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Nonlinear Large Amplitude Aeroelastic Behavior
of Composite Rotor Blades

Taehyoun Kim* and John Dugundjif
Meassachusetts Institute of Technology, Cambridge, Massachusetts 02139

An investigation is made of the nonlinear, large amplitude aeroelastic behavior of hingeless composite rotor
blades during hover. The aeroelastic model is capable of dealing with large vibration amplitudes as well as large
static deflections including transverse shear and warping deformation and is based on an Euler angle formula-
tion of the basic large deflection equations together with a harmonic balance, finite difference, and Newton-
Raphson technique. Nonlinear stall aerodynamics is included by use of the ONERA airforces model. Analysis
of large amplitude limit cycles that evolve from linear flutter solutions is performed on a [0/90]3s graphite/
epoxy composite blade model. Numerical results indicate that the nonlinear stall is dominant at moderate
amplitudes, but that nonlinear static-dynamic couplings in the structure, which bring a softening effect into the
general aeroelastic behavior, could be equally important at large amplitudes.

Nomenclature
b = semichord
c = chord
E; = beam stiffness matrix elements
e = hinge offset
e, = distance between the reference line and the
aerodynamic center
F\, F, F; = force resultant components in local axes
Fye, Fe = noncirculatory and circulatory air loads
g = gravity
k = reduced frequency, wb/V,
! = beam length '
M, M,, M; = moment resultant components in local axes
mft = applied moments in local axes
m¢ = applied moment vector in global axes
Ng = number of blades ‘
pF = applied loads in local axes
P = applied load vector in global axes
s = arc length
[T] = transformation matrix
Ty = transformation matrix elements
u,v,w = displacements along x, y, z axes
| 4 = resultant air velocity at aerodynamic center
Vo = static part of V'
Vs, Vs = tangential and normal components of V'

Vi = inflow velocity

= vector of unknowns

= global coordinates

o = angle of attack at the aerodynamic center

By = blade preconing angle

ACp = deviation of actual static drag curve from
linear static drag

AC, = deviation of actual static lift or moment
curve from linear static lift or moment

Ty = linear circulatory lift or moment circulation

jP = stalled circulatory lift or moment circulation

T = linear drag circulation

T = nonlinear drag circulation
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Yens Ver = beam shear strains
€ = beam extension strain

& = blade equivalent pitch rate

Ke = twist rate around £ axis

Kys K¢ = bending curvatures around 7, { axes
&0, ¢ = local coordinates

0 = blade or air density

T = nondimensional time, Vyt/b
¥, 8,0 = Euler angles

Q = blade rotational speed

) = frequency

wg = blade rotation around £ axis
) = derivative with respect to real time
Subscripts
0,s,c = mean, sine, and cosine components,
respectively
I. Introduction

OST analysis of helicopter blade aeroelastic behavior is

traditionally based on small amplitude approximations
about a given static deformation of the blade using moderate
deflection formulations and linear aerodynamic theories.
However, under certain circumstances such as high angle-of-
attack thrust, maneuvering, or gust, a nonlinear large ampli-
tude limit cycle may occur at different flight conditions than
linear prediction would predict. In the literature, there has
been only limited interest in exploring this nonlinear aeroelas-
tic behavior and its transition from linear behavior. A simple
such analysis, dealing only with geometrical nonlinearities of
the rigid blade, was given by Chopra and Dugundji.! Most
recently, Dunn and Dugundji? have given a similar analysis for
a fixed wing; this time dealing with aerodynamic stall effects
only by use of the ONERA stall model introduced by Tran and
Petot.? Also, Tang and Dowell* have introduced both struc-
tural nonlinearities and dynamic stall in their investigation of
stall limit cycles and chaotic motion of flexible, nonrotating
blades. The structural nonlinearities here were approximated
by the moderate deflection equations developed by Hodges
and Dowell,” and the dynamic stall was represented by the
ONERA model. Both investigations on these nonrotating lift-
ing surfaces had found that the effect of the dynamic stall in
the overall aeroelastic limit cycle behavior is largely stiffening
in moderate range of amplitudes, i.e., more dynamic pressure
would be required to produce higher amplitudes once the
onset of flutter has occurred. To better understand the impact
of both nonlinear structure and aerodynamics, a nonlinear
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aeroelastic analysis of rotating flexible blades representing full
structural nonlinearities as well as dynamic stall would seem
valuable at this point.

On the structural side, it has been known that under large
static deflections, the natural frequencies and mode shapes of
cantilever helicopter blades, particularly the fore-and-aft
(lead-lag) and the torsional modes, show interesting character-
istics that are not apparent from their vibration behavior as
undeflected cantilever blades. See, for example, Loewy et al.,®
Mathew and Loewy,” and Minguet and Dugundji.® Addition-
ally, for large vibration amplitudes of these modes, their fre-
quency, mean position, and mode shapes may change further.
These effects of large vibration amplitudes were examined in a
recent paper by Kim and Dugundji.® One of the findings was
that in the presence of a moderate amount of static deflection,
the first fore-and-aft mode of hingeless blades, which is an
aeroelastically critical mode, may exhibit a softening phenom-
enon at large vibration amplitude levels.

The present paper incorporates the structural effects into a
nonlinear, large amplitude flutter limit cycle analysis of rotat-
ing hingeless composite blades in the simple case of hover and
is drawn from a more general aeroelastic investigation re-
ported by Kim.! The aerodynamic nonlinearities involving
stalling are included here using the ONERA stall model and
assuming coefficients for NACA 0012 airfoil at low Reynolds
numbers. The resulting analysis is solved by integration of the
basic nonlinear equations, a harmonic balance method, and
Newton-Raphson iterative technique. Numerical results are
given for a two-bladed model of [0/90];s graphite/epoxy
layup that had also been used in Refs. 8 and 9. The objectives
of the present paper are to develop a methodology for solving
the nonlinear large amplitude aeroelastic problems of rotor
blades and to identify and demonstrate new nonlinear aeroe-
lastic phenomena of rotor blades.

II. Structural Modeling

To represent the nonlinearities due to large deflections and
rotations as fully as possible, a set of 12 nonlinear differential
equations developed by Minguet and Dugundji® is used in the
present analysis. The governing equations are obtained by
considering equilibrium, strain-displacement compatibilities,
linear stress-strain relations of a blade element, and are not
based on any ordering schemes that typify most of moderate
deflection equations. All of the equations are derived based on
the following transformation matrix that transforms. the
global coordinate x, y, z into the local one &, 9, ¢, i.e.,

i
i’l
I
cos 8 cos Y
—cos # sin ¥
[T] = —sin @ sin 8 cos ¥
sin 6 sin ¢

—cos 0 sin 3 cos ¥

It has been noted that the structural model used in Refs. 8
and 9 does not include cross-sectional transverse shear and
warping deformation.!! These effects could be included to
some extent, if desired, as follows. For the shear deformation,
one can introduce the shear strains vy, v¢;, and the axial strain
¢ in calculating the displacements x, y, z as

X
=1+ )T + Taryey + Taryey)

s

ay

- (1 + e) (T2 + Toavey + Taavey) 3)
9z

e (1 + &)(T13 + Tozyey + Tazygy)

. For the out-of-plane warping, a classical linear twist equa-
tion'? is invoked to include a warping correction in the form of
second derivative of the twist rate «;. To implement this cor-
rection within the current model, one should introduce two
additional first-order differential equations and a term pro-
portional to the second derivative within the equilibrium equa-
tion for the twisting moment M, as follows:

drz okf

Sk ek @
M, = Eyky + Akg + coupling terms %)
with additional boundary conditions,
k:(0) =0, ki(l)=0

where A represents the warping coefficient (e.g., — Essc2/12,
for a composite strip). When considered altogether, one can
write the linear stress-strain relations for a composite blade as

| [Eyy Eyw Ey Esz 0 E;s Eg €
F, Ey E, Ep Ejxy 0 Epj Ex| |1y
Fy | — |Eu|wg= |Ezs Ex E;z 0 Ey Ex| v
M, Ey Ey Ey Ey A Egis Egx| |k
M, Eys Es Ey Ey 0 Ess Es Ky
_Ms Ey Eys Eyx Eyx 0 Ess Eg Ky
©)
ix
=[Tly i
iy
cos 3 sin ¢ sin 8
cos 0 cos ¥ sin # cos 3
—sin # sin 8 sin ¢ ' 0))
—sin 6 cos ¥ cos 0 cos 3

—cos 8 sin @ sin ¢

Here , B, 0 are the local Euler angles. When the preconing angle 8, is introduced for the blade, one has to define an additional
transformation between the actual global coordinates x,, ¥o, Zo, and the global coordinates on the blade x, y, z (see Fig. 1) as

iy i
i ¢ =[T'yix
iy iy
Ty —ByTs T Tiz+B,Tn
[T'l=] Toa— BTz Trp Tos+ BT ()
T3~ BpT33 T T+ B,T5

where it was assumed that cos 8, = 1, and sin 8, = §,.
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e

Fig. 1 Definition of global and local axes.

At any station, Eq. (6) can be inverted to give appropriate
values of [evg, ver k¢ &, k)7 for integrating the differential
equations.

III. Inertial Modeling

Inertial load terms pC and m can be obtained by evaluat-
ing acceleration of a particle on the blade in the rotating axis
system and expressing the resulting forces and moments in it
(see Fig. 1). That is,

M

where

[

2.
a=SLo i1 20xi+ QX @xr)+gig ®)

2

o

The vector r, which measures the distance from the origin to
the particle of interest, can be represented in the global system
X,y,zas

x+e
r(ﬂvg‘)= y
z — Bpe

+p(,9) ®

The vector p represents the radius of the particle from the
reference axis on its cross section.

0
p(n, H=IT1") 7 (10)
$

The resulting inertial loads can be expressed either in local
coordinates £, n, { or global coordinates x, y, z; the former
being unwieldy and cumbersome to deal with in their original
form. It can be shown that by utilizing orthogonality proper-
ties of the transformation matrix [77] and its relation to the
rotation matrix [w], the local expressions can be simplified to
a great extent.!? The final local equations in this reduced form
are more compatible with the 12 governing differential equa-
tions and reveal more clearly the individual terms from the
linear and angular accelerations and centrifugal and Coriolis
accelerations that are not very obvious in the global expres-
sions.

IV. Aerodynamic Modeling
A. Dynamic Stall

For the present research, one needs an aerodynamic tool
that can adequately describe both linear unstalled and nonlin-
ear stalled aerodynamic loads with ease and simplicity. In
particular, its form must be such that it can be immediately
applied to the stability and response analysis for the composite
rotor blades using a simple harmonic method. Recently, the
ONERA Model that consists of two ordinary differential
equations has found popularity.>*!31* One of the major ad-
vantages of the model is that by using the basic properties of
the second-order differential equations it can adequately, if
not precisely, generate stalled hysteresis loops without going
into details of the unsteady aerodynamic theories. However, it
is mentioned that most of the applications of the ONERA
model in rotary wing problems have been exclusively focused
on the periodic responses and their stabilities of forward flight
cases. In forward flight, the dynamic stall phenomenon near
the retreating blade side does not produce stall flutter because
of its short period of presence. On the other hand, dynamic
stall in hovering flight, if it ever exists, can develop into flutter
oscillations. The periodic responses in this case are self-excited
oscillations that are sustained over a long period of time. For
a simple analysis of nonlinear flutter problems only the first
few harmonics are adequate to capture the amplitude levels as
well as the associated frequency and dynamic pressure. In the
present analysis, only the first harmonics are extracted from
the nonlinear ONERA model.

A nonlinear lift and moment model based on the ONERA
equations and the harmonic balance method has been used by
Dunn and Dugundji? for fixed-wing cases. The present one is
a further extension of their model including the effects of large
angle of attack, pulsating incoming velocity, stall delay, and
drag stall as well. Following suggestions of Peters,! Petot and
Dat,!6 and Barwey et al.,!” the basic ONERA equations appro-
priate for rotary wing problems can be written as follows.

Lift and moment:

Finc = %408, (5,bVs + Ve, + k.b%,) ,
v (11)
FC = l/szz(Vrlz + VPZZ)
where
Ty = ag. Voo + Tz
Tie + A (Vo/B)T 11, = Nao,(Vo/ DY)V + N0, Veke
+ Yoz VS + v.0.béE,

5 : 2 /52 (12)

T + @, (Vo/B) o + r,(Vy /b)),
= —r[(V/b)(V AC,) + e, (Vo/BYVAC)]

and the subscript z = L or M for lift or moment.
Drag:

D = Yopc(VIp; + VIpy) (13)
where
IFpr=VCpy
Pp; + ap(Vo/b) s + rp(V3 /b3 pp
= —[rp(V§/b*)V ACp) + ep(Vo/b) V3] (14)
Here, using Dunn and Dugundji? and Barwey et al.!” the
following coefficients have been assumed for NACA 0012

airfoil at low Reynolds numbers (Re < 3.4 x 105):

SL =cC, Sy = 7, lL =0, kL=0.57l'



1492 KIM AND DUGUNDJI: BEHAVIOR OF COMPOSITE ROTOR BLADES

Qo = 0 = 5-,9

A =0.15, v, =0.55
a;, = 0.25 + 0.4(AC.

r = [0.2 + 0.23(AC, P2

ey = —2.7(ACLY

Sar =2, Sy = by = —(n/4), ky = —(3%/16)
s =0y =Mr=vu=0
ay =4dar, M =T1L, e = €L
Cpo = 0.014
ap =0.32

rp = (0.2 + 0.1AC?)

ep = —0.015AC2

AC;, ACy, and ACp each represents the deviation of the
linear static curve from the quasistatic curve for the lift,
moment, and drag, respectively. It is noted that when no stall
exists (i.e., I'y; = I';yr = 0) and the angle of attack is small, the
preceding equations for the lift and moment reduce to the
exact form of the Greenberg’s expression with the first-order
Padé approximation for the Theodorsen function C(k). The
normal downwash air velocity V; at the aerodynamic center
appears as a boundary condition in the linear part of the lift
equations, as does the so-called equivalent pitch rate é,.

B. Calculation of Air Velocities

The tangential and normal components of the air velocity at
the aerodynamic center are represented as

Vao=Qlx + e —28,)T + ¥(B,T3 — To)) + XT3 + 3Ty
+2T3 + vi(Ta3 + BpT3))

Vi= —Ql(x + e~ zBp) T3 + Y (BpT33 — T31)] — XT3 — 3T,

~2T33 — 1.6, — vi(T3 + BpT31) (15)
and
V=NVi+V; (16)

Here the equivalent pitch rate ¢, is given as
ée = wp + ATz + B,T11) amn

The inflow velocity v;, which is assumed constant, can be
obtained by considering a momentum balance along the circu-
lar ring element ds as follows.

dmp(x + e — BV = Npl(B,Ta1 + To)ps + (BT + T3y
(18)

The right-hand side, whether stall exists or not, is generally a
complicated function of v; itself, and does not render the
equation to be solved explicitly for v;. Hence, to get the exact
solution, an iteration technique with appropriate initial guess
should be used. Depending on the initial value guessed, the
method usually converges within a few iterations. For exam-
ple, the initial value of v; can be assigned by solving the
quadratic equation

87(x + e — B2V’ + NpQ(x + e — B,2)* cCro(T33 + B,T31)

X (v/Vy) — N (x + € — B2)* cCro(V3/V)) =0  (19)

in the linear unstalled region, or
87(x + e — Bz)v} + NpQ(x + e — B,2) cass (Tss + B,T31)

X (vi/ V) — Ng@*(x + e — B,2) clas (V3/V2) + bys] =0
(20)

in the nonlinear stalled region. Again, these equations are
obtained by considering the momentum balance of a ring
element with small angle-of-attack approximation. In the first
equation, the static lift curve is simply C;,«, whereas in the
second equation, it was assumed by a simple one-breakpoint
approximation, aia + bg.

C. Local Aerodynamic Loads

When the local airloads in the local coordinates £, %, { are
calculated the following assumptions are made. First, the ap-
parent mass lift Lyc acts normal to the airfoil. Second, the
circulatory lift Lc is normal to the resultant air velocity V,
whereas the drag D is parallel to the resultant air velocity, see
Fig. 2. The resulting local airloads are then expressed as

p¥=Lesina— D cosa
= pb[V3(T1z + T2) — VaTip + Top)l

p3L=L0COSO£+D Siﬂa+LNc

21
=pb[Vo(T'1z + T2) + V3(Tip + Tap)l + Lyc

mi = Mc + Myc + (pf — Lnc)e,

=2pb2V (T1ar + Tans) + Mnc + (pf ~Lac)e,

V. Harmonic Balance Method
A. Structural Part
All quantities are cast into their first harmonic forms

X(Q, w, 1) = Xp(Q, w) + X;(Q, w)sin of + X .(Q, w)cos wt
(22)

The dependency of X, X;, X, on frequency w reflects the fact
that the vibration components X; and X, could be large be-
yond the linearized small amplitude approximation and there
could be nonlinear coupling between the static and vibration
parts. The harmonic balance consists of substituting the pre-
ceding expression for 12 variables into the 12 (14 if warping
and shear is included) governing equations and then retaining
only the lowest harmonic terms. As was shown in Kim and
Dugundji,® one needs an ordering scheme in discarding higher
order, higher harmonic terms due to the presence of many

Fig. 2 Illustration of air loads and velocities.
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multiplications involving two or even three harmonic func-
tions associated with the transformation matrix elements. A
third-order ordering scheme similar to the one in Ref. 9 is
employed here, with the addition of cos wf terms to account
for phase shifts. It is emphasized that the ordering scheme still
preserves the complete nonlinearities in large rotations and
large displacements in the static sense, but only terms up to
third order are kept in the dynamic counterparts. For exam-
ple, according to this ordering scheme one does not have

cosf ~ 1 — (62/2) + HOT
but rather
cos 0 ~ cos B — sin A0 — V5 cos 6,(A6)?
+ (1/6) sin 6,(A6)* + HOT
where 0 = 6, + A8, the 6y and A8 = 0,sin wf + f,cos wt repre-
sent the static and dynamic components of 8, and HOT repre-

sents higher order terms.

B. Aerodynamic Part

For the harmonic balance of aerodynamic part, all quanti-
ties are expressed as

X, k, 1) =Xo(Q, k) + Xs(Q, k)sin k7 + X, (Q, k)cos k7
, , ] @3
where k is the reduced frequency = wb/ V), and 7 is the nondi-
mensional time = Vyt/b. The effective angle of attack « is
given by

o =tan~ l(V3/ V) (24)
and is expanded in the first harmonic form
o) = o + asin k7 + a.cos k7
. (25)
=op+ apysine
where

oy = Va? +a§

e=kr+§,

(26)
& =sin~ Mo /ay)

Next, assume harmonic motion for AC,
AC(p) = AC, + AC,ysin ¢ + AC,p.co8 ¢ 27

where by use of Fourier analysis,

T

142
ACy, =;S

- AC, ()] d‘P

2 (3
ACy, = ; j x AC (p)sin ¢ dp (28)

2

242
ACy, = ; E " AC (p)cos ¢ dp

In general, AC, can be described in any manner desired. For
simplicity, following Dunn and Dugundji,? AC, was described
by simple two straight line fits of low Reynolds number static
curves of a NACA 0012 airfoil (see Fig. 3 and the Appendix
for their definitions and resulting harmonic components).
One can further improve the dynamic stall modeling by
introducing “‘stall delay time’’!6!® in the nonlinear lift part of

the ONERA equations. This is equivalent to assuming that no
stall will occur during the delay time Ar after the angle of
attack has passed the stall angle o,. The stall delay can be
implemented in the current harmonic model by simply taking
out an initial part of the stalled region in the Fourier integrals.

: A delay of Ar= 10 in the nondimensional time seems ac-

cepted,!® and so this value is used in the present analysis.
After completing the Fourier analysis of the deviations
AC,, these harmonic expressions are substituted into Eqgs.
(11~14) to yield the harmonic components of the circulations,
Ty, Iy, and Tp;, I'p,. These components then define the
circulatory lift, moment, and drag.!? It is mentioned that in
calculating the coefficients «,, r;, e;, and ap, rp, ep for the
nonlinear part of the ONERA equations, the lift deviation
AC; has been replaced by its time averaged part ACy, to avoid
computational complexity. Naturally, one should expect that
as the angle of attack and the reduced frequency become
higher, this approximation will degrade the Fourier analysis.

VI. Method of Solution

In this section, a solution technique for nonlinear large
amplitude flutter that evolves from linear flutter solutions is
described. To obtain a complete solution of the nonlinear
problem, one first finds the linear flutter points. This prelimi-
nary procedure involves finding a static position of the rotor
blade given a rotational speed 2 and a root pitch angle 4,, then
checking the aeroelastic stability of the blade about the solved
static position. The static solution is obtained by dropping
dynamic terms and integrating the resulting 12 differential
equations with appropriate tip boundary values. The linear
flutter solution can be found by retaining only the first-order

A ,
C. !
II
’
’
’

av ' av //' AC:
s )
1 ) [
t '
l V v
l ' ooy
i 1 ! | \
il 1 ' 1 1
: /o
l i Yo )
' i Yo '
) ) o h
1 [ : ' L
. . . >

Ay CA aal o

e e -

~
]
-

Fig. 3 Example of oscillation stall angle on aerodynamic curve and
in phase domain.
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dynamic terms around the solved static position and applying
a transfer matrix method to the resulting 24 linear equations.!?
Unlike its linear counterpart, the nonlinear flutter problem
is coupled with static parts of the solution. Furthermore, there
is one-to-one correspondence between a pair of given (Q, w)
and an amplitude level of the solution. Thus, one can express
the coupled nonlinear differential equations in vector form

dX;
o = X, X, X, 9, )
29
(azx1n axxn
and
dx,
ds = hs(XOs X, Xer @, )
(30)
(12x 1) (12x 1)
dx,
dS = hC(X09 XS’ XL‘y Q: 0))
31
(a2x1 (12x1)
where

Xo = [Fio Fy F3o Myy My My, Xo Yo %o 0o Bo vol”
X =[Fys Fys Fy Mls Mo M3s Xs Vs Zs os Bs ¢S]T
X =[Fic Foe F5c Mo Mo M. X Y 20 0. Bc 1pc]T

The vector function arrays A4y, Ay, and k. contain many prod-
uct terms involving multiplications of two or three harmonic
quantities. They originate from the 12 basic equations that are
presented in Refs. 8 and 9. Multiplications of harmonics and
calculations of the coefficients of the resulting new harmonics
can be implemented according to formulas similar to the ones
in the Appendices of Ref. 9.

To solve this system, all of the 36 equations (now 12 for the
static part, 24 for the dynamic part) are first integrated once
from the tip to the root of the blade. To start the numerical
integration, one has to guess the tip boundary value X, as well
as the rotational speed  and frequency w that will make X, at
the root as close to the prescribed values as possible. Since the
nonlinear solutions are assumed to evolve from linear solu-
tions, the eigensolution and Q, w obtained earlier in the linear
aeroelastic analysis are used for the initial X,. The functional
relationships between these two sets of boundary values can be
written as

X, =f(X;, Q, 0)
(32)

(18 x1) (18x1)

Tip Torsion Amplitude 0, (deg)

10 1 12 13 14 15 16
Rotational Speed Q (Hz)

Fig. 4 [0/90]35 tip torsion amplitude vs rotational speed.

where

Xt = [xo X5 xc Yo ¥s Ve %o Zs Ze 6o 0 oc BO 63 Bc "PO ‘ps ‘LC]T
X,=[00...00, 0...01T

at the tip and root, respectively. Since for a given level of
amplitude, the initial 18 components of X, are not exact, a
Newton-Raphson algorithm is employed to produce a better
set of boundary values based on the current values, namely,

XU = X7 - JX7, Q7 o)L R 33)

where
R" Ef(th, Qn’ wn) - Xr

J: (18 X 18) Jacobian matrix

This algorithm must take iterations on the @ and w as well as
the boundary values, since it is not known in advance at which
rotational speed and frequency a nonlinear flutter will exist
for a given amplitude level. Therefore, one of the sine parts of
the boundary amplitudes at the tip x;, ¥, 25, 85 is replaced by
Q and is fixed at a given value throughout the iterations. Also,
the corresponding cosine part of that boundary amplitude is
replaced by w and is fixed at zero, since the associated phase of
the flutter can be assigned any value. Which pair of amplitude
should be replaced depends on the flutter mode shape of
interest; but the torsional amplitude pair (6, 6.) is usually
chosen.

For each amplitude level, the iteration stops when the
residue vector R at the root becomes sufficiently small. Begin-
ning with a very small amplitude level which essentially corre-
sponds to the linear flutter solution, the solution method
marches with increased amplitude until where the algorithm
diverges, i.e., there exists no solution.

VII. Results and Discussion

The prescribed structural and aerodynamic modeling and
solution technique have been applied to a two-bladed model of
[0/90]:5 graphite/epoxy layup with zero preconing angle and
zero hinge offset. This blade, 560 mm in span and 30 mm in
chord, has been used previously by Minguet and Dugundji®
and Kim and Dugundji® for both analysis and experiment. Its
stiffness properties are listed in Ref. 10. The blade exhibits
rotating lag frequencies ranging from 4 to 6 per revolution and
rotating torsional frequencies from 7 to 10 per revolution over
the rotational speeds investigated, hence can be categorized as
a hard in-plane blade. Warping and transverse shear were not
included in the results since they were expected to be small
here. A total of eight equally distributed node points were
used along the blade. Occasionally, convergence was checked
by using 16 node points instead. All of the runs were made on
an IBM RSAIX 6000 computer with typical number of itera-
tions from 10 to 20 for convergence.

s
(=]
T

[&]
o
T

—_
o
T

Tip Mean Vertical Deftection z, (mm)
n
o (=)
‘\

7 9 1 13 15 17
Rotational Speed Q (Hz2)

Fig.5 [0/90]35 tip mean vertical deflection vs rotational speed.
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Fig. 6 [0/90]35 tip mean angle vs rotational speed.
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Fig.7 [0/90]3s tip torsion afnplitude vs rotational speed, 0, = 3 deg.

Figures 4-6 show the following information on flutter cor-
responding to three root pitch angles, 3, 6, and 8 deg within
each plot: a) the variation of tip torsional vibration amplitude
0,; with rotational speed Q, b) the variation of tip mean vertical
deflection z,, with Q, and c) the variation of tip mean angle 6,
with Q. Also shown in b) and ¢) in dashed lines are static
curves when no flutter limit cycles are present. Thus, all of the
limit cycle results start at linear flutter points where dashed
and solid curves coincide, and the analysis continues with
increasing torsional vibration amplitude level. The flutter fre-
quencies were about 3 per revolution for these cases.

The first case with 3 deg of root pitch is initially in the
unstalled region (mean angle of attack at the tip «yg is 3.5 deg)
beginning at a rotational speed of 15.0 Hz at the onset of
flutter, and then entering into the stall region at approximately
5 deg of the tip torsional amplitude. This is indicated by the
sharp turn at 8,; = 5 deg after a straight vertical branch in the
amplitude vs Q plot (Fig. 4), and initial sharp decreases in the
corresponding tip mean vertical deflection (Fig. 5), and tip
mean angle (Fig. 6).

The sharp turn at the beginning of dynamic stall could be
termed as ‘‘hardening,” i.e., increase in rotational speed will
result in increase in the amplitude. The sudden drop in the
mean deformations at the start of this hardening is caused by
loss of static lift and moment associated with the initiation of
dynamic stall. After the stall occurs, however, beginning at
about 6,, = 10 deg, the mean deformations seem to increase
continuously. The cases with 6 and 8 deg of root pitch are
initially in the stalled region (o, = 8.1 and 8.4 deg, respec-
tively), i.e., an outer portion of the blade has been stalled
statically before flutter begins. Here, the flutter starts at rota-
tional speeds lower than the unstalled case due to destabilizing
effects of the unsteady aerodynamic coefficients for small
amplitude motion about a stalled angle of attack. Still, the
second case with 6 deg of root pitch shows a similar trend as
the first case in the mean deformations. Both softening and

hardening trends could occur in the amplitude vs critical speed
characteristics depending on root pitch and amplitude level. In
particular, there is strong hardening at low root pitch (3 deg)
and high root pitch (8 deg) in the amplitude region after the
blade stalls. At moderate to large amplitude levels, a softening
trend occurs in all three cases, but at still higher amplitude
levels, a hardening is seen to reappear. However, in view of
the previous discussion regarding aerodynamic hysteresis gen-
erated by the ONERA model, all the results at the higher
amplitude levels should be regarded with caution.

Figures 7-9 show the relative effects of the structural non-
linearities and the aerodynamic nonlinearities (dynamic stall)
on the flutter characteristics of the blade. For comparison
purpose these figures show, for the 3 deg of root pitch, a) the
full analysis with the nonlinear structure and the nonlinear
aerodynamics (NS + NA), b) an analysis combining linearized
structure and the nonlinear aerodynamics (S + NA), and ¢) an
analysis combining the nonlinear structure and the linear aero-
dynamics excluding the stall effects (NS + A). From the fig-
ures, it appears that the initial hardening phenomenon men-
tioned earlier is mainly attributed to the aerodynamic part;
here, the linearized structure with dynamic stall seems accu-
rate enough to capture the hardening effect whereas the linear
aerodynamics completely misses it. This initial hardening is
due to increases in “‘effective’’ aerodynamic damping coeffi-
cients in both the plunging and pitching motions, associated
with the lift and moment hysteresis loops at high amplitude
levels. In other words, the large amplitude motion that crosses
between the unstalled and stalled regions generally yields an
increase in the overall aerodynamic damping, and, thereby
results in stabilizing (hardening) effects. As the amplitude
level is increased further, however, there appears strong soft-
ening in all of the branches, and the dynamic stall does not
seem to capture the trend; curiously, the nonlinear structure
with linear aerodynamic theory is able to predict this to a
certain extent, suggesting that the softening mostly stems from
the structure, not from the aerodynamics. To provide a ratio-
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nale for such an adverse phenomenon, it is recalled that there
is a strong coupling between the torsion and lag motions when
the blade bends vertically. As shown in Kim and Dugundji,’
for increasing vibration levels in the presence of a moderate
amount of static tip deflection, the lag mode can undergo a
significant increase in its mean position z, at the tip and a
decrease in its frequency. The flutter frequencies in these
calculations suggest those of the first fore-and-aft (lag) mode.
Thus, this structural softening of the lag mode could largely be
the source of the dramatic aeroelastic softening in the high
range of amplitudes found in Fig. 4. The structural softening
effect becomes more dominant and seems to pervade into the
low amplitude region at high root-pitch angle or when the
blade is initially stalled.!?

From the structural point of view, it is not surprising that
the nonlinear structure with linear aerodynamics in the entire
amplitude region yields softening results accompanied by cen-
ter shift rises, due to the flutter mode being close to the first
fore-and-aft mode shape of free vibration. On the other hand,
the linearized structure with dynamic stall analysis seems to
yield merely hardening results in most of amplitude range, and
hardly regains z;, once the stall starts as a result of lift and
moment loss associated with the dynamic stall.

VIII. = Conclusion

Investigation of the nonlinear large amplitude aeroelastic
behavior of hingeless composite rotor blades, in the simple
case of hover, has been performed using 12 differential equa-
tions based on the use of Euler angles together with a har-
monic balance, finite difference, and Newton-Raphson itera-
tion technique. The large amplitude effect in the structure was
included by expanding the transformation matrix elements
about large static angles and the rotations up to third order in
terms of dynamic counterparts. The large amplitude effect in
the aerodynamics, i.e., the dynamic stall, was included by the
ONERA model and low Reynolds number stall characteristics
of a NACA 0012 airfoil. ,

The linear flutter solutions were first obtained by the trans-
fer matrix method, and large amplitude solutions that evolve
from these linear solutions were sought. The method, when
applied to a two-bladed example of [0/90];5 layup, gave re-
sults that show the dominant effect of the dynamic stall in the
moderate range of amplitudes, but the equally strong effect of
the nonlinear structure in the higher range of amplitudes. The
effect of the nonlinear aerodynamics is found almost always
hardening in bringing up the dynamic pressure levels required
to sustain given amounts of amplitudes. On the contrary,
when the large amplitude flutter modes exhibit strong cou-
plings between lead-lag and torsional motion, the static-dy-
namic couplings in the structure give rise to a strong softening
effect.

The present paper has developed a methodology for dealing
with nonlinear, large amplitude aeroelastic problems of rotor
blades. The initial blade model chosen in this paper exhibits
lag mode frequencies which are higher than typical hard in-
plane rotor blades. Therefore, all of the aeroelastic results
found in the paper are likely related to hingeless hard in-plane
rotating blades and should only represent qualitatively the
nonlinear characteristics of such blades. Since soft in-plane
rotor blades may have different types of flutter modes with a
lesser degree of lag-torsion coupling, different nonlinear
trends may be expected of these blades. Additional research
needs to be performed on various types of blades, with more
realistic blade specifications and more reliable dynamic stall
characteristics.

Appendix: Fourier Ahalysis of AC; and AC),

Fourier analysis of lift, moment, and drag deVIatlons are
given. First, the definitions are given for AC,.

ACL =0 if o =< oy

AC, = 6.32284(a — ap) if oy < @ = oy

AC; = 6.32284(a — arp) — 0.42284(c — atay)

if o > g

ACy =0 if o < ap

ACys = 0.65317(cx — @tp) if oa<o= o
ACy = 0.65317(ox — arp) — 0.48128(cx — ctpy)

if o > 0p]

where ox = 8 deg and a,; = 18 deg.
For ACp, the following cubic form was assumed:

ACp = —0.042c — 0.14730% — 4.92303

For simplicity, a single-breakpoint model with positive stall
part is illustrated for the harmonic analysis of the lift and
moment deviations.

For a single-breakpoint model of lift and moment deficiencies

AC; = a1 (o — ap) for o= op
AC, = 0 for o<op
the Fourier integrals (28) give
ACyH = (a11/ Mo — an){7/2 — Y2 (0a + ¢a1)}
+ (ay/2)(cos @a + cOs @ar)
ACps = — (@11z0p/m)[ V251N @ACOS @4 +€OS p

X (sin pa— V2sin pa1) — (7/2) + Y2 (pa1 + @a)l
AC,y: = (a1z0p/T)[sin @4 (sin 41 — sin @4)

+ Y4(cos 2¢41 — €OS 2¢4)]

where
or= —(nostall) if T,
2 ay
= - T (full stal)  if T o
2 ay
= ﬁn“’(wA — ao> <partial stall) elsewhere
ay
o= @a(no stall) if AT% oy
ay
= os(full stall) if AT 4
f o .

= @a + 10k (partial stall) elsewhere

Also, ¢, and ¢, are set to (n/2) if ¢, > 7 — ¢,; in this case
the stall delay time is long enough not to initiate the stall.
To further account for negative stall, a symmetric aerody-
namic force curve can be employed by including a second stall
angle at — a. The resulted formula is not shown here.
For the drag stall part, the Fourier integrals reduce to

ACpy = (2/m)[~0.042(~ agepy + axpcos @) — (7/2)0.1473
X (ad + Vaad) — 4.923{ — oo, + 3adaycos o) + (3/2)gey

X (= @1 + sin @1€08 @) + (e} /3)cos 1 (sine; + 2)}]
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ACpys = (4/7)[ —0.042 {argcos o) +(ay/2)
X (—¢p + sin ¢,c08 ¢1)} — (x/2)0.1473apay
—4.923{cdcos ¢; + (3/2)cday(— ¢, + sin @;cos ;)
+ apadcos ¢y (sinZp; + 2) + ab [~ (3/8)¢; + V4sin ¢;cos ¢
— Visin ¢;cos ¢;c0s 2¢1]} ]

ACpy. =0

where

1= —(n/2) if ay < logl

= —sin~!(cg/@y) if ay > lagl
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