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Flutter Analysis of a Wraparound Fin Projectile
Considering Rolling Motion

Seung-Kil Paek,¤ Jae-Sung Bae,† and In Lee‡

Korea Advanced Institute of Science and Technology, Taejon 305-701, Republic of Korea

The aeroelastic stabilities of curved � ns (or wraparound � ns) in rolling motion are investigated in the supersonic
� ow region. Because of their inherent roll, wraparound � ns are subjected to both aerodynamic and centrifugal
forces. The aerodynamic force is computed by solving Euler equations in a body-� xed rotating coordinate frame.
The normal mode analyses of the spinning structure are performed by using a multipurpose � nite element code.
For the consistent analysis a nondimensionalizedaeroelastic equationconsidering the rolling motion is derived and
aeroelastic parameters, such as velocity index and massratio,are devised. From the � utter analyses for wraparound
� ns, it is observed that the � utter characteristics with roll are very different from those without roll. It indicates
that the consideration of the rolling motion must be made to predict the � utter stability accurately. Because of the
geometric asymmetry of the wraparound � n, the � utter characteristics in each roll directions are different from
each other. Flutter analyses indicate that there exists a more stable roll direction for � utter.

Nomenclature
A = area associated with 1C p

Ci j = aerodynamic in� uence coef� cient
D = reference diameter
OE; OF; OG = contravariant � ux vectors in generalized coordinates

e = total energy, nondimensionalizedby U 2
1

h = enthalpy, nondimensionalizedby U 2
1

J = Jacobian
K = stiffness matrix
NK = nondimensionalizedstiffness matrix

M = mass matrix
NM = nondimensionalizedmass matrix

M0 = reference mass
M1 = freestream Mach number
Pa = aerodynamic force vector
p = pressure, nondimensionalizedby ½1U 2

1
p1 = freestream static pressure
OQ = conservative � ow variable vector
OS = source vector due to rotating coordinate frame

U , V , W = contravariant velocities along the generalized
coordinates

U1 = freestream � ow speed
u, v, w = Cartesian velocity components,

nondimensionalizedby U1
us = structural displacement, de� ection
VI = velocity index, de� ned as U1=!0 D

p
¹

VID = divergence velocity index
VIf = � utter velocity index
x , y, z = Cartesian coordinates, nondimensionalizedby D
1C p = pressure coef� cient difference
¹ = mass ratio, de� ned as 2M0=½1 D3

»; ´; ³ = generalized coordinates
½ = density, nondimensionalizedby ½1
½1 = freestream density
[9

¯
] = modal matrix
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fÃ
¯

gi = modal vector in i th column of [9
¯

]
Ä = roll rate
NÄ = roll rate, nondimensionalizedby !0

Ä¤ = roll rate, nondimensionalizedby U1=D
N! f = � utter frequency
!0 = reference frequency

Introduction

F LUTTER is a dynamic instability phenomenon,and it involves
aerodynamic, inertia, and elastic forces of a � ight vehicle. If

� utter,an aeroelasticproblem,occursin � ight, the structuresof � ight
vehiclesmight fail or the controllabilitymight decrease. Therefore,
it is important to predict the aeroelasticcharacteristicsaccurately to
prevent aeroelastic instabilities of � ight vehicles.

Wraparound� ns, also called curved � ns, which are curved in the
spanwise direction, have been used primarily for their advantages
in packaging tube-launched projectiles during past decades. These
surfaces can be folded against the cylindricalprojectilebody and be
made � t into the launch tube, allowing more ef� cient use of space.
Thus, a greaternumberof wraparound� n projectilescan be storedin
the same space as � xed-� n projectilesdesigned to deliver the same
payload. These wraparound � ns, because of their special geometric
shapes, produce roll moment even at zero angle of attack, which
makes them roll, and the roll direction changes as Mach number
varies.1

To minimize the effect of aerodynamic and inertial asymme-
tries on the free-� ight trajectory, conventional projectiles as well
as wraparound � n projectileshave appropriate roll rates. The � utter
characteristicsof the projectileswith roll rate are very differentfrom
those without roll rate. Because of the roll rate, the roll moments
of projectiles are produced, and the dynamic characteristicsof � ns
are varied. Even if a projectile with wraparound � ns does not have
an initial roll rate, it will start to roll because of the roll moment of
the projectile.Because of the roll rate, the wraparound � ns are sub-
jected to bending moments by centrifugal and aerodynamic forces,
and the spanwise curvature are deformed. In this paper our concern
is focused on the roll-rate effects on the � utter characteristics of
wraparound � ns in the supersonic range, and a computationalstudy
was conducted for a wraparound � n with double-wedge � n cross
section.

The roll moment coef� cient for a nonaxisymmetric body had
been predicted using the Euler or Navier–Stokes computational
method.2¡4 The steady and unsteady � ow� elds of rolling projec-
tilescanbeobservedfroma body-� xed coordinateframe.5 Recently,
Paek and Lee6 calculatedroll-producingmoment, roll-dampingmo-
ment, and the equilibrium spin rate of a wraparound � n projec-
tile using Euler equations in body-� xed rotating coordinate frame
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including the aeroelastic effects on the roll characteristics.Rivera7

made an experiment on the � utter of a clamped wraparound � n in
subsonic range, but rolling motion was not considered.The present
research is considered to be the � rst � utter analysis for a rolling
wraparound � n projectile.

In this paper, the aerodynamic force is computed by solving
the Euler equations. The governing equations are appropriately
modi� ed to include the coriolis and centrifugal accelerations re-
sulting from the rotating coordinate frame. A � nite element model-
ing of the � n structure and the dynamic analysis of wraparound � n
consideringthe centrifugalforcehas been performedusing the mul-
tipurpose � nite element code, EMRC/NISA.8 A static de� ection of
the wraparound � n is produced by the centrifugal and aerodynamic
forces and has been consideredpreviously for a wraparound� n.6 In
the present � utter analysis the static de� ection by centrifugal force
is small and is ignored for the brief and concise computation and
modal analysis is adopted for saving computational time.

For a consistentanalysis, a nondimensionalizedaeroelasticequa-
tion was formulated considering the roll motion. Nondimensional-
ized aeroelastic parameters, such as velocity index and mass ratio,
were devised. For various velocity indices and mass ratios the ef-
fects of roll rate on the � utter characteristicsof a rollingwraparound
� n are studied.

Aerodynamic Model
The Euler equationsof a strongconservativeform in a generalized

coordinate system are given as6;9

@ OQ
@¿

C @ OF
@»

C @ OG
@´

C @ OH
@³

D OS (1)

where the conservativevariablevector OQ, the � ux vectors OF , OG, and
OH , and the source vector OS are
OQ D J ¡1[½ ½u ½v ½w ½e]T (2)

OF D J ¡1

£ [½U ½uU C »x p ½vU C »y p ½wU C »z p ½Uh C UÄ p]T

OG D J ¡1

£ [½V ½uV C ´x p ½vV C ´y p ½wV C ´z p ½V h C VÄ p]T

(3)

OH D J ¡1

£ [½W ½uW C ³x p ½vW C ³y p ½wW C ³z p ½Wh C WÄ p]T

OS D J ¡1[0 0 Ä¤½w ¡ Ä¤½v 0]T (4)

The rotation axis is con� ned to x axis (Fig. 1) from the projectile
nose to the tail, Ä¤ is the nondimensionalaerodynamicroll rate, and

U D »x u C »y v C »zw ¡ UÄ; V D ´x u C ´yv C ´zw ¡ VÄ

W D ³x u C ³y v C ³zw ¡ WÄ (5)

Fig. 1 Geometry of TTCP standard model (in calibers).

UÄ D »y .¡Ä¤z/ C »z.Ä
¤ y/; VÄ D ´y .¡Ä¤z/ C ´z.Ä

¤ y/

WÄ D ³y.¡Ä¤z/ C ³z.Ä
¤ y/ (6)

The pressure p and enthalpy h can be related to the dependent
variables by applying the ideal gas law

p D ½.° ¡ 1/
£
e ¡ 1

2
.u2 C v2 C w2/

¤
(7)

h D e C p=½ (8)

For a numerical implementation we used the � nite volume method
for the spatial discretizationand the diagonally approximate factor-
ization method by Pulliam and Chaussee10 for the time integration.
A more detailedexplanationabout the numerical technique is avail-
able in Refs. 2 and 9.

Nondimensionalized Aeroelastic Equation
The aeroelastic equation can be written as

[M]f Rusg C [K ]fus g D fP.us; Pus; t/g (9)

where [M], [K ], fusg, and fPg are the mass matrix, stiffnessmatrix,
structural displacement, and aerodynamic force, respectively. The
aerodynamicload vector is changed by the � n de� ection and can be
written as

fPag D 1
2
½1U 2

1f1C p Ag (10)

where 1Cp and A are the pressure coef� cient difference between
convex side and concave side of a curved � n and the area associ-
ated with 1C p , respectively. From Eqs. (9) and (10) the following
nondimensionalizedaeroelastic equation can be written as

M0 D!2
0 [ NM]f Ru

¯
g C M0 D!2

0[ NK . NÄ/]fu
¯
g

D 1
2 ½1U 2

1 D2
©
1C p.u

¯
; Ä¤/ NA

ª
(11)

The nondimensional roll rate NÄ and Ä¤ are de� ned as

NÄ D Ä=!0; Ä¤ D ÄD=U1 (12)

A velocity index VI and a mass ratio ¹ are de� ned as follows:

VI D U1
¯

!0 D
p

¹; ¹ D 2M0

¯
½1 D3 (13)

Using Eq. (13), Eq. (11) can be rewritten in a more compact form
as

[ NM]f Ru
¯
g C [ NK ]fu

¯
g D V 2

I f1C p
NAg (14)

The nondimensional de� ection fu
¯
g can be transformed to the

generalized coordinates as follows:

fu
¯
g D [9

¯
]f&g (15)

The mass matrix and stiffness matrix are transformed as follows:

[9
¯

]T [ NM ][9
¯

] D [I ]; [9
¯

]T [ NK ][9
¯

] D
£

N!2
i ±i j

¤
(16)

From Eqs. (15) and (16), Eq. (14) can be written as follows:

R³i C N!i ³i D V 2
I fÃ

¯
gT
i f1C p

NAg (17)

If the j th impulse response f NA1C pg j of f1C p
NAg and the amplitude

³ j of the j th mode are introduced, the generalized aerodynamic
force vector fÃ

¯
gT

i f1Cp
NAg can rewritten as follows:

fÃ
¯

gT
i f1C p

NAg D fÃ
¯

gT
i

» X

j

NA1C¤
p j ³ j

¼

D fÃ
¯

gT
i

X

j

f NA1C pg¤
j ³ j

D
X

j

fÃ
¯

gT
i f NA1C pg¤

j ³ j (18)

where ¤ means a convolution integral.
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If the motion is harmonic, then Eq. (17) can be transformed by
Fourier transform as follows:

¡!2³i C N!2
i ³i D V 2

I

X

j

Ci j ³ j (19)

where aerodynamic in� uence coef� cient Ci j is de� ned as

Ci j D F
¡
fÃ

¯
gT

i f NA1C pg j

¢
(20)

Equation (20) is � nally rewritten as follows:

¡¹k2³i C
N!2

i

V 2
I

³i D
X

j

Ci j ³ j (21)

where the reduced frequency k is a nondimensional frequency
related to the aerodynamic force and de� ned as k D N!D=U1.

The V-g (or K-E) and p-k methods11 are generally used to obtain
the � utter solution of Eq. (21). These methods have differences in
their formulations but give the same results in � utter computation.
Arti� cial structuraldamping g is introducedinto the � utter equation
to use V-g method. The function g is required to stabilize the aero-
elastic system in Eq. (21), and the system is unstable if g is positive.
Substituting N!i by N!i .1 C ig/, Eq. (21) becomes as follows:

¡¹k2³i C N!2
i ¸³i D

X

j

Ci j ³ j (22)

where

¸ D .1 C ig/
¯

V 2
I (23)

Finally, Eq. (22) can be rewritten as follows:

¸f³ g D [A]f³ g (24)

where

[A] D
£

N!2
i

¤¡1
.[C] C ¹k2[I ]/ (25)

Then, Eq. (24) becomes a complex eigenvalueproblem, and matrix
[A] is a functionof k whenMachnumberandmass ratio are constant.
For various value of k, ¸i .i D 1 » n/ are obtained by solving the
eigenvalueproblemof Eq. (24). From the de� nition of eigenvalue¸,
the velocity index and structural damping are calculated as follows:

VI D 1
¯p

Re.¸/; g D Im.¸/=Re.¸/ (26)

As the velocity index is increased, structural damping g is changed
from negative to positive.This point is the � utter point; at this point
the velocity index VI is the � utter velocity index VIf , and the fre-
quency N!.D kU1=D/ is the � utter frequency N! f .

Divergence is a static instability, and divergence speed can be
obtained from Eqs. (24) and (25). When k is 0.0, Eq. (24) can be
written as follows:

¸Df³ g D
£

N!2
i

¤¡1
[C .k D 0/]f³ g (27)

where

¸D D 1
¯

V 2
I (28)

¸Di.i D 1 » n/ can be obtained by solving the eigenvalue problem
of Eq. (27). From the largest positive value of the real eigenvalues,
divergence speed VID can be calculated as follows:

VID D 1
¯p

¸D (29)

Aerodynamics
Three con� gurations of the model were used in this analysis.

The � rst model was used to compare the roll-producing moment
coef� cients computed by the present aerodynamic code with the
experiment. The second and third models were used for unsteady
aerodynamic and � utter analyses. The � rst model is the same as
the standard TTCP (The Technical Cooperation Program) con� g-
uration, as shown in Figs. 1 and 2. The basic con� guration of the
second model is same as the � rst, but the � n shape, especially the
tip shape of the � n, is different, as shown in Fig. 3. The tip shape of
the � rst model is blunt, but the second is sharp. The � n shape of the
third model is basically the same as the second, but the body shape
is different. The body of the second model is the whole projectile
shape, which is a full model, but the third model has its nose re-
moved and the wraparound � ns attached at the in� nite body, which
is a � n-only model. This model is used to save computational time
and memory size in the computationof the unsteady aerodynamics.
Figure 4 shows the surface mesh of the computational grid sys-
tem for this model. The grid systems of the projectilemodel and the

Fig. 2 Fin shape of TTCP standard model (in calibers).

Fig. 3 Fin shape used in the computationalmodel.

Fig. 4 Surface mesh of the computational grid system for the in� nite-
body model.
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in� nite-bodymodel used for the aerodynamicanalysisare H-H type,
and their dimensions are each (85 £ 25 £ 41) and (51 £ 25 £ 41),
respectively.

The computational domain was taken to be the region includ-
ing the upper surface (concave side) of one � n and the lower sur-
face (convex side) of the adjacent � n as the boundaries of the do-
main. Here, this region is referred to as a � n passage. In general,
to model the in� uence of adjacent � ns the entire projectile with all
of the � ns would be needed to be solved. However, for an axi-
symmetric � ow� eld considered here all � n passages can be as-
sumed to be identical and symmetric, and only one � n passage
needs to be solved with the conditions of symmetry. The experi-
mental data for TTCP standard model used for comparison were
obtained from Ref. 12. Figure 5 shows the variation of roll mo-
ment coef� cient6 with Mach number. The experimental data were
obtained at the Jet Propulsion Laboratory, and computations were
made with the present Euler code. Figure 5 shows that the roll
moment coef� cients computed with the present Euler code agree
well with the trend and the magnitude of the experimentally ob-
tained data. Also shown by Edge12 are the computational results
for the same � n con� guration except with the blunt leading and
trailing edge. Reference 2 can be also referred to as a detailed de-
scription and discussion for the roll moment coef� cients of this
model.

Figure 6 shows the roll moment coef� cients of the projectile
model and the in� nite-body model. The pressure produced on � ns
of the projectilemodel is slightly lower than the in� nite-bodymodel
because of the shock produced at the nose. As shown in Fig. 6, al-
though the roll moment coef� cients of the in� nite-body model are
slightly higher than the projectile model in the positive roll mo-

Fig. 5 Roll moment coef� cient vs Mach number for computational
and Jet Propulsion Laboratory experimental data.

Fig. 6 Comparison of the roll moment coef� cients between the pro-
jectile model and the in� nite-body model.

ment region the overall roll moment coef� cients of the projectile
model and in� nite-body model agree well. Therefore, in this paper
the in� nite-body model is used in the � utter analyses instead of the
projectilemodel to save computationaltime and memory. The com-
parisonof unsteadyaerodynamicsbetween the projectilemodel and
in� nite-body model will be presented later.

Vibration Analysis
The basic con� guration of a wraparound � n used in this analysis

is based on TTCP, as shown in Fig. 3. The � n structure is modeled
using 4 £ 8 eight-node quadrilateral general shell elements in the
EMRC/NISA code. The material properties of 6061-T6 aluminum
alloyand theaerodynamicpropertiesat the sea-levelstandardcondi-
tion atmosphere are used to determine appropriatevalues for nondi-
mensional parameters and are shown in Tables 1 and 2.

Figure7 shows thevariationsof the lowest� venaturalfrequencies
with roll rate of a wraparound� n. The � rst mode is the � rst bending
mode (1B), and the second is the � rst torsion mode (1T). The third
mode is the � rst chordwise bending mode (1C) because the aspect
ratio is small. The fourth is the second bending (2B), and the � fth is

Table 1 Structural and aerodynamic properties used
for the selection of the aeroelastic parameters

Parameter Value

Structural propertiesa

Young’s modulus E 70 Gpa
Shear modulus G 29 Gpa
Mass density ½s 2860 kg/m3

Aerodynamic propertiesb

Speed of sound a 340.3 m/s
Air density 1.225 kg/m3

aMaterial properties of 6061-T6 aluminum alloy.
bAerodynamic properties at sea level.

Table 2 Parameters computed using
the properties of Table 1

Parameter Value

D 0.1016 m
M0 D ½s D3 3.000 kg
!0 D

p
.E D=M0/ 48,694 rad/s

¹ D 2M0=½1 D3 4,669.4
VI DU1=!0 D

p
¹ 1:2079a £ 10¡3

»2.6172b £ 10¡3

aValue determined at M D 1:2.
bValue determined at M D 2:6.

Fig. 7 Variationsofnatural frequencies with roll rate of a wraparound
� n.
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Fig. 8 Variation of static de� ection of a wraparound � n with roll rate.

the second torsion(2T). As the roll rate increases, the frequenciesof
bending and torsion modes increase. This is the stiffening effect by
the centrifugalforce. However, the frequencyof chordwisebending
mode (1C) decreases as the roll rate increases. This is because the
curvature of wraparound � n decreases and the chordwise bending
motion is easy to occur.

Figure 8 shows the static spanwise de� ections of a wraparound
� n with various roll rates, especially NÄ D 0:00, NÄ D 0:02, and
NÄ D 0:04. As shown in Fig. 8, the static de� ection of the � n with
NÄ D 0:04, by centrifugal force, is not so small, and it cannot be ig-
nored. However, in this analysis the static de� ection is assumed
to be small, and the static de� ection is ignored in the present
� utter analysis when the nondimensional roll rate NÄ is smaller
than 0.02.

Flutter Analysis
In this � utter analysisfor the in� nite-bodymodel, modal analysis

and V-g method are used to save computational time and memory
size. To calculate the aerodynamic in� uence coef� cients, the tran-
sient responses are calculated using Euler code when a structure is
excited by numerical impulse for a particular mode. Using Fourier
transform, the aerodynamic in� uence coef� cients can be obtained
from the excited pulse and the transient responses for a particular
mode. This method is so called the transientpulse method. Figure 9
shows the � owchartof the transientpulsemethod, and Fig. 10 shows
the road map of the � utter analysis. The number of modes used in
the � utter analysis is four.

Figure 11 shows the aerodynamic in� uence coef� cients of the
projectilemodel and the in� nite-bodymodel when wraparound � ns
are in oscillation in the � rst bending mode. As shown in Fig. 11,
the results for the projectile and in� nite-body models are in good
agreement, but there are some differences in the off-diagonal terms
between two models when the reduced frequency k is over 1.0. The
magnitudes of the off-diagonalterms in Fig. 11 are small compared
with the diagonal term, and the � utter generallyoccurs in the region
where k is under1.0. Therefore, thesedifferencesbetween two mod-
els in Fig. 11 are not so important. Also the in� uence coef� cients
for other modes are similar to this case.

Figure12 shows the resultsof � utteranalysisfor the projectileand
in� nite-body models. In this case the structural models of the two
models are same, and only the aerodynamic models are different.
As in the precedingpredictions,the results of � utter analysis for two
models are in good agreement. Therefore, the in� nite-body model
is used in the following � utter analyses to save computational time
and memory.

Flutter analyses of a rolling wraparound � n are performed when
Mach number M is 1.6 and 2.5, and NÄ is 0.00, 0.01, and 0.02.
Roll directionsfor each Mach number are different from each other
because the signs of the roll moment coef� cients at M D 1:6 and 2.5
are opposite. The sign of the roll moment coef� cient at M D 1:6 is
negative around the x axis, and the sign at M D 2:5 is positive.

Fig. 9 Flowchart for the computation of generalized aerodynamic
in� uence coef� cients.

Fig. 10 Road map of � utter analysis using transient pulse method.

Figure 13 shows the results of � utter analysis at M D 1:6, where
the roll direction is negative. As shown in Fig. 13, the � utter speed
increasesas the mass ratio increases.This is reasonablebecause the
increase in the mass ratio decreases the dynamic pressure. As the
roll rate increases, the � utter speed increases. In general, the � utter
speed decreases as the difference of natural frequencies between
the � rst bendingmode and the second mode (the � rst torsion mode)
decreases. Although the difference might be small, the frequencies
of the � rst and second mode become more close as the roll rate
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Fig. 11 Aerodynamic in� uence coef� cients for the � rst natural mode.

Flutter and divergence speed

Flutter frequency

Fig. 12 Comparison between the � utter solutions of the projectile
model and the in� nite-body model (M = 2:5, X /!0 = 0:0).

increases. For this structural reason the � utter speed must generally
decrease. But the present results are opposite to the general � utter
phenomena.These results show that the increase in the � utter speed
is made by aerodynamiccharacteristicsof a rolling wraparound � n.
The � utter of a wraparound� n is typicallymode coalescence� utter.
This � utter occurs as the motion of the bending mode accelerates to
transfer aerodynamicenergy to the torsion mode, and it is important
to investigatethe bendingmotion. In steadyaerodynamicsthe shock
wave of a concave side is stronger than that of a convex side. This
difference causes torsion deformation in the convex direction, and
this characteristicof the wraparound � n increases the local angle of
attack. The roll in the negative x direction also increases the angle
of attack locally.This local increase in angle of attack increases the
pressure difference of the leading edge and the trailing edge. These
increasesof angle of attack make torsion deformationof the curved
� n dif� cult. Therefore, the roll in the negative x directionmakes the
� utter speed of curved � n increase.

Figure 14 shows the results of � utter analysis at M D 2:5 and
x directionalroll. In this case the divergencespeed is also presented
because the divergence speed is comparable with the � utter speed.
Effects of the mass ratio on � utter characteristics in x directional
roll is the same as the preceding case, ¡x directional roll. Con-
trary to the preceding case, the � utter speed decreases as the roll
rate increases. In contrast to roll in ¡x direction, the roll rate in
x direction decreases the local angle of attack, and this decreases
the pressure differences at the leading edge and the trailing edge.
Therefore, the roll in x direction decreases the � utter speed of the
wraparound � n. The divergence speed increases as the roll rate in-
creases. This is because the divergence happens in the � rst bend-
ing mode, and the centrifugal force increases the bending stiffness.
Thus the bending mode becomes more stable. Therefore, the diver-
gence speed of a rolling wraparound � n increases as the roll rate
increases.
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Fig. 13 Variation of � utter solution with mass ratio in negative roll at M = 1:6.

Fig. 14 Variation of � utter solution with mass ratio in positive roll at M = 2:5.

Conclusions
The � utter analyses for a projectile with wraparound � ns are per-

formed in the supersonic range. This is the � rst research concerned
with the � utter analysis of a rolling wraparound � n. The � ow� eld
is computed by solving Euler equation in a body-� xed rotating co-
ordinate frame. The � nite element structure modeling and the free
vibration analysis of the curved � n considering roll motion have
been made by using the EMRC/NISA code.

For the consistent and ef� cient analysis the concepts of nondi-
mensionalizing are presented, and a nondimensionalizedaeroelas-
tic equationconsideringthe roll motion is derived.Also, aeroelastic
parameters, such as velocity and mass ratio, are devised. Using
these equationsand parameters, � utter analysesof a wraparound� n
considering rolling motion are performed. From these results the
following conclusions are obtained.

In rolling motion, except for the � rst chordwise bending mode,
natural frequencies of the wraparound � n increase, but natural fre-
quency of the chordwise bending mode decreases. The increase in
the roll rate increases the divergence speed of a wraparound � n
because the rolling motion of a wraparound � n increases the � rst
bending stiffness.

Flutter characteristics of a curved � n with roll are very different
from those without roll and are affectedby the roll direction.Roll in
negativex direction increasesthe � utter speed,but roll in x direction
decreases the � utter speed becauseof the geometric asymmetry of a
wraparound � n. Flutter analyses in each roll direction indicate that
a more stable roll direction exists for � utter.
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