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An analytical study of aeroelastic tailoring has been conducted to determine the flutter characteristics of
advanced turbo propellers for preliminary design purposes. The structural dynamic model for composite pro-
peller blades is combined with an unsteady cascade theory with three-dimensional corrections to produce an
aeroelastic analysis tool for pretwisted propeller blades with homogeneous anisotropy exposed to a high subsonic
flow. The free-vibration analysis of the SR-3 propeller model built of unidirectional graphite/epoxy, revealed
that the first-bending frequency of the blade can be changed by 53% from the baseline value by changing fiber
orientation. Using p-k modal flutter analysis it was also found that the fiber orientation with a little larger sweep
angle than that of the elastic axis can eliminate flutter without any weight penalty, and that the corresponding
first natural mode has the least bending-torsion coupling. However, the flutter velocity is sensitive to fiber
orientation and interblade-phase angle.

Nomenclature [S4] = material compliance matrix, [C,] '
[AX]. [A]] = real and imaginary parts of aerodynamic s = blade spacing, namely leading-edge distance
stiffness matrix [T] = t'ransformatlon matrix for size reduction
a = nondimensional axial-induced velocity t = tme .
B = number of blades U, v, w = radial, lead, and flap displacements of the
b = nondimensional angular-induced velocity shear center . ) .
C' = equivalent unsteady lift-deficiency function, Au, Av = axial and tangential velocity perturbations
C’(k) _ (vW/?Th)(L/pCWZ) _ (lk/?.), 14 = axial VelOClty )
where L is unsteady lift w = result.ant velocity at the cascade
(C;] = material stiffness matrix w = velocity normal to the chord
C, = section-lift coefficient X,y = orthogonal coordinates of the cascade
¢ = chord length normal to the pitch-change x,m ¢ = curvilinear coordinates of the beam
axis Xsc = shear-center distance from the area
[D] = gystem damping matrix centroid, positive aft .
F = Prandtl’s finite-span correction factor, Eq. % Zo = coordinates along chord, origin is the
(12) leading edge
F} = generalized forces composed of a,, B, = rth wave numbers in the x and y directions
aerodynamic forces and steady centrifugal B = blade pretwist angle, measured from the
forces pitch angle at 75% radius
h = leading-edge heave, normal to the helical Bo.rs = blade pitch angle at 75% radius, measured
wake surface, positive up , from the plane of rotation .
Al = Jacobian matrix for the Newton-Raphson I = amplitude of circulation per unit chord,
method being subtracted the free vortex component
[K,]. [Ky.] = linear and nonlinear stiffness matrices 5 = section pitch angle around the leading
k = reduced frequency at the reference section, edge, positive trailing edge up
wc2W £us Yams Yo¢ = normal, shear, and shear strain components
[M] = system mass matrix 0, = stagger angle, pamely angle between
M, = helical Mach number, W/(sound velocity) resultant velocity and axial velocity
p — Laplace operator in the p-k analysis A = aerodynamic sweep angle, positive sweep
Ap = pressure perturbation B back )
(0] = condensed material stiffness matrix Ar = fiber sweep angle from the pitch change
q = general coordinate vector of the beam, axis .
Eq. (10) A = lqcal spe_:ed ratio, rQ/V
R = rotor radius P - air density
r = radius from the center of rotation o = interblade-phase angle L
T = chordwise distribution of the airfoil
—_— semithickness
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O)r = value of the rth cascade wave
(17 = transpose
() x = partial derivative with respect to x

Introduction

HE advanced turbo propellers (ATP) represent a new

propulsion system which maintains high efficiency, at
high speeds similar to that of conventional turboprop engines,
at cruising speeds similar to that in turbofan engines. Char-
acteristics of the ATP blades are 1) high-sweep angles to
reduce the effective Mach number; 2) low-aspect ratio to
generate high power with a limited size; and 3) low-thickness
ratio to reduce noise and drag.

Wind-tunnel experiments done by Mehmed et al.!? re-
vealed that the ATP blades can encounter bending-torsion
flutter. The importance of cascade effects was also noted. To
improve flutter characteristics of the ATP, several ideas such
as aeroelastic tailoring,>* blade mistuning,” mass balance,*
and geometry modification* have been examined.

One of these ideas, the aeroelastic tailoring technique which
utilizes the anisotropy of composites, has the potential for
eliminating flutter from the ATP without any weight penal-
ties. Though several experiments indicated the validity of the
technique,®# a fairly simple analysis, useful for preliminary
design purposes, is not available at present.

Attempts at sophisticated flutter analyses can be found in
Refs. 6 and 7. The purpose of our article is to provide a fairly
simple analysis tool for the preliminary design of the ATP
blades which can be useful for trend studies aimed at deter-
mining the effectiveness of aeroelastic tailoring for the ATP.

In this article, the structural dynamic model for composite
pretwisted propeller blades with homogeneous anisotropy is
combined with an unsteady compressible cascade model to
produce an aeroelastic analysis tool. The blade is modeled as
a set of rotating beam elements with pretwist, moderate de-
flections, and section warping based on the model developed
by Kosmatka and Friedmann®® for general anisotropic ma-
terials. For unsteady aerodynamic analysis, unsteady com-
pressible cascade theory developed by Smith'® is combined
with the sweep and finite-span corrections based on modified
strip theory. The present analysis is aimed at including, e.g.,
the compressibility correction at Mach number up to 0.8, the
cascade effect of an 8- to 10-bladed rotor, the effect of sweep
up to 45 deg, and the finite-span effect due to span-chord
ratio less than 5. )

By applying the present analysis to the SR-3 propeller model
made of unidirectional graphite/epoxy, the effects of fiber
orientation on flutter velocities and the corresponding natural
modes and frequencies are examined. The effects of inter-
blade-phase angle as a cascade are also examined. Finally
basic aeroelastic tailoring will be used to eliminate flutter.

Structural Dynamic Analysis

Rotating Anisotropic Beams with Pretwist and Sweep

The ATP blades can be regarded as rotating anisotropic
beams with pretwist and sweep. Kosmatka and Friedmann®*
derived the following curvilinear strain expressions in terms
of shear center displacements in a Cartesian coordinate system
defined for each element (u, v, w, ¢), and section curvilinear
coordinates (x, n, {):

e = U+ (Vi W2+ (932 + B ) + (P
+ (W) — vidn cos(B + ¢) — {sin(B + ¢)}

w. L cos(B + &) + nsin(B + @)}

Yoo = (W = O + ¢0)

Yoo = (W + (b + )

by = {w, cos B — v, sin By, cos B + w, sin B}

I

(1

where u is taken along the elastic axis, v is taken in the plane
determined by the elastic axis and the chord at 75% radius,
and w is taken normal to the plane as shown in Fig. 1. The
curvilinear coordinate system (x, 77, {) rotates about the elastic
axis by the amount of pretwist, B(x). The total system equa-
tions of motion can be obtained from the discretized Ham-
ilton’s principle for n elements

" (U — 8T — sWp) di = 0 2)

I oe=1

where U, T, and W, denote strain energy, kinetic energy,
and work done by nonconservative forces, respectively. The
above equation implies that the total dynamic potential, 2 (U
— T — Wyg), is an extremum over the time integral from ¢,
to t,. The variation of strain energy can be obtained by

e, YT T0n Qi G Exx
oU = {ayxg} I:le Oss Q.%] {ng} dv. (3)
v 5')&77 Qi Ose Qs Yan

where [Q,] reflects anisotropy of the material and is con-
densed from the 6 X 6 stiffness matrix [C,] based on the
assumption for stresses as follows:

Opn = Tgg = Ty = 0 (4)
The matrix [C,] can be obtained through rotation of the stiff-
ness matrix,!! expressed in terms of nine independent elastic
constants in the case of an orthotropic material, by the dif-
ferential angle between the fiber orientation and the elastic
axis orientation. The variation of kinetic energy 87 is de-
scribed in terms of shear-center displacements, section warp-
ing, and curvilinear coordinates. The virtual work dW; is
composed of steady and unsteady aerodynamic forces. The
complete expressions for 8U, 87, and W, with the exception
of the aerodynamic loads, are given in Ref. 9.

In the case of a cross section which resembles an ellipse
(m*/a® + {?/b* = 1) and has a homogeneous anisotropy, Saint-
Venant torsion-type warping function is given by"

_ 545a2 - bZTIZ
¥(n, §) = S..b? + Sia? ¢ a?

Sub? — Sssa?
+ —_——.
Sub? + S.a? ™ )

where [§,] = [C,]7" is a compliance matrix. In the case of a
thin airfoil section with homogeneous anisotropy, an approx-
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Beam Element
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Fig. 1 Coordinate systems.
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imate equation for the shear-center location can be derived
through a slight modification to Ref. 13 as follows:

- _ j” 5 3856 + Sis
Xsc = I:(l Sss) e 73x dx n 5.
TE TE -1
f 7 dx <f 7'3dx> (6)
LE LE

where the section contour is assumed as y = =7(x), and x
= (0, LE, and TE corresponds to the section area centroid,
the leading edge, and the trailing edge, respectively. More
accurate values of the warping function and the shear-center
location of arbitrarily laminated composite cross sections can
be obtained from the analysis described in Refs. 9 and 12.

Finite-Element Analysis

The shear-center displacements are described by Hermite
interpolation polynomials within jth beam element as follows:

v = {O;(x)H{y/ L, vitL v v
w = {O;00)Hw/ =1, witl, wi, wil”
¢ = {D,00)Hd ™, &, ¢}

U= {q)z(x)}{uj’I’ u’, u/fo.s}r

M

where {®,(x)} and {®,(x)} denote a set of quadratic and cubic
Hermite interpolation polynomials, respectively, and ( )/~
implies midelement value. The following boundary condition
is applied at the root cutoff:

o, v wo wi, &%, utt = {0} ®)

The generalized equations of motion for 81 DOF are obtained
as follows:

[Mlg, + [Dlg, + [K. + Ky (@lg + {F} = {0} (9
where
, &7, uwT o (10)

The matrix [Ky, ] represents nonlinear stiffness due to mod-
erate deflections, warping, and steady load effects, and {F;}
refers to steady and unsteady aerodynamic forces as well as
steady centrifugal forces.

—_ . 5. 1 1 1 1 1.
q_{(bOS’MO ,VI,VYX,W,WYX,(b,Ll,...

Aerodynamic Analysis

Steady Momentum Analysis

Steady acrodynamic loads are calculated using Glauert’s
general momentum theory™ including axial and angular mo-
mentum in combination with Prandtl’s finite-span correc-
tion.'"* Where the axial-induced velocity and the angular-
induced velocity at the disk plane are denoted by aV and br(2,
respectively; they can be determined by

4Fa(l + a) = % CA(l = B)[(1 + a) + A1 — by

AFAb = % C.l(1 + a) + 21 — b (11)

C,,cos A

= CraOSA ~tan Tt 4
C = VT Meov A [B(’) ¥ Poms — N b)]
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The quantity Fis Prandtl’s finite-span correction factor; which
for a B-bladed rotor is given by

F(a,b,r) = %cos*1 exp [g (é - l>

2y 172
Al - b)
{1 (usy) )
Finally, the steady blade section load can be obtained using

the induced velocities @ and b. The finite-span correction
factor Fis also used for the unsteady aerodynamic loads.

Unsteady Subsonic Cascade Analysis

Smith’s unsteady subsonic cascade theory' is used com-
bined with sweep and finite span corrections based on mod-
ified strip theory. A brief description of this methodology is
provided next.

The cascade airfoil geometry is specified by chord length
¢, stagger angle 6, and blade spacing s. The pressure and two
velocity components are expanded in Fourier series

Ap ® P
{Au} = > {u,} exp i(wf + ax + By)  (13)

Ay = Ly,

where x and y are the orthogonal coordinates in the directions
of the axial flow and the tangential flow, respectively. Each
velocity and pressure field is called a cascade wave which
corresponds to a fundamental solution for isentropic inviscid
flow. Since the cascade airfoils are regarded, a system where
cascade waves are superposed. The normal induced velocity
on the reference airfoil w can be determined by summing up
all the cascade waves and integrating over the chord

< o 3
w(z, t) = . :2 kzl w®T" dz exp i(wt + a,x + By)®
— exp(iwt) f Pgk (o) Y%y
= €Xp 0 0 c c (

where T is unit-chord circulation amplitude when the free
vortex component is being subtracted, and K is a kernel func-
tion,'® whose singularity can be removed by the method de-
scribed in Ref. 10.

The boundary conditions are expressed in terms of leading-
edge heave A and pitching 8 as follows:

w L [ h z %
W = 2ik <C+5C> to k=5p (15)
where W denotes the resultant velocity and % is the reduced
frequency. In the case of a propeller, 4 is defined as the elastic
displacement normal to the helical stream lines, and § is de-
fined as the elastic twist angle about the radius. The structural
variables which are defined along the line of shear centers

will be transformed to these variables. The phase of airfoil
motion have been assumed as

exp i(wt + mo);

where o is called interblade-phase angle. Finally, the two-
dimensional lift and moment about leading edge is obtained
by integrating I'" along the chord. This yields

L
M

Lk, o)h + Ly(k, 0)8
M, (k, o)h + Mk, 0)8

(16)

It
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Fig. 2 Compressibility effect on equivalent unsteady lift deficiency
function, C’(k) (o0 = 0, 6, = 0 deg, s/c = 200).

where the values of L, Ls;, M,, M, are complex, and k is
represented by the reduced frequency of a reference section.
Reduced frequency for the jth element is given by k; = k(Wc,/
cW)). Compressibility effects on the complex value of L, 1s
presented in Fig. 2 for the case of an isolated airfoil. The
equivalent-lift deficiency function shown in Fig. 2 is the un-
steady-to-steady lift ratio excluding the virtual mass term.
Since the virtual mass term cannot be separated in compress-
ible flow cases, it is denoted as “‘equivalent.” In the calcu-
lation, the quantities

_ Lisiny,
Y = w2 Ay, (17)

where

cos ¢, = 1 —2i,”;

have been selected as unknown variables because they have
a finite value at the leading edge. It can be shown that the
computation time is almost proportional to the following in-
dex:

Blade spacing [Chordwise segment number]? 18
Chord length ~ COSINE (Stagger angle) (18)

Finite-Span and Sweep Correction

In order to account for three-dimensional finite-span ef-
fects, the two-dimensional unsteady subsonic aerodynamic
loads should be multiplied by the finite-span correction factor
F, which is identical to that used in the steady aerodynamic
analysis. This can be regarded the simplest modified strip
theory.'s

On the other hand, when sweep angle at the quarter-chord
is denoted by A and the effect of spanwise flow is neglected,
the sweep correction for airfoils specified along the stream
lines can be obtained by multiplying by cos A, the two-
dimensional lift, and moment.'® Furthermore, the effective
Mach number is reduced to M = M, cos A, where M, is
helical Mach number. Furthermore, it is assumed that the
drag per unit span is not affected by sweep angle. Finally the
lift, drag, and moment per unit span can be obtained as follows'®:

Ly, = Fcos AL,p,(M = M, cos A)
D;p = Dyp (19)
= Fcos AM,,(M = M, cos A)

=
>)
|

Modal Flutter Analysis

Steady Deformation

The steady blade deformations due to steady aerodynamic
loads and centrifugal forces are determined first, by using the
static part of Egs. (9) given by

(K. + Kni(@lg + {Fr(g)} = {0} (20)

The equilibrium position for ¢ is obtained using the Newton-
Raphson method. The general coordinates for the (i + 0.5)th
iteration, g¢+%9  can be obtained by the following formula®:

g0 = g0 — POTIK, + KQJg® + FP) QD)
where
Vo) = {o0gN[K, + KQJg® + FP} (22

The reason for a noninteger superscript is explained next.

The converged nonlinear solution has to be generated care-
fully to avoid spurious solutions. Therefore, the following
calculation scheme was adopted:

1) The rotational velocity is increased in small steps to
avoid convergence to incorrect equilibrium positions. A con-
verged solution in the previous step is used as the first ap-
proximation for the next step. ‘

2) Both the line-search method as well as the Newton-
Raphson (N-R) method are used since predictions given by
the N-R method diverge rapidly when convergence is not
achieved. As shown in Fig. 3, the line-search method calcu-
lates, in the 8n-dimensional space, the residuals at several
points along the line between the point of the previous step
4, and the newly predicted point by the N-R method g¢+9->.
Specifically the residual evaluation points are given by the
following relations:

¢ = <1 — §> q9 + §q<z‘+u5>; j=0,...,7

where in the actual calculations the value of J = 4. The
residual can be defined as the vector norm of the left side of
Eq. (20). Then the method selects the minimum residual point
as the approximation for the next step ¢¢*? from the various
evaluation points, and the value ¢¢*% is deleted.

Modal Representation

After the nonlinear equilibrium position is obtained, li-
nearization of Eq. (9) about the static equilibrium leads to

50

Residue

20|

101

0 4 8 12 16 20
Calculation Steps

Fig. 3 Convergence example for the Newton-Raphson method com- "
bined with the line-search method.
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the following equations:

(Mlg, + [Dlg, + [K, + Kyi(g0))a
+ [AR(k> U‘) + lAI(k’ U)]q = {O} (23)

where the dimension of matrices is 81 X 8n (n: number of
elements) and K4, ] is a linearized matrix of [K,]. A normal
mode transformation is used because it reduces the size of
the problem and it is also useful in identifying the flutter
mode. When a transformation ¢ = [Ty is introduced where
[T] consists of the first m eigenvectors for the undamped
system for each rotational velocity, the above 81 X 8n system
will be reduced to an m X m system

[mly , + [dly.. + [knely + [ar + ia)y = 0 (24

where

[m] = [T1IM[T]
[d] = [T17DYT]

[kni] = [TVIK, + K}, ]T]

la + ia] = [T]1Ax + A)T]

These equations give correct eigenvalues for the undamped
system and a good approximation for weakly damped systems.
The eigenvectors for transformation {T] are obtained by a
QZ type of eigenvalue analysis.

p-k Method

The aerodynamic matrices [Ax + iA;] or [ax + ia] are
based on a simple harmonic motion; however, they give a
good approximation for weakly damped systems at other points
despite the fact that simple harmonic motion is achieved only
at the flutter points. In this sense, the Laplace operator p =
A + iw, and Fourier operator k = cw/2W (physically, reduced
frequency at the reference section as was mentioned previ-
ously), are used simultaneously in the p-k method. Since p
tends to iw = 2kW/c near flutter points, imaginary unit i =
V' —1 may be approximated by i = pc/2kW. Therefore, the
following eigenvalue problem with real matrices can be solved
iteratively'”®

(R I R

C

(@] = [d] + 5 @k, o))

k'] = [kn.] + lag(k, o)l

until the reduced frequency converges to k = Im(p)c/2W of
the mode of interest. The above equations are exact for flutter
points but give an approximation for other points.

where

Results and Discussion

Discretization by a Finite Element Model

The propeller model examined here is the SR-3 (described
in Ref. 19) made of high-strength graphite/epoxy. The blade
has pretwist angle of 31.2 deg from root to tip and a maximum
aerodynamic sweep angle of 46.0 deg. The NACA 16 series
is used as cross-sectional airfoils.

The three-dimensional line of shear centers, or the elastic
axis, was determined first. The line through shear centers of
the initial section profiles, which were defined perpendicular
to the pitch-change axis, was taken as the first approximation.
The nodal sections were replaced by those perpendicular to

the approximate line of shear centers, and therefore, the elas-
tic axis was obtained after a few iterations. The elastic-axis
geometry and the finite-element grid for the structural dy-
namic analysis are shown in Fig. 4a. On the other hand, the
grid for the aerodynamic analysis is shown in Fig. 4b. The
aerodynamic grid differs from the structural dynamic grid, as
expained below.

For the structural dynamic grid, the nodal sections should
be perpendicular to the elastic axis based on the definition of
the curvilinear coordinates used in each element. An excep-
tion is the tip section which has to coincide with the actual
tip. This is because the mass property of the tip element has
a major effect on the system characteristics, whereas precise
structural modeling at the tip is less important.

For the aerodynamic grid, the nodal sections should have
the same radius or, approximately, should be perpendicular
to the pitch-change axis because the total pressure should be
constant along each chord. Otherwise, two-dimensional aero-
dynamic theory cannot be used.

In the calculation when the structural dynamic grid is gen-
erated, the nodal points on the elastic axis are kept identical
to those of the aerodynamic grid.

Pitch Change Axis

A

Fiber
Orientation

a) Structural dynamic grid

i

b) Aerodynamic grid

Fig. 4 Numerical grids for aeroelastic analysis (SR-3 propeller model
made of unidirectional graphite/epoxy, pretwist angle = 31.2 deg).
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800

400

Natural Frequency (Hz)

Fiber Sweep Angle (deg)

Fig. 5 Effect of fiber orientation on natural frequencies (SR-3 blade
made of unidirectional graphite/epoxy).
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2000 Graphite/Epoxy SR-3 Blade

Pitch Setting = 60.7 deg

Fiber Sweep = 30 deg
~ 1600
< !
> 2nd Torsion
§ 1200 3rd Flap
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u 1
= 800 F st Chord
E] 2nd Flap
[ A
z S

4007 1st Torsion
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0 1 1 i 1
0 200 400 600 800 1000

Rotor Speed (rad/s)

Fig. 6 Campbell diagram for a composite blade (graphite/epoxy, fiber
sweep = 30 deg, B,,5; = 60.7 deg).
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Graphite/Epoxy SR-3 Blade
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Interblade Phase Angle = 90 deg
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o Mode 1
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-1200 * . t

0.0 0.2 0.4 0.6 0.8
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Fig. 7 Modal flutter results for fiber sweep of 0 deg.

400
Graphite/Epoxy SR-3 Blade
Fiber Sweep Angle = 15 deg
Interblade Phase Angle = 90 deg
0.

-400

Re p (rad/s)

—%— Mode 1
sooF T Mode 2
—*— Mode 3
—— Mode 4

-1200 + — -
0.0 0.2 0.4 0.6 08

Axial Mach Number

Fig. 8 Modal flutter results for fiber sweep of 15 deg.

Tailoring Effects on Blade Natural Modes and Frequencies

The effects of fiber orientation on the stationary natural
frequencies and corresponding modes of the graphite/epoxy
SR-3 blade were examined. A 12-element model was used in
the analysis. The fiber orientation was assumed uniform over
the blade and the section was assumed to have homogeneous
anisotropy. Since the section properties vary along the elastic
axis, each element was approximated as a straight-line ele-
ment. The density and the engineering constants along the
fiber orientation were taken as follows: 1) density: p, = 1.6
x 10° (kg/m?®); 2) elastic moduli: E, = 1.4 x 10" E, = 1.4
x 10", G, = 6.6 X 10° (N/m?); and 3) Poisson’s ratios: v, ,
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400
Graphite/Epoxy SR-3 Blade
Fiber Sweep Angle = 30 deg
Interblade Phase Angle = 90 deg
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Fig. 9 Modal flutter results for fiber sweep of 30 deg.
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Fig. 10 Modal flutter results for fiber sweep of 45 deg.

400
Graphite/Epoxy SR-3 Blade
Fiber Sweep Angle = 60 deg
Interblade Phase Angle = 300 deg
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Fig. 11 Modal flutter results for fiber sweep of 60 deg.

= 0.21, v+ = 0.21. The fiber orientation A is defined to be
zero when the orientation coincides with the pitch-change axis
and to be positive when swept back, as is shown in Fig. 4a.

The results shown in Fig. 5 indicate that the natural fre-
quencies of graphite/epoxy blade can be controlled by chang-
ing the fiber orientation. The first-flap bending frequency,
for example, can be changed from its baseline value to 53%.
The maximum value of the first-flap bending frequency is
obtained when fibers are oriented along the elastic axis, which
corresponds to 23 deg in the figure. The corresponding natural
modes can also be changed by fiber orientation. This point
will be discussed later when the flutter characteristics are
described.
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Campbell diagram in vacuo (blade natural frequencies vs
rotational velocity) is shown in Fig. 6 for the case of the fiber
sweep of 30 deg and pitch setting of 60.7 deg. Natural fre-
quencies of flap bending have a tendency to become higher
as the rotational velocity increases.

Aeroelastic Tailoring Effects on Flutter Velocity

Throughout the flutter analysis, advance ratioJ = wV/QR
(=3.0) and blade-pitch setting B,,s (=60.7 deg) were kept

400
Graphite/Epoxy
Fiber Sweep = 0 deg
Mach Number = 0.6
0 B
2; w
o
«
£ -400
[-%
LY
[
-800 —&— Mode 1
—*— Mode 2
—a— Mode 3
—<— Mode 4
-1200 ’ - *
0 90 180 270 360

Interblade Phase Angle (deg)

Fig. 12 Effect of interblade-phase angle on modal damping (mode 1
unstable).
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-400

-800
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—+— Mode 2

-1200 [ —— Mode 3
—— Mode 4
-1600 » - :
0 90 180 270 360

Interblade Phase Angle (deg)
Fig. 13 Effect of interblade-phase angle on modal damping (mode 2
unstable).

w4: 3rd Flap 1st Chord
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constant, and flight Mach number M was changed propor-
tionally with the rotor speed (), assuming the interblade-
phase angle o as a parameter. The blade material is the same
as the previous section. The geometry was the SR-3 model
with a diameter of 0.622 m and the number of blades was
taken to be eight. Twelve spanwise elements and six modes
were used in the modal p-k analysis.

By varying the Mach number and the rotational velocity
simultaneously, and changing the fiber orientation as a pa-
rameter, the p-k flutter analyses were conducted. The fiber
orientation is changed from 0 to 60 deg, as shown in Figs. 7—
11. Each figure corresponds to the least stable interblade-
phase angle for each fiber orientation. Flutter does not occur
for a fiber-sweep angle of 30 deg (Fig. 9) when fiber sweep
angle is somewhat larger than the elastic axis, since all the
real parts of the converged eigenvalues are negative. How-
ever, a small change in fiber orientation (e.g., 15 deg), is
sufficient to cause flutter. Mode 1, which is the first-flapwise
bending mode, has low damping and flutter occurs for the
fiber-sweep angles of 15 deg or less (Figs. 7 and 8). Mode 2,
which is either the second flapwise bending mode or the first
torsion mode (as will be shown later in Fig. 14), becomes
unstable for fiber-sweep angles of 45 deg or more (Figs. 10
and 11). This clearly illustrates the sensitivity of the flutter
velocity to fiber orientation. The effects of interblade-phase
angle can be seen in Figs. 12 and 13, where variation of the
real part of eigenvalues is shown. Each figure respectively
corresponds to the instability of mode 1 or 2. These plots
provide a good illustration of the sensitivity of the eigenvalues
to interblade-phase angle.

In order to clarify the characteristics of the natural modes,
modes which correspond to stable and unstable conditions are
shown in Fig. 14. Only the first four modes are shown, these
were selected from the six modes used in the calculation. For
the case of zero-fiber sweep, the first-flapwise bending mode
which tends to be unstable, has bending-torsion coupling. For
the case of the fiber sweep of 60 deg, the first-flapwise bending
mode also has bending-torsion coupling but the second mode
tends to be unstable. For the case of the fiber sweep of 30
deg, the first-flapwise bending mode and the first-torsion mode
have almost no bending-torsion coupling. The mode having
no bending-torsion coupling may correspond to the stable
condition. This trend is similar to the observations made in
Ref. 3.

Concluding Remarks

This article presents a relatively simple aeroelastic analysis
tool which is useful for the preliminary design of the ATP
blades, and can also be used for trend-type studies aimed at
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Fig. 14 Effect of natural modes on flutter [fiber sweep = 0, 30, and 60 deg; symbols: A = v (lead), + = w (flap), X = ¢ (torsion), & = u

(elongation)].
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exploring the role of aeroelastic tailoring for suppressing flut-
ter in ATP blades. The structural dynamic model is based on
rotating beam finite elements with homogeneous anisotropy,
moderate deflections, and section warping which are repre-
sentative of composite pretwisted blades, and is combined
with the unsteady subsonic cascade theory modified for sweep
and finite span corrections based on the modified strip theory.
Flutter analysis is based on the p-k method after reducing
nodal DOFs by a normal mode transformation.

Using this tool, the aeroelastic analysis for the SR-3 pro-
peller model made of graphite/epoxy, was carried out. It was
found that the first-bending frequency for the blade can be
changed from its baseline vatue by 53% when changing fiber
orientation. It was also shown that fiber orientation which is
somewhat larger than the sweep-angle of the elastic axis can
eliminate flutter without any weight penalty. Furthermore, it
was found that the corresponding first natural mode has the
least amount of bending-torsion coupling. However, the flut-
ter velocity was sensitive to fiber orientation and interblade-
phase angle.

These results demonstrate the effectiveness of the aero-
elastic tailoring in eliminating flutter for advanced turbo pro-
pellers. The versatility of this analysis tool for trend and pre-
liminary design-type studies is also clearly illustrated.
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