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Finite-Element Application to Rocket Nozzle Aeroelasticity

D. R. Mason*
Morton Thiokol Inc., Brigham City, Utah

P. T. Blottert
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The trend in rocket technology is toward thinner, larger expansion ratios and more flexible exit cones. Hence,
susceptibility to aerodynamically induced flutter has been and is a concern to both designer and analyst. The ob-
jective of this investigation is to develop an analytical tool for treating the aeroelastic stability of thin, truncated
conical shells subjected to internal supersonic flow, with particular application to rocket nozzle structures. Stiff-
ness, mass, and damping matrices are derived for an axisymmetric conical shell frustum finite element. The
matrix equation of motion for a prescribed circumferential harmonic is developed and an eigenproblem formed
from which flutter instability is deduced by tracking complex eigenvalue part variation with increasing dynamic
pressure. Several check problems are considered to validate the various aspects of the analytics and computer
code. Following this, the flutter analysis of a gas-deployed skirt, a typical rocket nozzle element, is presented to
illustrate its application to rocket nozzle hardware. For this particular case, the analytical results indicate flutter
at a motor chamber pressure well above the operating chamber pressure.

Nomenclature

[a],[b] =element aerodynamic damping and stiff-
ness matrices, respectively

A =area

A/A* =expansion ratio (nozzle area/nozzle
throat area)

[A],[B] =system aerodynamic damping and stiff-
ness matrices, respectively

E =modulus of elasticity

h =shell thickness

[n =identity matrix

[m],[k],1kg] = element mass, stiffness, and geometric
* stiffness matrices, respectively

M =Mach number

[M],[K],[Kg] =system mass, stiffness, and geometric

stiffness matrices, respectively

n =number of circumferential waves
{N1 =shape function matrix

P = pressure

q.0 =generalized displacement, force
r =radius

R = gas constant

s =length parameter

t =time

T = temperature

3 =kinetic energy

u,v,w =neutral surface displacements (Fig. 1)
UV, W,y =nodal displacements (Fig. 1)
TRTPRTI =strain energies

|4 =volume

© = gas velocity

w =work of aerodynamic forces

o =damping factor

8 =VM? -1

v = specific heat
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€ =strain

0,¢ =angular parameters (Fig. 1)

A = complex eigenvalue = o+ iw

v = Poisson’s ratio

£, =nondimensional length parameters
(E=s/1,n=£-"1)

P = gas density

P =shell density

o = stress

@ =circular frequency

Superscripts

) = differentiation with respect to ¢ (e.g.,
u=du/dt, ti=d*u/de?)

) = differentiation with respect to s (e.g.,
u’ =du/ds)

Subscripts

c =chamber properties

Lj =nodal or local quantities

n = nth harmonic

oo = freestream properties

Background

ERODYNAMICALLY induced flutter of rocket nozzle

exit cones has been a topic of interest and concern since
the 1960s. The trend in rocket technology is toward larger ex-
pansion ratio and thinner, and more flexible exit cones which,
from the standpoint of flutter, exceed both the current ex-
perience base and analytical capabilities.

The typical situation for a rocket nozzle exit cone approx-
imates one of internal supersonic flow through a truncated
conical shell supported in some fashion at the smaller diameter
while free at the larger. Many upper-stage rocket motors have
exit cones with large expansion ratios (A/A*=150:1 or
greater). Often these high expansion ratios are achieved by us-
ing extendible (movable) exit cones and gas-deployed skirts.
These structures are potentially susceptible to flutter induced
by the flow of high-Mach-number exhaust gases.

A large body of information concerning panel flutter
research and testing currently exists dating from the 1950s to
the present. Detailed research has been reported for flat
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panels, while less information is available for cylindrical
shells. During the 1970s, investigators extended their efforts to
conical shell aeroelasticity. Dixon and Hudson!? published
thorough analytical studies of conical shell vibration, buck-
ling, and flutter. Miserentino and Dixon? performed flutter
testing on a truncated conical shell exposed to external super-
sonic airflow and internal pressure. Also of interest is the
study of Shulman,* the earliest treatment of conical shell aero-
elasticity found. Ueda and Kobayashi,” Bismarck-Nasr and
Costa-Savio,’ and Sunder et al.” have recently treated conical
shell flutter via finite element techniques. These investigators
considered only the simply supported conical shell with exter-
nal supersonic flow which approximates a missile nose cone
situation.

Documented instances of rocket nozzle failures due to
flutter are few. Davidson and Gutsfield® reported flutter
during a cloth nozzle extension test. In the mid-1970s,
Thiokol Corporation conducted several subscale motor test
firings with fabric exit cones which experienced failures at-
tributed to flutter. These latter failures led to subscale cold-
flow flutter tests wherein flutter was induced in two instances
during the test series by reducing fabric axial tension while
increasing aerodynamic loading. More recently, Carey’
reported on gas-deployed skirt flutter studies using both
finite element analyses and subscale cold-flow tests. The lat-
ter semiempirical/analytical studies, which were cor-
roborated by subscale motor test firings, indicate a very
stable, flutter-free design with a large flutter margin.

The objective of this study was to develop a general
analytical tool for examining axisymmetric flutter of thin,
conical shells with particular application to rocket nozzle exit
cones. Simplifying assumptions applied herein include those
of an isotropic material, uniform shell thickness, and ax-
isymmetric geometry. Boundary conditions can be varied as
desired.

The solution scheme is an application of the finite element
method to the aeroelastic behavior of shells. Element ma-
trices, from which system matrices are assembled, for a thin,
truncated conical shell frustum are described herein.
Novozhilov’s shell theory was used to derive the element
stiffness matrix. Shell stiffening by internal pressure was in-
cluded via a geometric stiffness matrix. A consistent mass
matrix was also obtained. For the aerodynamic matrices,
linear piston theory was employed. Gasdynamic relations for
a nozzle were developed by relating the dynamic pressure
acting along the shell as a function of the rocket motor inter-
nal gas pressure and temperature.

The equation of motion for the shell structure was cast
into standard eigenvalue form, and aeroelastic instability was
deduced by tracking the real and imaginary parts of the
eigenvalue ‘as dynamic pressure was varied. The imaginary
part corresponds to system frequency, while the real part
corresponds to system damping. When the real part becomes
positive, a perturbed motion increases exponentially cor-
responding to flutter.
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The overall theory and procedure used in the present study
are similar to that of Ueda and Kobayashi,* Bismarck-Nasr
and Costa-Savio,b and Sunder et al.” They all used an ax-
isymmetric conical shell frustum element. Important dif-
ferences are noted in Table 1. The analysis reported by
Carey® was based on a NASTRAN cyclic symmetry solution
using triangular and quadrilateral membrane-bending plate
finite elements. The inclusion of geometric stiffness was at-
tempted without success. The axisymmetric shell element
developed in this study and in Refs. 5-7 is not supported in
NASTRAN aeroelastic analysis.

Governing Equations

The general approach involved the use of an axisymmetric
shell finite element with Fourier expansion to treat asym-
metric response, thus allowing limited three-dimensional
capability using a two-dimensional model. This approach is
outlined in various references (e.g., Ref. 10) and is incor-
porated into several existing finite element structural analysis
codes such as NASTRAN. !!

The basic finite element considered was a simple conical
shell frustum, Fig. 1. The neutral surface displacements u, v,
and w are functions of the independent variables s and 6.
These deformations at any axial station may be expanded by
a Fourier series of m circular harmonics.

\

#

V\{j
pN J’

Fig. 1 Conical shell finite element.
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Table 1 Analysis comparison

Present study Ref. 5 Ref. 6 Ref. 7

Shell theory Novozhilov Donnell Novozhilov
Two-dimensional quasisteady With curvature Yes With curvature Yes

aerodynamics correction correction
Geometric stiffness Yes Yes No No
In-plane inertia Yes No Yes No
Material capability Isotropic Isotropic Isotropic Composite
Number of elements 1-8 Higher-order 10-20 with 10 11 with

elements condensation condensation
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L{um} J
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WII
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cosnt 0 0
[T,]= 0 sinnf 0
0 0 cosnf )]

Shape functions relating the meridional displacement field
throughout the element to displacements at the nodes are
derived by assuming conventional shape functions!® sup-
plemented by higher-order shape functions, polynomials of
sequentially increasing order written in the nondimensional
body-centered variable and evaluated such that they exhibit
zero displacements of the nodes (i.e., quadratic, cubic, etc.).

tu} =[N 1{U+ [N, ] {g} = [N]{U} 3

where {U} and [N,] are defined in Table 2 and {¢} and
[N,] are defined in Table 3. The maximum number of
generalized coordinates {g] considered in Table 3 is 12 (four
for each of the u, v, and w displacements). The highest order
polynomial shape function listed in Table 3 is of fifth order
for the u and v deformations and of seventh order for the w
deformation.

The equation of motion of the ith degree of freedom was
obtained via Lagrange’s equation.
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The total strain energy u is the sum of the strain energies
associated with internal forces u; and that from initial
stresses u,. The strain energy u; is

w=g|, 11TV

Stresses are related to strains by
{o) =[D]{e}
while strains are related to displacements by
{e}=[Cl{u}
Substitution yields

ui:_l_g (#}TICITID] [C] {u}dV ©
2 Jv

The strain-energy contribution u, for initial membrane
forces resulting from circumferentially uniform internal pres-
jcll
sure is

1
w=—|, (&1 TIR ] w10V

where
N6, 0 0

[Fol=| 0  Ns, 0

0 0  (Nsy+N8,)

and N8, and Ns, are membrane hoop and meridional forces
for the zeroth harmonic, while {w} are rotations related!! to
displacements by

{w}=[R]{u}

where
d 3(3—-u) 3(3—u) I 1 1 8 |
- —+ =Q; C)) _ -9
dr aq; aq; Qi 0 . cosf FRFT
L. . P
The kinetic energy 3 is [R] = 0 0 2
1
s5=—-| ti)Tle1 tiyay ) 3
2 4 2—‘ —a% ——"2!"— —a'—+—— sind 0 J
where [p] =p,[1]. L <
Table 2 Matrix [/V;]
N1, 1) 0 0 N (1,5) 0 0 0
0 Ny (2,2) 0 0 N;(2,6) 0 0
0 0 N,(3,3) N,(3.4) 0 0 N3, N;(3.8)
where
Ni(L)=N@2,2)=1-¢ * and (U
Ni(1,5)=N,2,6)=£ Vi
Ni(3,3)=1-382 4243 i
NGB AH=L(:-282+%) (0] ¥
N;(3,7)=3¢%-2¢° Yj
Ni3.8)=—L(£2-£%) v;
w;
- \1/] /
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Substitution yields
1
ug=-—2——SV{u}T[R]T[FO][R]{u]dV (@]

The work done by the aerodynamic forces is

~ S po? <8w 1 (M2-2) oaw
A A — e (MP—1) ot

‘EN—MW—E_——I)W“
Let u
=[001] { v t=[J]{u)
w

Substitution yields

o= -SA po2/Blu’ \TII1 T[] (u}dA
' —L po (M2 —2) /8 (4} T[J1T[J] {u)dA

+| /BTN T () 1/ ®

Equation (1), when substituted into Eqgs. (5-8), yields general
energy and work expressions in terms of harmonic displace-
ments. The equation of motion is then obtained by substitu-
tion into Eq. (4) and performing the integration which, after
some manipulation, becomes

U, U,
[m]< &+ ([k]+[kgl)
U, U,
U, U,
=[a)ly t [ +[b]
U, U,

where, for instance,

[(T,]7
[m]=SV[N]T [P][[To]---[Tm]][N]dV

(T,17

[ INITIT,17[p] [NI1T[To]17 [p]

X [Ty] [N] X [T,][N]

[m]=SV ‘ : av
INITIT,17[p] . [NIT[T,17[p]
| X[TolIN] X[ T, ] [N]

Consider the p-gth partition of [m],
SV INIT[T,}7[p] [T,][N]dV

[ ([ e [Tq]dé) [N1ds
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but N
| T mmeririd0=0,  pg
=0, p=gq

which produces the block diagonal matrix, each correspond-
ing to an uncoupled harmonic.
The resulting uncoupled equations of motion for the nth
circumferential harmonic are
[m, 1 (0, + ([k,] + [kg, 1) {U,} = a,1{0,} + [6,1{U0,}

where

[m,,]=SV[N]T[T,,]T[p][T,,][N]dV ®

which is the mass matrix for the nth circumferential har-
monic. Similarly,

(kn] = 5,, {(N}TIT,TICITIDI(C]IT,]) [N]1dV

T[D][B,]d 10)

4

[kg,]

SV TIT,1T[R]T[Fy] [R][T,] [N]dV
[, 16aTtR1G,10v an

14

A

INITIT,]

. TLNTIIIT,)IN]1/rdA

(b, ]——pvz/ﬁg INITIT, 1T T[T, ] [N]dA
+p0%/(28%) S

= —po?/B

) [Nw]T[Nw'}dA

+ 002/ (26%) SA [NWIT[Nw]l/rdA 12)

[a,] = —po(M?-2)/B}

g

TIT,)TJITIJIT,]1[N1dA

A

=—pv(1\/12—2)/63s [Nw]T[Nw]dA (13)
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Fig. 2 Conical shell frequency results.
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The aerodynamic terms are functions-of local gas density,
velocity, and Mach number, while the geometric stiffness is a
function of the local pressure via the shell membrane forces.
These local quantities, denoted by i, are related to gas prop-
erties in the chamber and to nozzle geometry.

pi=(P./RT.)(p/p.);

o; =NgyRMIT (T/T.);
Pi=Pc(P/Pc)i (14)

Over a narrow range of Mach numbers, M is essentially a
linear function of tn(A/A*). For 4.5<M;<5.0,

M, =0.66785(t(A/A*); +2.4805) (15)

From fundamental gas dynamic principles,??

-1 -1
(T/T,); = (1+l2— M,?)
(plpc)i= (1 +l;—1 M?) e

—1 —y/(y=1)
(P/Pc),-=(1+1—2—M,?> . (16)

Equation (15) can be substituted into Eqs. (16) and the result
substituted into Egs. (14) to obtain the local Mach number,
density, velocity, and pressure.

The initial meridional and hoop membrane forces, Ns,
and N§,, are caused by pressure acting normal to the shell
surface. The pressure varies with cone station as stated in
Egs. (14). Assuming a constant pressure between radii r; and
r; [pressure P at an average radius = ¥2(r; +r;) ], then

NO;=P;r;/cosf
Ns;= (r;/r;)Ns; + [P/ (2r; cosb)] (r} —r})

where Ns=0 at the free end.

Solution Procedures

A general expression for the nth circumferential stiffness
matrix was expressed in Eq. (10), where [D] relates stresses
to strains and [B,] =[C][7,] [N] relates strains to the #nth
circumferential nodal generalized displacements.

For an isotropic material, the material property matrix is

(D] = Eh
-2
1w 0 0 0 0
v 1 0 0 0 0
0 0 (1-»)/2 0 0 0
* 0 0 0 /12 wh%/12 0
0 0 0 vh?/12  K*/12 0
| 0 O 0 0 0 (1-»)h%/24 |

Zienkiewicz!® presented the Novozhilov!* strain-displace-
ment equations for a thin axisymmetric shell with nonsym-
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metric loading as

[C]=
I
— 0 0
as
1 4 1
— sind _ _
sin 96 p cosf
1 9 ! sind + 9 0
r a0 r as
32
0 0 —_—
as?
1 2 1 . d 1 92
0 —rz—cosﬂga— ——;—- sinf —a—s——-;z——é-oT
. 2 d 2 . i) 2 93
0 —2sinf c080+—r—cos0§ —’3—s1n0 TR Wj

Equation (2) previously presented [7,] relating displace-
ments to the nth circumferential displacements. The shape
function matrix [N] relates the nth circumferential displace-
ments to the nth circumferential nodal-generalized displace-
ments by

(u,] = [N]{U,}

The matrix {/N] was previously defined in Eq. (3) and Table
2. Integration of Eq. (10) was performed numerically using
Simpson’s rule with 12 steps over the element length.
Similarly, Eq. (9) gives the nth circumferential mass ma-
trix. Equation (11) presents a general expression for the
geometric stiffness matrix for the nth harmonic where

{G,]=[R][T,][N]

The nth circumferential aerodynamic stiffness and damping
matrices were presented in general form in Egs. (12) and (13)
where [Nw] =[J1[T,]1[N] and [Nw'] =d([Nw])/ds.
The system mass matrix, stiffness and geometric stiffness
matrices, and aerodynamic damping and stiffness matrices
are constructed by summing elemental matrices in the stan-
dard direct stiffness fashion. The equation of motion is then

[M,1{0,} + (1C,]1 ~ 4, (U, }+([K,] - [B,1){T,} = {0}

which can be rearranged!® to obtain

[Dp1{yn) =N, [1]{¥,}

where

~[M,]171([C,) =~ [4,]) -[M,]1"'([K,]—-[B,])
{D,]=
[1] [0]

A standard QR eigensolver was used to perform the complex
eigenvalue and eigenvector extraction.

Validation Studies

Three thin conical shells, previously treated by various
authors, were used as verification of the finite element tech-
niques developed herein. The first problem considered was
free vibration of a fixed-free cone. Finite element models of
varying fidelity were studied to test element convergence and
to establish an optimum model for subsequent studies. Sec-
ond, a pressurized cone simply supported at both ends was
examined to validate geometric stiffness effects. Finally, flut-
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ter of a fixed-free cone subjected to an external supersonic
flow was treated as validation of the aerodynamic effects.
Free vibration of a conical shell studied by Platus'® and
summarized by Leissa'’” was initially considered. This thin,
conical, unpressurized shell, fixed at the smaller radius and
free at the larger is shown in Fig. 2 along with dimensions,
material properties, and plotted results. The lowest natural
frequency, both analytically and experimentally, was
reported by Plarntus to be 66 Hz while vibrating in an n=4
circumferential wave pattern. In this study, higher-order
shape function sets were assumed and used to supplement
the basic ones as previously discussed. For the conical shell

elements, the use of these additional functions increases the.

element matrix size upward from 8x8 depending on the
number incorporated. To assess the effectiveness of using
higher-order shape functions, the conical shell was modeled
using varying numbers of uniformly spaced elements and
varying numbers of higher-order shape functions. Figure 3
summarizes the lowest natural frequency calculated when us-
ing from 1 to 8 uniformly spaced elements and when using
the basic shape functions plus from 0 to 4 higher-order shape
function sets where each set is comprised of a u, v, and w
shape function. This figure demonstrates the convergence
obtained as the number of elements are increased, using
vatious numbers of higher-order shape function sets. The
conical shell element convergence was improved more by the
number of higher-order shape functions than by the number
of elements (NE) used. For this case, the addition of only
one set of higher-order shape functions (p=1) was quite
effective.

Figure 2 compares NE =4, p=1 predicted frequencies with
those of Plantus for circumferential wave numbers up to
n=238. Excellent agreement was obtained.

Weingarten'® studied the vibration of a pressurized conical
shell both analytically and experimentally. His specimen con-
sisted of a thin aluminum cone simply supported at both
ends so as to sustain an internal pressure (either positive
internal pressure, AP/P, , = +0.446, or negative internal
pressure, AP/P, ., = —0.446). Cone dimensions and material
properties are shown in Fig. 4 along with the NE=4, p=1
finite element model assumed. Figure 5 summarizes the
results and correlation of Weingarten’s experimental results.

Shulman,* Dixon and Hudson,? Librescu,!® Ueda and
Kobayashi,’ and Bismarck-Nasr and Costa-Savio® consid-
ered flutter of the conical shell shown in Fig. 6. This typical
missile forward section is a thin conical shell fixed at both
ends and subjected to external supersonic flow. Values of
critical dynamic pressure parameter Po’R3}/(DB) ranging
from 448 to 702 and n=35-6 were reported by the above
authors using a variety of assumptions and techniques.

Figure 6 also shows the NE=4, p=1 finite element model
used in this study. In order to be consistent with the above
investigators’ initial assumptions, both material and aero-

500

400

Hz

300

200

Frequency,

100

1 { b 1 1 —

b
| 2 3 4 5 S 7 8

No. of Elements, NE

Fig. 3 Frequency vs number of uniformly spaced elements and
number of higher-order shape function sets. :
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dynamic damping, geometric stiffness, and aerodynamic cur-
vature effects were ignored. The complex eigenvalues of the
model were tracked as dynamic pressure (i.e., velocity) was
varied. With an increasing dynamic pressure parameter, the
imaginary parts of the first and second modes coalesced at a
critical dynamic pressure parameter value of 562. At this
value, the character of the first two roots changed from dif-
fering w; and w, with «=0 to a pair of roots with imaginary
(w=w; =w,) and real x« parts. The positive real part of the
eigenvalue corresponds to the onset of flutter.

Figure 7 presents the present study results for n=4-7 com-
pared to various other published results. The results of this

7.518

4.880

2.144

Dimensions in inches

E = 10 X t05 psi

v = .3

fs = 2.588 X 10%b sec@/int

Fig. 4 Simply supported conical shell model.
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Fig. 5 Pressurized and unpressurized simply supported conical
shell frequency vs circumferential wave number.
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fZ.?QB

£ m

D= En3/(i2(1-22))
Fig. 6 Conical shell flutter model.



NOV.-DEC. 1986

ROCKET NOZZLE AEROELASTICITY

505

Table 3 Matrix [N,]

N(LD 0 0 N4 0 0
0 N22 0 0  NR25 0
0 0 MNGE3 0 0 N3,6)

where
Noy(L,1) =Ny(2,2)=1+a 7>
Ny(1L,4) =Np(2,5)=n(1 +an’)
N,(1,T) =N,(2,8)=1+cp + ¢y
N,(1,10) =N2(2,ll)=17(1+cl172+02114)
N,(3,3) =1+b1112.+b2n4
Ny(3,6) =n(1+byn*+byn*)
N>(3,9) =1+d\n*+dyn* +dyn®

N,(3,12) =q(1+d9% +dyn*+d3n®)

N,(1,7) 0 0 N,(1,10) 0 0
0 N,(2,8) 0 0 N,(2,11) 0
0 0 N,(3,9) 0 0 N,(3,12)
a =-4 (Gu )
by=-8 du1
by =16 dwm
c;=-20 q.n
¢, =64 qu2
d;=-46.16 ] 9w L
d,=321.28 tai= dus
d;=—610.56 du

qw3
Gua

du4
LGws J
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Fig. 7 Conical shell flutter problem results comparison.

study compare favorably with those of Dixon and Hudson?
and Ueda and Kobayashi.’ B

In the preceding, aerodynamic damping and curvature ef-
fects were neglected. The results of including these effects
are summarized in Table 4. Hence, aerodynamic damping
was slightly stabilizing, while curvature was slightly destabi-
lizing. The trend of these results is similar to those of
Bismarck-Nasr and Costa-Savio.$

Application

A proposed gas-deployed skirt (GDS) design, Fig. 8, was
selected for evaluation. The GDS characteristics are given in
Table 5. : :

As previously done on the conical shell validation prob-
lem, . initially a free-vibration (P,=0) analysis was con-
ducted. This indicated that the fundamental natural fre-
quency occurs at n=20 circumferential waves with a
cantilever-like meridional shape.

The critical chamber pressure causing flutter was then
determined for n=20 to be 8000< P, <8100 psi. An unan-
ticipated result was that two higher modes (modes 6 and 7),
rather than the two lowest modes, coalesced to produce flut-

Table 4 Aerodynamic damping and curvature effects

Dynamic pressure

Effect considered parameter for n=6

Neglect aerodynamic damping 562
and curvature effects

Include curvature effects 555

Include aerodynamic damping 571

and curvature effects

Table 5 GDS characteristics

Geometric variables:

R, 34.38 in.
h 0.016 in.
(A4/47%),2 100
(A/A*),° 131.45
¢ 21.5 deg
Material variables:
E 13 % 10° psi
v 0.38
Ps 8.023 Ib-s?/in.*
Aerodynamic variables:
P, 575 psi
T, 6220°R
R 640.2
vy 1.18
31 = entrance station. °2= exit.

ter. This behavior was initially disturbing for at least two
reasons. First, it was presumed that flutter would occur in a
circumferential wave pattern near that of the fundamental
free-vibration mode (7= 20, in this case). Second, model ac-
curacy in the sixth and higher modes is questionable simply
due to model fidelity.

Sander et al.?® reported a similar experience of higher
mode coalescence. Hence, it was decided to investigate other
circumferential wave numbers. Critical flutter chamber pres-
sures were established for circumferential wave patterns be-
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Fig. 8 Gas-deployed skirt design.
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tween 0<n<20. Results are plotted in Fig. 9. The lowest
chamber pressure causing flutter was between 1850 and 1860
psi and occurred at n=1. Figure 10 maps, for n=1, the
variation of real and imaginary eigenvalue parts with increas-
ing chamber pressure and indicates a coalesence of modes 2
and 3. The numerals included above the data points in Fig. 9
note which modes coalesed. As the circumferential wave
number was increased, coalescence shifted to higher modes
as suggested by Sander et al.

For this problem, a flutter chamber pressure in excess of
1850 psi was well above the maximum expected operating
pressure of the motor, hence a flutter margin in excess of 3
was predicted. .

Although originally planned for a rocket motor static fir
ing, this particular GDS was never tested. However, a subse-
quent GDS design was tested in 1983 on a motor designated
IPSM-II DTM-3. For that design: R, =25.10 in.; £=0.012
in.; (A74%), =150; (A/A*),=241.4; ¢=14.9 deg;
E=13%x10°% psi; »=0.38; p,=8.023 Ib-s/in.; P,=647 psi;
T,=6092°R; R=640.2; v=1.18. A flutter chamber pressure
in excess of 2400 psi was predicted, corresponding to a flut-
ter margin of 3.7. No évidence of flutter was noted during
the static firing. )

Several other exit cone designs have been evaluated over
the past several years. The effects of internal pressurization
has a more stabilizing influence than originally anticipated.
Often the flutter chamber pressure corresponds to a coales-
cence of higher-order meridional modes at higher-order har-
monics. Large flutter margins have been calculated (and ap-
parently demonstrated by virtue of successful motor static
firings) for low expansion ratio, conventionally constructed
exit cones typical of lower stage rocket motors. Several
upper-stage motor applications, typified by thin, large
diameter, often of carbon/carbon construction, exit cones or
by GDS designs, have been predicted to flutter only at very
thin wall thicknesses, much less than the design thickness.
No actual motor firings of these designs have experienced

flutter. .
Conclusions

An analytical tool was described herein based on the finite
element method which, in general, treats the aerodynam-
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ically induced flutter of conical shells and, in particular,
treats axisymmetric flutter of rocket nozzle exit cones. In-
itially, the problem of rocket nozzle exit cone flutter was
surveyed and applicable literature cited. The finite element
was then introduced, appropriate energy relations
manipulated to obtain the equation of motion, and stiffness,
mass, and aerodynamic matrix relations were derived. Three
problems were then considered as verification of the
analytics. In these problems all parts were tested and
validated, although no check problem is known that would
verify all features acting in concert. A computer code was
developed to specifically treat an isotropic, uniform thick-
ness, conical shell frustum with internal supersonic flow.
Finally, the program was applied to a typical rocket nozzle
exit cone, gas-deployed skirt design. For this specific case,
flutter was predicted to occur at a motor chamber pressure
well above the design operating pressure—hence, the gas-
deployed skirt was a stable design.

The technique outlined in' this paper could be applied to
more complicated situations such as a contoured nozzle with
nonuniform wall thickness. Possible extensions include in-
corporating anisotropic material properties, composite shell
relationships, rotatory inertia, and material damping.

At this point in time, there is a dearth of experimental
data available as specific verification of this paper to rocket
nozzle applications. Experimentally, all that is known is
whether a given design did or did not experience flutter.
Data concerning the few failures attributed to flutter range
from sketchy and incomplete to nonexistent. Therefore, an
organized cold-flow flutter test program on a family of thin
conical shells is recommended to future investigators to fill
this void.
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