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Aeroelastic Analysis of a Hingeless Rotor Blade
in Forward Flight

Seong Min Jeon* and In Lee®
Korea Advanced Institute of Science and Technology, Taejon 305-701, Republic of Korea

The aeroelastic response and stability of isotropic and composite rotor blades are investigated using a large
deflection-type beam theory. The finite element equations of motion for beams undergoing arbitrary large dis-
placements and rotations, but small strains, are obtained from Hamilton’s principle. The sectional elastic constants
of a composite box beam including warping deformations are determined from the refined cross-sectional finite
element method. The analysis is performed for a soft-in-plane hingeless rotor in free flight propulsive trim. The
nonlinear periodic blade steady response is obtained by integrating the full finite element equation in time through
a coupled trim procedure with a vehicle trim. After the coupled trim response is computed, the aeroelastic response
is calculated through a time-marching solution procedure under small perturbations assumption, and then the
stability analysis is performed by using a moving block analysis. Numerical results of rotating natural frequencies,
blade response, and aeroelastic stability are presented. The results of the full finite element analysis using the
large deflection-type beam theory are quite different from those of a previously published modal analysis using

the moderate deflection-type beam theory.

Nomenclature

A,B,D = effective sectional stiffness matrix

Cr = thrust coefficient [T/ p, © R?(2R)?]

Cq = profile drag coefficient

c = lift coefficient

e, e, e;3 = reference orthogonal unit vectors in the
undeformed configuration

ej, e, e; = reference orthogonal unit vectors in the deformed
configuration

2,1, 8,23 = strain vectors at reference point

I, I; = inertia frame fixed orthogonal unit vectors

iy, 10,13 = rotating hub fixed orthogonal unit vectors

ka = polar radius of gyration of blade cross section

ks Ko = principal mass radii of gyration of blade cross
section

q = generalized nodal displacement vector

R = blade radius

T(x)) = transformation matrix between deformed blade
axis and rotating hub axis

t.(xy) = transformation matrix between undeformed blade
axis and deformed blade axis

t,(x1) = transformation matrix between undeformed blade

axis and rotating hub axis
Ugr, Ur, Up =radial, tangential, and perpendicularcomponents
of blade section resultant velocity U, respectively
Uy, Us, Uz = components of displacement vector u
Vid = induced inflow velocity
X1, X2, X3 = blade curvilinear coordinates
W, W,, W; = warping displacements

Ky, K, K3 = difference between undeformed and deformed
strain curvature vectors

Ai = induced inflow ratio

u = advance ratio

e} = blade solidity (N,c/ 7 R)

v = azimuth angle, Q¢

Q = rotor blade angular velocity

(),i = 8( )/axi, i =2, 3
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Introduction

NHANCED research on aeroelastic analysis of hingelessrotor

blades has been performed to understand physical phenomena
during the pastdecade.! Aeroelasticanalysis is inherently a nonlin-
ear phenomenon because the hingeless rotor blade has a geometri-
cal nonlinearity caused by structural characteristics. Also, recently
developed composite rotor blades induce a complex task such as
existence of coupling stiffness, transverse shear, and warping.2 The
geometrical nonlinearities caused by blade deflections play an im-
portant role in the aeroelastic characteristics of the hingeless rotor
blade,' and the nonclassical structural effects of a laminated struc-
ture have a considerableinfluence on the static and dynamic behav-
ior compared to that of a homogeneous isotropic structure because
of a very low transverse shear modulus of composites compared to
inplane tensile moduli.?

Up to now, research on composite rotor blades has been per-
formed for globaldeformationand cross-sectionalanalysesin a wide
scope. One-dimensionalglobal deformationanalyses of rotor blades
considering the geometrical nonlinearity have been classified into
two-type beam theories of a moderate deflection-type and a large
deflection-type. Since Hodges and Dowell* developed a moderate
deflection-type beam theory, it has been developed to investigate
static>™” and dynamic®!* behavior of composite beams. However,
these models impose artificial restrictions on displacements and ro-
tations caused by the deformationand the degree of nonlinearity. To
overcome these limitations of previous models, structural models
that are valid for large deflections including all kinematic nonlin-
ear effects have been developed for a general purpose during the
last few years and used for static'' "7 and dynamic'®~? analyses of
composite beams. It is also important to obtain accurate effective
sectional stiffness through the cross-sectional analysis with one-
dimensional global deformation analysis. The presence of nonclas-
sical structural effects such as transverse shear and warping have a
powerful influence on the behavior of composite beams. The cross-
sectional analysis has been carried out using both direct analytical
methods® =712 and finite element methods.''~!13:16:2224 Finite
element methods give more accurate results than the analytical
methods because it is difficult to obtain exact sectional stiffness
of composite beams.

Only a little work has been done to investigate the aeroelas-
tic characteristics of composite rotor blades. Structural coupling
of composite blades has a potential for increment of stability and
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reduction in vibration levels in hover through aeroelastic analyses
based on the moderate deflection-type beam theory.?3-26 This type
of beam theory is also extensively applied to examine the dynamics
of composite rotors in forward flight,’-?® and Smith and Chopra®
improved a method using an advanced structural model and fully
coupled trim solution. There are a few studies on the aeroelastic
analysis of rotor blades using large deflection-type beam theories
compared with previous works, and these type beam theories are ap-
plied to isotropic rotor blades*® *? and composite rotor blades®* 33
only in hover condition. Aeroelastic stability boundaries and steady
tip deflections based on these theories are reported to be quite differ-
ent from those based on the moderate deflection-type beam theories
when the collective pitch angle becomes large *°

In the present study the finite element approach using the large
deflection-typebeam theory is presented for the aeroelasticanalysis
of isotropic and composite hingeless rotor blades in forward flight.
The composite rotor blade is idealized as a laminated thin-walled
box beam, and effective 6 X 6 elastic constants are obtained through
the refined cross-sectional finite element analysis. The structural
model used in the present analysis is modified from Bauchau and
Hong’s beam model,'? and this model is verified through static and
dynamic analyses of composite box beams.?’ Nonlinear, periodic
blade steady responses are obtained using Borri’s time finite ele-
ment method* on a full finite element equation in forward flight
condition. Blade responses fully coupled with vehicle trim should
be solved to obtain nonlinear blade response, pilot controls (col-
lective and cyclic pitch of a main rotor and collective pitch of a
tail rotor), and vehicle attitude (longitudinal and lateral shaft tilt
angles). Assuming blade motions to be small perturbations about
nonlinear periodic equilibrium positions, the aeroelasticresponse is
determined through a time-marching solution procedure, and then
the stability analysis is performed using a moving block analysis.
The full finite element results using the large deflection-type beam
theory are compared with the results obtained by modal approach
using the moderate deflection-type beam theory.

Analysis

Kinematics

Consider therotorblade rotating with angular velocity £2depicted
in Fig. 1. Here the triad I, I,, and I; is fixed in an inertia frame;
the triad i;, i», and i3 fixed in a reference frame, which rotates with
respect to the inertia frame at a constant angular velocity €I5; the
triad ey, e,, and e; attached to a reference line along the axis of the
undeformedblade; and the triad e}, e}, and e attached to a reference
line along the axis of the deformed blade. The geometrical nonlin-
earities are described using coordinate transformationmatrices with
the Euler angles in the present large deflection-type beam theory:

el =t,(x))e; =T(x)i;,

T(x) =t (xt(x1) (D

Is i3

The transformationmatrices #,, ., and T are functions of the curvi-
linear axial coordinatex;. Assuming thatinitial curvatures are small
and shearing strains are much smaller than unity in the Green-
Lagrangian strain components, strain-displacement relations are
represented as those in Ref. 12. If we neglect higher-order strain
components and initial curvatures and introduce general warp-
ing displacements in and out of plane of a cross section, strain-
displacement relations can be expressed as follows?’:

& =& + X300 — X0 + W)
— 5 !

Vi =285 + X305 + wh + wy,
= !

Vi3 =283 + XK + Wy + wy s

& =W22, Y3 =Wa3 t Wi, &33 =W33 2)

wherew,w,, andws; are the general warping displacementsof an ar-
bitrary point on the cross section. The force strains (&, 2¢;,, 2&,3)
and moment strains (i, k», k3) components are given in Ref. 20.
Through a quasilinearapproximation'® this three-dimensionalkine-
matics is divided into two-dimensional cross-sectionalanalysis and
one-dimensional global analysis.

Cross-Sectional Analysis

Although the cross-sectional analysis is coupled with the global
analysis, effective sectional elastic constants including effects of
general warping deformationsin and out of plane are easily obtained
from a linearizationof governingequations with respectto reference
state (undeformedand unstressed state). Solutions from these quasi-
linear equations should be reasonable approximations to obtain the
sectional elastic constants used in nonlinear elastic deformation of
slender, closed-section composite beams.!® Cross-sectional analy-
sis of composite beams based on Ref. 22 is performed using the
finite element method considering three-dimensionalstress and de
Saint Venant hypotheses. In the present work the cross-sectional
modeling for the box beam is proposed as shown in Fig. 1. The
displacement in the thickness direction is interpolated as a linear
function and integrated analytically. In the other direction a cubic
Lagrangian function is used and integrated using Gauss-Legendre
quadrature. The two-dimensional shape function of warping in an
element is

2 4
W, X, x3) = Y NENSW(xy) 3)
i=1j=1

where N is the linear shape function in the thicknessdirection, NI.C
the cubic shape functionin the width direction, and W;; the warping
amplitude. This approach is simpler and more efficient than that

Reference
Line

Reference
Line

Before Deformation

Fig.1 Geometry and coordinate systems of a rotor blade before and after deformation.
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givenin Ref. 22 to consider the change of material propertiesin the
thicknessdirection. In unloaded condition effective elastic sectional
stiffness matrix can be obtained as follows:

=G )1 @

where F and M are the cross-sectional force and moment stress
vectorsin the deformed beam basis, and & and & vectors are defined
asfollows:e ={&,; 2&;, 2¢3}",k ={K; & K3}’ The matricesA,
B, and D are 3 X 3 matrices that depend on the material properties
and the geometry of the cross section.

Aerodynamics

The two-dimensional, quasi-steady lift theory based on
Greenberg’s extension’” of Theodorsen’s theory for a two-dim-
ensional airfoil undergoing unsteady motion in an incompressible
flow is considered in the present work. The components of resultant
velocity U in the deformed blade coordinate system are given by

URJ L'tl—QRgz—QR/JCOSl//J
Ur ¢ =T 3 i, + QRy — QRpu siny (5)
Up i3 + QRA;

where 1; is the component of elastic velocity vector & of blade and
Ry; is the componentof position vector R of an arbitrary point of the
cross sectionin the deformed blade configuration. The advanceratio
u and the inflow ratio A; are defined as nondimensionalizedforward
speed V/ QR and induced velocity via/ 2R, respectively. The Drees
linear inflow model is used for the rotor inflow distribution. The
effects of compressibility and reversed flow are also included in the
aerodynamic models. The compressibility effect is applied using
the Prandtl-Glauert theory, and the reverse flow effect is applied
considering tangential component of resultant velocity U.

Blade Steady Response and Coupled Trim Analysis

The nonlinear, periodic steady response is obtained using a time
finite element technique®® The virtual energy expression for the
Hamilton’s weak form can be obtained as follows:

" T —_ soTpl ¥/
oy’ ldy =0dy" b vi (6)

Vi

|5 ] L _]o
e 4 T P N

where Q is the generalized force and L is the Lagrangian of the
system. L; and L, are the partial derivatives of L with respect to
generalized coordinates ¢ and ¢, respectively, which are composed
of displacements and Euler angles, whereas p =L, is the column
vectorofthe generalizedmoment. y; and w, representtheinitialand
final states of nondimensionalizedtime, respectively. Using a first-
order Taylor-series expansion of the left-hand side of Eq. (6) with
respect to a given state vector y, the following governing equation
can be derived in an incremental form:

where

Vi vy _ v
/ SyTldy + / »TKAydy = 5yTb’ v (8)

Vi Vi

where the local tangent matrix K is defined as

= ( Ly Ly, ) )
qu + Qr) qu + Qq

whereL;;,Lyy, Lyq, Q;,and Q, indicate the second and first deriva-
tives with respectto the subscripts, respectively. The time period for
one revolution is discretized into a number of time elements with
cubic variation, and after assembling elements in a global system
a periodic boundary condition is imposed by folding the row and

column of the assembled matrix and vector.
The propulsive vehicle trim analysis is fully coupled with earlier
blade steady response analysis to solve the blade response, pilot
control inputs, and vehicle orientation simultaneously. The vehicle

trim solution is calculated from the overall nonlinear vehicle equi-
librium equations: three force equations (vertical, longitudinal,and
lateral) and three moment equations (pitch, roll, and yaw). Fixed-
frame hub loads are also calculated by summing the contributions
from individual blades.

Aeroelastic Stability
For stability analysis the blade perturbation equations of motion
are linearized about the equilibrium position:

tj =<L L;;(q0) L;,(q0) ) q (10)
q 0 (q0) + Q4(q0) Lyu(q0) + Q,(q0)/ | §

where ¢, is the nonlinear trim solution as a function of azimuth
angle and §(¢) is small perturbation about the periodic equilibrium
position g¢. These equations contain periodic coefficients and can
be integrated numerically in time for the proper initial conditions of
displacementsand velocities. The initial value of the perturbedblade
motion is taken to be 10% of the equilibrium position at a proper
time position. From the initial perturbation the blade is set free to
move, and the blade perturbationequations of motion are integrated
by the fourth-order Runge-Kutta method. To obtain more accurate
modal damping and frequency, the initial perturbationof the blade is
given only in the particularmode of interest. Once the time histories
of the blade lag, flap, and torsional deflections are known, the modal
damping and frequency of any desired mode can be determined from
the moving block analysis*®

Numerical Results and Discussion

Aeroelastic response and stability analyses of isotropic and com-
posite rotor blades are performed using the large deflection-type
beam theory. Nonlinear periodic steady response is obtained by in-
tegrating the full finite element equations in time, and aeroelastic
stability is obtained from time histories of perturbed deflections
under small perturbations assumption about the nonlinear periodic
equilibrium position. In the presentinvestigationthe modal analysis
using linear rotating vibration modal bases is confirmed to be im-
properbecause of poorresultsin the nonlinearsteady response anal-
ysis. Therefore, the presentresults obtainedby the full finite element
analysis using the large deflection-type beam theory are compared
with the previous published results obtained by the modal analysis
using the moderate deflection-type beam theory. The accuracy of
various modal bases in the nonlinear modal analysis of helicopter
rotor blades is investigated by comparing with results obtained by
the full finite element analysis in Ref. 39. Bauchau and Guernsey*®
mentioned that the full finite element analysis is preferable in the
aeroelastic analysis with coupling of aerodynamics and structural
dynamics of helicopter rotor blades. The present paper focuses on
investigatingnonlinearkinematic effects caused by large deflections
by comparing two models.

Isotropic Rotor Blade

The blade is discretized into five four-noded cubic elements in
space domain, and the time period of one rotor revolution is dis-
cretized into seven four-noded cubic elements in time domain for
reasonably good convergence. The convergence test of the present
beam model has been performed for the nonlinear static analysis
of composite beam is Ref. 20. The structural properties and vehicle
configuration of the isotropic rotor blade used for numerical com-
putation are present in Table 1, and the first flap, lag, and torsional
frequencies of this soft-inplane hingeless rotor are 1.13, 0.70, and
4.47rev, respectively.Figure 2 shows flap and lag tip deflections of
the blade for one revolutionat an advanceratio u =0.1. The present
analysis is compared with the previousresults given in Ref. 40, and
a good correlation between these two results is shown in the Fig. 2.
The results of Ref. 40 are obtained using the modal analysis with
a modal basis of eight coupled rotating natural modes (2 flap, 2
lag, 2 torsion, and 2 axial modes) based on the moderate deflection-
type beam theory, and the present results are obtained using the
full finite element analysis based on the large deflection-type beam
theory. As shown in Figs. 3 and 4, the agreement between two re-
sults is quite good for advance ratios 4 =0.2 and 0.3, but some
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Table1 Vehicle and structural properties .08
of isotropic rotor blade ~—— Present result
—— Lim*®

Parameter Value ol

Main rotor x
Number of blades 4 3
Blade aspect ratio ¢/ R 0.055 =3
Solidity 0.07 g
Thrust level Cy /o 0.07 B
Lock number 5.5 % o2l
C 2ra a
¢4 0.01 g
El,/mo?R* 0.01080 .
EI/mo*R* 0.02680 T Lag, iR o
GJ/moQ*R* 0.00615 TS =
kal R 0.0290 0 ‘ — .
kmi/R 0.0132 o 90 180 270 360
kma!/ R 0.0247

v (deg)
Vehicle
Longitude and latitude offsets, 0.0, 0.0 Fig.4 Steady tip deflections of isotropicblade in forward flight (6 = 0.3
Xeg ! R, Yeg /R and Cr/o =0.07).

c.g. below hub, 2/ R 0.2
Flat plate area f/ 7 R> 0.01

.0010

n=0.3, damping=0.007488

4
2
)
©  .0007
=
08 °
— Present result :’l 0003
— = tim® S 0.0000
> 0.
06 | @
x ©  -.0003
= a
D\>f 04 Flap, wiR El 0007
o
S & -0010 ‘ .
8 0 360 720 10801440 1800 21602520 2880 3240 3600
E 02 Azimuth angle , y (deg)
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v— i 0002
02 ©
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v (deg) & 0.0000 VUﬂUﬂVﬂV!\vl\VAVAVAV,\VAV
o
Fig.2 Steady tip deflections of isotropicbladein forward flight (6 = 0.1 ° 0001 w
and Cr/o =0.07). ; i
2 o002
08 5
—— Present result = -0003 T
—— Lim® 2 0 360 720 1080 1440 1800 2160 2520 2880 3240 3600
06 L Azimuth angle, y (deg)
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% 04 Flap, w/R o
z ap, wi = .003
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i o 002
= 02} =
5 =
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a © \/
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Fig.3 Steady tip deflections of isotropicbladein forward flight (6 = 0.2
and Cr/o =0.07).

differences appear as the forward speed increases. Figure 5 shows
the time histories for blade motions obtained from an initial per-
turbation about the known periodic equilibrium deflections under
small perturbations assumption. To obtain the time histories of in-
dividual modes, the initial perturbation of the blade is given only
in the particular mode of interest. However, there are some high-
frequency components in the perturbed lag tip deflections because
the initial value is taken to be static deflection of individual modes.

Azimuth angle, vy (deg)

Fig.5 Time histories of perturbed motions from initial perturbations
(6 =0.3 and Cr/o =0.07).

The results show that the lag mode damping is the smallest one, and
the flap mode damping is the biggest one. The lag mode stability
is generally treated as an important factor of aeroelastic stability
analysis of hingeless rotor blades because the aerodynamic damp-
ing of the lag mode is the mildest one. Lag, flap, and torsion mode
stability results for different advance ratios are illustrated in Figs. 6
and 7. The modal damping characteristicsof the present results are
determined through the moving block analysis for the time histories.
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.015

—O— Present result
—0— Lim*®

012

Nondimensional Lag Damping (-G,;/QO)

0.000 L L
0.0 A 2 3

advance ratio p

Fig.6 Firstlagmode dampingofisotropic blade with different advance
ratio (Cr/o =0.07).

o

—o— Present result

Flap damping

Nondimensional Flap & Torsion Damping (UC/QO)

o
o®
o
[N
w

advance ratio p

Fig. 7 First flap and torsion mode damping of isotropic blade with
different advance ratio (Cy/o = 0.07).

X3

X2

a

X1

Fig.8 Cross-sectional modeling of composite box beam.

The observationis made that the damping obtained from the present
analysis generally has a lower value than that of Ref. 40 from the
Floquet theory with a modal basis. The modal basis used for the
stability calculationin Ref. 40 contains six coupled rotating natural
modes except axial modes (2 flap, 2 lag, and 2 torsion) obtained
about the mean deflected position. Discrepancies of the steady re-
sponseresults and the differentmethods of the stability analysis give
the differences between the two results.

Composite Rotor Blade

The sectional elastic constants including the effects of general
warping in and out of plane are obtained in unloaded condition
using the refined cross-sectional finite element method. Then, these
sectional elastic constants are used for the one-dimensional global
analysis. Six cross-sectional elements are used for the computation
of sectionalelasticconstantsdepictedin Fig. 8. The one-dimensional

Table2 Rotating natural frequencies of symmetric layup box beam?

Frequency, Hz

Detailed finite Smith and
Mode Experiment element method Chopra® Present
Flap 1 28.60 27.33 28.13 27.12
Flap 2 135.0 133.6 139.8 131.9
Lag 1 39.50 38.66 42.85 38.39
Lag?2 NA 236.3 261.3 236.9
Torsion 1 NA 872.9 936.1 935.9

2Top and bottom: (30)¢; right and left: (30/ —30)3 at 2 = 1014 rpm.

global analysis is performed using five four-noded cubic elements
for reasonably good convergence. The static and dynamic analyses
and aeroelastic stability analysis in hover condition of composite
box beams based on the large deflection-type beam theory have
been validated in Refs. 20 and 35.

The material properties for the present analysis are chosen
as AS4/3501-6 graphitefepoxy with the following properties:
E;; =20.59 msi (141.9 Gpa), E,; =E;; =1.42 msi (9.8 Gpa),
G, =G;3 =0.89 msi (6.14 Gpa), G; =0.47 msi (3.24 Gpa),
vy =vi3 =0.42,v,3 =0.5, and mass densityis 0.00013521b-s%/in.*
(1445 kg/m®). The beam length is 33.25 in. (0.845 m), the width
0.953 in. (0.024 m), the depth 0.537 in. (0.014 m), and the ply
thickness 0.005 in. (0.127 mm). The composite box beam with the
[30]s symmetric layup’ under the rotation of 1014 rpm is used for
the calculation of rotating natural frequencies. For comparison five
natural modes are examined, and the present results are shown in
Table 2. The experimentaldata are taken from Ref. 9. Detailed finite
elementresults are obtained using the analysis developed by Stem-
ple and Lee.!> Because the treatment of the cross-section warping
is coupled with the treatment of the beam bending, torsion, and
extension, Stemple and Lee’s approach has more degrees of free-
dom than the present approach. Numerical results from Smith and
Chopra’s analysis® are also compared. The agreement between the
results of three models and the experimental data for the natural
frequencies is good, but the present result is closer to the detailed
finite element results than that of Ref. 29. This may be caused by
the more accurate modeling of the cross section in the composite
box beam. Table 3 shows rotating natural frequencies of two layup
configurationsthat are used for the aeroelasticresponse and stability
analyses. In these layup configurations the width of the outer box
sparis 4.2 in. (0.107 m), the depth of the outer sparis 2.2 in. (0.056
m), and each of the four spar walls contains 26 graphite/epoxy plies.
Although there are some differences caused by the cross-sectional
analysis, the correlation of the two results is quite good.

Aeroelastic analysis of the preceding two layup configurations
is performed to investigate the effects of large deflection. Eight
four-noded cubic elements are used to model the period of one ro-
tor revolution. The properties of the vehicle and rotor are given in
Table 4. The presentresults based on the large deflection-typebeam
theory are compared with Smith and Chopra’s results?® based on the
moderatedeflection-typebeam theory. The presentanalysisused the
full finite element method in the displacement-based formulation,
and Ref. 29 used the modal method with the modal basis of eight
normal modes (3 bending torsion, 2 bending, 2 torsion bending,
and 1 axial). Figures 9 and 10 show the flap and lag tip deflec-
tions of the baseline case (Table 3) for advance ratio 4 =0.2 and
0.35, respectively. The baseline case exhibits no elastic coupling.
The present results are compared with those of Ref. 29. There are
some differences between the results of two models, and these dif-
ferencesincreaseas the forward speed increases. Because the ampli-
tudes of the nondimensional tip deflections are larger than those of
the isotropic blade case, nonlinearkinematic effects exist on a large
scale, and the differences become larger in the composite blade
case. Because differences of frequencies between two models are
very small, the effects of these differences may be negligible in
the analysis. However, because the nonlinear kinematic effects are
large, it is considered that the effects of the large deflection and the
assumption of the modal analysis are not negligible. Discrepancies
between the modal analysis and the full finite element analysis are
investigated for four numerical examples of helicopterrotor blades
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Table 3 Rotating natural frequencies of composite box beams at Q=383 rpm
Frequency, /rev
Configuration Mode Smith and Chopra®’ Present
Baseline Flap 1 1.146 1.144
Top [03/(15/—15)3/(45/ —45),], Flap 2 3.389 3.379
Bottom [03/(15/ —15)3/(45/ —45)], Flap 3 7.416 7.351
Right [03/(15/—15)3/(45/ —45),]; Lag 1 0.747 0.746
Left [03/(15/—15)3/(45/—45)]; Lag?2 4.315 4.304
Torsion 1 4.590 4.622
Torsion 2 13.60 13.62
Symmetric B Flap 1 1.142 1.139
Top [03/(15)/(45/—45),], Flap 2 3.346 3.322
Bottom [03/(15)¢/(45/ —45)2]s Flap 3 7.265 7.151
Right [03/(15/—=15)3/(45/ —45),]; Lag 1 0.747 0.737
Left [03/(15/—15)3/(45/—45)]; Lag?2 4314 4.250
Torsion 1 4.590 4.617
Torsion 2 13.62 13.68
Table 4 Vehicle and structural properties 12
of composite rotor blade — Present result
— — Smith & Chopra®
Parameter Value
Main rotor x
Number of blades 4 3
Radius, ft (m) 16.2 (4.94) €
Hover tip speed, ft/s (m/s) 650(198) s
Blade aspect ratio, ¢/ R 0.08 B
Solidity, & 0.1 <
Thrust level, Cy /o 0.07 2 g0l Lag, ViR e
Lock number 6.34 = ~u -
a 5.73a ~IT —=
ca 0.0095 + 0.2a2 03 | e ——
Mass per unit length, slug/ft (kg/m) 0.135(47.9)
k% /R, K2,/ R 0.0001,0.0004 o . ‘ ‘
Hub lenth, xpuy/ R 0.04 "o 90 180 270 360
Aerodynamic root cutout, Xroot/ R 0.10 v (deg)
. ) Tail rotor and horizontal tail Fig. 10 Steady tip deflections of composite blade for baseline case in
Tail rotor radius, ft (m) 3.24(0.988) forward flight (8 = 0.35 and Cy/o =0.07).
Tail rotor solidity, o, 0.15
Tail rotor gear ratio, ./ O, 5.0
Tail rotor location, xi/ R 1.2 03 o Present result
Tail rotor above c.g., i/ R 0.2 . Smith & Chopra®
(D 6.0c
Horizontal tail location, xp,/ R 0.95
Horizontal tail planform area, Sy/ 7 R> 0.011
(eDne 6.0 0z

Vehicle
Total vehicle weight, Ib (N)

5800 (25,800)

Longitude and latitude offsets, xc g / R, Y g./ R 0.0,0.0

c.g. below hub, 2/ R 0.2

Flat plate area, f/ 7 R? 0.01

.10
—— Present result
— — Smith & Chopra®
xr - [ P
ER S s = ~J
x Flap, w/R
>
c
Qo
B
@
=
8 L R
2 000 VR e
'_
05 . . .
0 90 180 270 360
v (deg)

Fig. 9 Steady tip deflections of composite blade for baseline case in

forward flight (6 =0.2 and Cr/o =0.07).

=3
2

Nondimensional Lag Damping (‘Gg/Qo)

0.00 . L L
0.0 A 2 3 4

advance ratio p

Fig. 11 First lag mode damping of composite blade for baseline case
with different advance ratio (Cr/o =0.07).

in Ref. 39. Figure 11 shows the variation of lag mode damping with
advanceratio u =0, 0.2, and 0.35. The present results are obtained
using the moving block analysis from time histories of perturbed
deflections, and Smith and Chopra’s results are obtained using the
Floquet theory with the modal basis. The results of two models
are very close in hover condition, but the differences appear as the
forward speedincreases. An aspectof the tip deflections of the sym-
metric B case (Table 3) is similar to that of baseline case, and the
variation of lag mode damping of the symmetric B case is present
in Fig. 12. Symmetric B case exhibits pitch-flap and extension-lag
shear couplings,and this case has lower values of lag mode damping
than the baselinecase. It shows some differencesbetween the results
of two models in hover condition, and the differences increase as
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Fig. 12 First lag mode damping of composite blade for symmetric B
case with different advance ratio (Cr/o =0.07).

the forward speed increases. The full finite element analysis using
the large deflection-type beam theory gives lower values in the lag
mode damping, and it may be because of the different methods of
approach. When the deflection is large, the full finite element anal-
ysis should be used instead of the modal approach to predict the
aeroelastic response and stability characteristics.

Conclusions

In this paper the aeroelastic analysis of hingeless rotor blades
in forward flight has been performed. The finite element formula-
tion is obtained using the large deflection-type model, which is not
based on an ordering scheme and includes all kinematic nonlinear
effects. Nonlinear, periodicblade steady responseis computed using
the time finite element method on the full finite element equation
with full coupling of the propulsive vehicle trim. Stability charac-
teristics are determined through the moving block analysis for the
time histories. The periodic steady tip deflections and the aeroe-
lastic modal damping for isotropic and composite rotor blades are
compared with those obtained by the modal approach using the
moderate deflection-type beam theory. The results show that the
effects of the large deflection and the assumption of the modal anal-
ysis somewhat affect the steady equilibrium and rotor stability. Al-
though the cross-sectionalanalysisis different, the results of steady
response and stability analyses are mainly influenced on the nonlin-
ear kinematic effects. The nonlinearkinematic effects greatly affect
the steady response as the forward speed increases. The aeroelastic
modal damping is predicted smaller than that of the modal analysis
using the moderate deflection-type beam theory. The conclusion is
made that the full finite element methods using the large deflection-
type beam theory should be preferred for the accurate prediction of
the hingeless rotor behavior with large deflection.
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