, compared with the lag and torsional
frequencies. The COVs of rotating natural frequencies vary with
flap, lag, and torsion modes because of the varying relative
importance of the corresponding structural stiffness vis-a-vis the
centrifugal stiffness. However, the overall effect is that frequencies
show a COV contraction relative to the material property COV, with
the values ranging from 0.21 to 1.94% for the first two lag, three flap,
and two torsion frequencies.

3) The stochastic rotating natural frequencies of the first and
second torsion modes and second lag mode can coincide with integer
multiples of the rotor speed. The finite probability for the occurrence
of 4/rev frequency can lead to a resonance condition of the rotor
blade and result in high vibration levels.

4) The aeroelastic response of the composite helicopter rotor
shows a considerable deviation from its baseline value, due to
material uncertainty. The probability distribution of the blade tip
response varies along the azimuth because of the varying structural
and aerodynamic interactions.

5) The 4/rev vibratory loads show considerable deviations from
their corresponding deterministic values, due to material uncertainty.
The histograms of vibratory loads show non-Gaussian distributions.
The material uncertainty has a higher impact on the vibratory vertical
force and somewhat less impact on the other vibratory loads. The
4 /rev vertical hub load shows a deviation of —82 to 298% from the
baseline value. The longitudinal and lateral forces show scattering of
—7 to 5% from their baseline values. The extreme values of 4/rev
rolling, pitching, and yawing moments show scattering of —9 to 16%
from their own baselines. It is clear that aleatory uncertainty can play
a major role in the reliability of prediction of vibratory loads from
helicopter aeroelastic analysis.

6) The objective function used in aeroelastic optimization for
vibration reduction shows a scattering of —7 to 4% from its baseline
value with a non-Gaussian distribution. The use of this sum of scalar
norm of forces and moments therefore contracts the aleatory
uncertainty effects on vibration predictions.

The effect of doubling the COV of material properties from 5 to
10% proportionally increases the spread of the distributions of blade
stiffness, frequencies, and vibratory hub loads. However, the nature
of the distribution remains similar. The results of this study clearly
show that the aeroelastic analysis, design, and optimization of
rotorcraft should consider the randomness in composite material
properties.
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