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Abstract

The effect of length and thickness on dynamic stability analysis of cantilever cylindrical shells under follower forces
is addressed. Beck's, Leipholz's, and Hauger's problems were solved for cylindrical shells with different
length-to-radius and thicknesses-to-radius ratios using the Galerkin method. First-order shear theory was used, and
rotary inertias were considered in deriving the differential equations. Critical circumferential and longitudinal mode
numbers and loads were evaluated for each case. Diagrams containing nondimensional load parameters vs. length
and thickness parameters were plotted for each problem. For some shells with-small length-to-radius ratios, flutter
occurred in high longitudinal mode numbers where the first-order shear theory may not suffice to accurately
evaluate the deformations. However, for long and moderately thick shells, there are ranges in which the shell can
be analyzed using the simplified equivalent beam model.
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Introduction

A prevailing position of potential instability is’when a
structure, especially a column, a reservoir, or an aero-
space structure such as a projectile, undergoes an axial
Sollower force. The most well-known physical state of fol-
lower force is Beck's problem, in which a concentrated
follower force is applied at the free end of a cantilever.
Practical applications of this problem include the thrust
applied at the end of a projectile or missile by a rocket,
the thrust applied on the body of aircraft structures by a
jet engine or a gas turbine rotor, the gripping force in
disk brakes, the eccentric load exerted on a platform by
a tip mass, etc. Also, Leipholz's and Hauger's problems
can be applied to cantilever reservoirs conveying fluid
with constant or linearly varying velocity, respectively
Simkins and Anderson (1975); Seyranian and Elishakoff
(2002); Simitses and Hodges (2006). Two basic types of
instability may exist in the case of a follower force: one
characterized with zero frequency, called divergence,
and the other with nonzero frequency, known as flutter.
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However, the prevailing instability type in these struc-
tures is flutter, which occurs in high-speed fluid flows
Elfesoufi and Azrar (2005). When undergoing follower
forces, the only instability type in structures with moder-
ate thickness amounts is flutter, which is, for the most
part, limited to columns, reservoirs, and aerospace struc-
tures, especially projectiles such as missiles Park and
Kim (2000).

Another boundary condition in structures under fol-
lower forces is free-free at the two ends. Free-free beams
or shells can also be analyzed with the equivalent canti-
lever model, which is rather overestimating Seyranian
and Elishakoff (2002).

Most of the research on the three above-mentioned
problems is concerned with beams and plates. Sugiyama
and Kawagoe (1975) studied the dynamic stability of elas-
tic columns with different boundary conditions under the
simultaneous effect of conservative and nonconservative
(follower) axial loads using the finite difference method.
Kounadis and Katsikadelis (1976) considered the effects of
shear deformation and rotary inertia on the critical Beck's
load for columns with open sections and different slender-
ness ratios. Sugiyama and Mladenov (1983) studied the
dynamic stability of elastic columns under Hauger's
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loading. Ryu and Sugiyama (1994) studied the dynamic
stability of cantilever Timoshenko beams under Beck's
loading by modeling the effect of the rocket-throwing en-
gine as a follower load and a concentrated mass.

Altman and De Oliviera (1988), (1990) studied the
dynamic stability of cantilever cylindrical and conical
panels with and without slight internal damping. They
asserted that due to numerical defects, the critical load
calculated becomes occasionally very small. To over-
come this problem, a slight damping matrix propor-
tional to the stiffness matrix can be used in the
solution Altman and De Oliviera (1988), (1990). The
dynamic stability of thin cylindrical panels with differ-
ent boundary conditions under concentrated and dis-
tributed follower forces was first studied by Bismark
Nasr (1995) using the finite element method with ct
continuity. The dynamic stability of free-free cylin-
drical shells under end-follower forces was studied by
Park and Kim (2000). They used the finite element
method with first-order shear theory (FST) theory.
They extracted the critical loads, critical sequential
modes, and critical circumferential mode numbers for
different length-to-radius (L/R) and thickness-to-radius
(h/R) ratios. They concluded that FST is valid only for
L/R > 20, and for L/R > 40, the cylindrical shell can be
analyzed with the beam theory in certain regions of 4/
R. The same problem for cylindrical shells was studied
by considering the fluid-shell interaction by Jung et al.
(2005). They gathered that, in most cases except those
with very low filling ratios, the presence of liquid in the
cylinder increases the stability. Bochkarev and Mat-
veenko (2008) also studied the dynamic stability of cy-
lindrical shells conveying fluid for free-free and
clamped-free boundary conditions using the perturb-
ation of velocity potential method.

Although rockets, missiles, and fluid reservoirs are
mostly cylindrical shells rather than beams, to the best
of the authors' knowledge, it seems the dynamic stabil-
ity of complete cylindrical shells undergoing follower
forces has not been studied to the sufficient extent.
Specifically, actual shell-like and beam-like geometric
regions in cylindrical shells for all three kinds of fol-
lower forces have not been sophisticatedly defined for
cantilever structures.

In the present research, the dynamic instability of
cantilever cylindrical shells is solved for Beck's, Lei-
pholz's, and Hauger's problems to find out the geo-
metrical regions in which the structure acts as a
general shell-like or simplified beam-like model. Flut-
ter loads are plotted for different L/R and h/R ratios.
Tables containing critical sequential modes and crit-
ical circumferential mode numbers are collected for
different L/R and h/R ratios. For each L/R, specific /R
regions could be found in which the structure can be
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analyzed simply with an equivalent beam model. This
region is found to be almost independent of the load-
ing scheme (i.e., almost the same in Beck's, Leipholz's,
or Hauger's problems).

Methods

Formulation

Consider a cylindrical shell with radius R, thickness 4,
and length L. In case that the coordinate system is taken
to be as shown in Figure 1a, then using FST, the deform-
ation components of any point can be written as follows
Reddy (2007):

u(x,0,z,t) = uo(x,0,t) +zp,(x,0,t)
V(xv G,Z, t) = VO(xv 07 t) +Z¢0(x7 07 t) (1)
W(xa 67 z, t) = WO(x7 97 t)7

where ug, vo, and wy are the displacement components
of the middle surface, and ¢, and ¢y are changes in the
slope of the normal to the middle surface around 6 and
x axes, respectively. The strain resultants per unit length
for a cylindrical shell are shown in Figure 1b.

L >

Figure 1 The coordinate system (a) and strain resultants (b)
considered for cylindrical shells.
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For the strain components, Love's hypotheses are used.

These hypotheses express the following Reddy (2007):

— The transverse normal is inextensible.

— Normals to the reference surface of the shell before
deformation remain straight, but not necessarily
normal, after deformation.

— Deflections and strains are infinitesimal.

— The transverse normal stress is negligible (plane-
stress state is invoked).

Using Equation 1 and by considering Love's hypoth-
eses expressed above, the strain tensor elements can be
written as follows Reddy (2007):

€1 =& +zel, e = 1+Z/R(sg+zsé)
1
0 1 0 1
= 2
& w1+zw1+1+z/R(w2+zw2) (2)
€4 82785:847

B 1+2z/R

where the superscripted components are defined as fol-
lows Reddy (2007):

abto 1 181/0 oR
=504 =1 (538 * oo )

1 laWO Bwo
SQ‘R(RaNR‘/’e‘VO)’S?‘a*%
a)O*% o 1 i (3)

P A X
1_9 1 _ 199,
R R Y
1_9% 1_ 10p,
1T o 2T R

0

e

The stress resultant vectors in unit length (of the shell
circumference), N, M, and Q, can be obtained in terms
of strain components using the ABD matrix as follows
Reddy (2007):

1= 14 ] e- (4]
e} = = o)t ek = ol + ol

€,

6
{QZ}:[<[A44 A45]{82}
Q | Aws  Ass || €2
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where the components are defined as follows Reddy
(2007):

/2
(Ay,Bj,Dy) = / Si(2)(1,2,2%)dz, (i,j = 1,2,6)
—h/2
/2
Azj = / S,;(z)dz, (l7] = 4, 5)
—h/2
vE
S11 =83 = Sio =8y =——
11 2= 00 0 A=7T00
E
Sua = S55 =Se6 =2t

(5)

where K; is the shear correction factor, which is 7%/12
for cylindrical shells Park and Kim (2000), and v is
Poisson's ratio, which was taken as 0.3 (for mild steel)
in this research.

In order to derive the governing equations of motion,
Hamilton's principle is used as follows Reddy (2007):

T
/ [6K — 6U + §W,,c]dt = 0, (6)
0

where JK and SU are variations of kinetic energy and
strain energy, respectively, defined as follows:

L 2m

0K = // [Io(l;toé\l;to + 190y + W05W0)
0 0

+ L (9,000 + 0@, + PgOVo + VodPg)
L 2m

ou = / / [N,6€) + M, 8¢} + NoSey + Mgde,
00

+ (ng&o(l) +N9x6w(2)) + (ngc?w} -l—ng(Sw%)
+Qode] + Q.0¢)| Rdxd6
h/2
z i .
/ p(2) (1 + E) (z)'dz, (i=0,1,2) (7)

~h/2

L=

where the dot superscript shows differentiation with re-
spect to time. dW,,. is the variation of the work done by
nonconservative forces. W, in Beck's, Leipholz's, and
Hauger's problems for cylindrical shells are obtained
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after integration by parts as follows Simitses and Hodges
(2006; Altman and De Oliviera (1988); Park and Kim
(2000):

L 2m

/ / (8 5 5 )Rdxd@

for Beck’s problem, (8)
L 2m
/ / — E) 6 Rdxd6

x) 8 =0 toa X

for Leipholz’s problem, 9)

L 2m ) )
_ & (s O

W, = 2// (L —x) (8x2 v+ " 6W)Rdxd0

00

for Hauger’s problem, (10)

where P = P/2nR, p = p/27R, and g = g/2nR are the
forces per unit length of the shell circumference, on the
premise that the axial stress is uniformly distributed
along the thickness. We note that p and g are forces
per unit length and unit square length of the shell, re-
spectively. Stated another way, if the resultant force per
unit length of the shell cross section circumference is
of an equal magnitude P in all three cases, then p and
g will be P/L and 2P/L?, respectively. Figure 2 includes
the scheme of each follower loading:

Thus, Equations 8, 9 and 10 can be rewritten as fol-
lows:

L 2m

-] [ Gate

for Beck’s problem,

6 )Rdxde

*w
Wy = — // 1—— (ﬁé 52 6 )Rdxd@

for Leipholz’s problem, (12)
L 2m az
w
W, = p/ / (1-% <ﬁ5 +w6w>Rdxd0
0
for Hauger’s problem. (13)
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In order to derive the equations of motion correctly, an
additional constraint equation must be added to U as
follows:

M

where d¢, denotes the rotation about the transverse
normal to the shell surface. For thin shells, M,y = M,,,
N, = Ng,. Using Equation 2 to write the stram compo-
nents of Equation 3 in terms of displacements, the
following system of differential equations will be
derived:

[ [ oo ima) - o S

E) Up 9? (ox

t 2m

L
+/ [—N,] Rd6dt = 0
0
0

L
0 1 10Ny Qg
/{M(M“EE )*ﬁ55+—
0

(14)

(SV()I/

15}

0
ty 2m
0

621/0 a Vo a
—F) 22 _ (g I dxRddt
(x)ax2 ( at2+1a )}x d
t 2m
/ / = ng | RdOdt =
+ T (a0 L 190 N »
X 0 0 Wo
WO///{ Trao w15
a t 2m
a‘ZO}dededtJr / / —Q,JERAOdL =
. oM, ~10M,p o%p,
59”1'///{ x R 90 _Q"_(12 ar
t;1 0 0
t 2w
>}ded9dt+ / / [ERd6dt = 0
OM,y 10My %0,
9py : ///{ ox RW‘QQ_@ o2
a t 2
VO)}d RdOdt + / / J5RdOdt =

(15)
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Figure 2 Schematic shape of follower loading. (a) Beck's
problem, (b) Leipholz's problem, (c) Hauger's problem.
.

where []§ denotes the value at x = 0 subtracted from the
value at x =L, and F(x) is P, P(1 — x/L), and P(1 — x/L)*
in Beck's, Leipholz's, and Hauger's problems, respectively.
Since the mode shapes used in the present research do
not satisfy natural boundary conditions, the boundary
equations have been added to the domain equations. After
replacing the stress resultants by their strain equivalents
(Equation 4) and replacing strain components in terms of
deformations (Equation 1), the following differential
operators will be derived:

ty 2m L

[ ([ miayae+ wians | aaede = o).

{A} = {M(),V(),Wo,(/)x,(ﬂg}T (16)

where L and L’ matrices are differential operators of
the domain and boundary, respectively, whose elements
are defined in the Appendix.
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Solution method

It can be proved that all of the equations are orthogonal
in terms of 6 if the displacements are defined using al-
ternative sine and cosine functions as stated in Equation
17. Thus, we can choose base functions and mode shape
functions as follows:

uo = 3 () cos(nB)e”, Li(x) = aly x)

o= 3" Vi) sin(n)e”, Vi(x) = aty}(x)
wo =31 Wj(x) cos(n)e, W(x) = ady?(x)
0= D ) cos(nB)E X (x) = afy (o
pa =" Yi(x) sin(nB)e, Y)(x) = a?y3(x).

(17)

The superscripts denote functions corresponding to
U, ..., and pg, and zz; (i=1...5) are the unknown coeffi-
cients that could be determined by exerting any approxi-
mation method such as the Galerkin method. For the
mode shape functions, t//}(x) (i=1...5) that satisfy the
essential boundary conditions of the cantilever cylinder,
the following polynomials have been taken (Altman and
De Oliviera, 1988):

@) s

v =y =) =y =yl =y (18)

After application of the Galerkin method, stiffness and
mass matrices can be defined as functions of n. The
stiffness matrix is also a function of P. The equations
obtained by the application of the so-called generalized
Galerkin method are algebraic equations in terms of aj
(i=1...5). Setting the determinant of the coefficient
matrix to zero to impose the condition of nontrivial so-
lution, as stated in Equation 19, o will be obtained:

det(K(pv,,) + w2M<,,>) =0. (19)

® is a complex number with a zero real part until the
shell loses its stability under the applied follower forces.
As soon as instability occurs, the real part begins to become
positive or negative. In order to facilitate verification for
future works, the nondimensional load parameter /5, for the
shell model can be considered as the comparator, which is
defined as follows Park and Kim (2000):

1—v.

= P.
Bi=—4,

(20)
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Figure 3 Minimum natural frequency (Hz) for free vibration of
cantilever shell vs. circumferential mode number (R/h = 400,
L/R=2.23,h=0.254 mm).

Results and discussion

Calculations in the present study that demonstrated the
optimum number of terms needed for convergence in
the Galerkin method is 6, which is confirmed in the
study of Altman and De Oliviera (1988). The ‘Free vibra-
tion of shells’ and ‘Flutter of very long shells (equivalent
beam model)’ subsections comprise verification of results
with previous works.

Free vibration of shells

The minimum natural frequency (pertaining to the
first mode) vs. the circumferential mode number for a
shell with the following properties is shown in Figure 3.
The results were verified with those of the work of
Leissa (1973).

Flutter of very long shells (equivalent beam model)

When the imaginary part of the natural frequency (w)
of two sequential modes becomes zero and the real
part gets greater than zero, the vibration amplitude

Simitses and Hodges results
(based on the beam theory)

25 — Present results (based on the
: shell theory)

-10 -
Figure 4 Variation of the imaginary and real parts of Q,, vs. 8,
for Beck's problem.

N
¢ Simitses and Hodges results
(based on the beam theory)

25 1 — Present results (based on
the shell theory)

10
Figure 5 Variation of the imaginary and real parts of Q, vs. 8,

for Leipholz's problem.
- J/

approaches infinity and divergence occurs. Alterna-
tively, when the imaginary parts of the natural fre-
quency of two sequential modes become equal and the
real part gets greater than zero, the vibration ampli-
tude approaches infinity and flutter occurs. Results
demonstrated that instability under follower forces can
be flutter or divergence. However, flutter always takes
place before divergence in shells with moderate thick-
nesses. In order to verify the present computational
approach, the problem was firstly solved for long
shells, and the results were compared with those
obtained with the beam model. The nondimensional
load and frequency parameters in the beam model
have been defined in the literature as follows Simitses
and Hodges (2006):

PL?

Y o YR S 2 Nl
Bo="Fr =0l

(21)

0 o By
100

.10 A ,gim—:.“l6

Figure 6 Variation of the imaginary and real parts of Qb vs. b

for Hauger's problem (B,(De Rosa and Franciosi) = 75.4).
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Table 1 Critical circumferential mode numbers (n,,) for all three problems

h/R LR

01 025 05 10 5.0 10 20 40 60 80 100

Al Al Al Al B L H B L H B L H B L H B L H B L H B L H
0.01 1 1 1 1 7 7 7 5 5 6 4 4 5 4 4 4 3 3 3 2 3 3 2 3 3
003 1 1 1 1 5 5 5 3 4 4 3 3 3 2 2 3 2 2 2 2 2 2 2 2 2
005 - 1 1 2 4 4 4 3 3 3 2 3 3 2 2 2 2 2 2 2 2 2 2 2 2
0075 - 3 1 - 4 4 4 2 3 3 2 2 2 2 2 2 1 2 2 1 1 2 1 1 1
0.1 - - - - 3 3 3 2 2 3 2 2 2 2 2 2 1 1 2 1 1 1 1 1 1
0125 - - - - 2 2 3 2 2 2 2 2 2 1 2 2 1 1 1 1 1 1 1 1 1
R - - 2 2 3 2 2 2 2 2 2 1 1 2 1 1 1 1 1 1 71 1 71
0175 - - - 2 2 2 2 2 2 1 1 1 1 19 01 1 1 1 1 1
02 - - - 2 2 2 2 2 2 1 1 1 19 .11 1 1 1 1 1

B, Beck's problem; L, Leipholz's problem; H, Hauger's problem.

where p is the mass per unit length (x4 =2nRhp). In
order to analyze very long shells with the equivalent
beam model, the following identity can be used:

I 1/R

2
A = 27Rh, I = nRh=>—— =~ <—> : (22)

AL2 2\L

Therefore, the relation between the two nondimen-
sional loads is as follows:

_20/R)’

i (1)

ﬁh IBS'

Figures 4, 5, and 6 show the results for Beck's, Lei-
pholz's, and Hauger's problems, respectively. In all three
figures, the minimum flutter load occurs between the
first and second longitudinal modes. Thus, the upper
and lower branches of Im(Qy) pertain to the first and
second longitudinal modes, respectively. Present results
for Hauger's problem have been compared with those of
the work of De Rosa and Franciosi (1990). However,

based on the alternative definition of Hauger's loading in
the work of De Rosa and Franciosi (1990), twice the load
calculated in the present research is given in that
reference.

Results for shells

Tables 1 and 2 include critical circumferential mode
numbers (7.,) and critical longitudinal mode numbers
(M,,), those corresponding to the minimum flutter load,
for the three problems of shells with different L/R and
h/R ratios. The shell has the following geometric para-
meters (which belong to mild steel):

h=0.01 m,E =2.03 x 10" Pa,v = 0.3,
p=7,850 kg/m®.

Tables 1 and 2 reveal the following results:

— For a given L/R and A/R ratio, n,, is identical for all
three problems for short shells (L/R < 1). However,

Table 2 Numbers of the first two critical modes for all three problems

h/R L/R=0.1 L/R=0.25 L/R=0.5 L/R=1 L/R=5 L/R>10
B L H B L H B L H B L H All the three problems  All the three problems
0.01 1,2 1,2 1,2 1,2 1,2 1,2 1,2 23 23 23 23 23 1,2 1,2
0.03 1,2 1,2 23 1,2 1,2 1,2 1,2 1,2 1,2 23 23 23 1,2 1,2
0.05 - - - 1,2 1,2 1,2 1,2 1,2 1,2 45 45 23 1,2 1,2
0.075 - - - 2,3 23 23 1,2 1,2 1,2 - - - 1,2 1,2
0.1 - - - - - - - - - - - 1,2 1,2
0.125 - - - - - - - - - - - - 1,2 1,2
0.15 - - - - - - - - - - - - 1,2 1,2
0.175 - - - - - - - - - - - - - 1,2
0.2 - - - - - - - - - - - - - 1,2

B, Beck's problem; L, Leipholz's problem; H, Hauger's problem.
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0 0005 om 0015

Figure 7 Nondimensional frequencies for the first 11 modes for a shell. The shell has the following components: h=0.01 m, £=2.03 x
10" Pa,v=0.3,p="7,850 kg/m* h/R=0075L/R=1.

\

V] 0005 001 0015 002

for longer shells, 7., tends to increase when the
loading function's degree rises, and the increase in
n., is the most rigorous for L/R = 1. In other words,
L/R =1 is the most sensitive case towards changing
the load function (to Leipholz's and Hauger's
loadings).

For short shells (L/R < 1), critical longitudinal mode
numbers tend to increase when the loading degree
increases. However, they remain constant for longer
shells.

When //R increases and L/R decreases, the effect of
shear deformations on the vibration gets increased.
Since this effect is prevalent in higher modes, in
large values of /1/R and small values of L/R, the
number of critical modes approaches higher modes,
i.e., higher-than-5 modes. It is quite obvious that the

critical load obtained in those cases based on the
EST theory is not accurate enough since shear
theories of higher degrees are needed to account for
higher modes Park and Kim (2000). For instance, for
a shell under Beck's loading, with #/R = 0.075 and
L/R =1, the nondimensional frequencies for the first
11 modes are demonstrated in Figure 7. For more
convenience, (), has been plotted instead of Q)
using Equation 22. Also, the below-mentioned
results can be observed.

In the 0 < &#/R <0.03 interval, all answers have
sufficient precision with the FST theory since the
instability longitudinal mode numbers are low, and
thus flexural deformations are much more
significant than shear deformations [2]. In the 0.03
< h/R <0.05 interval, answers for L/R > 0.25 are

0.09
ﬁ;cr

0.08 -

0.07 -

0.06

0.05 -

0.04 -

Ao ——W/R=0.15

——hR=001
—#—h/R=0.03
——h/R=0.05
—+— h/R=0.075
——h/R=0.1
—=—h/R=0125

- —hR=0175

0l [

Figure 8 Variation of B, against L/R for different h/R ratios in Beck's problem.
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0.16 B
0.14
& —+—h/R=0.01

: —%—h/R=0.03
0.10 - ——h/R=0.05

' ——h/R=0.075
e ——h/R=0.1
0.06 1 —=—h/R=0.125

a —s—h/R=0.15

- = —h/R=0.175

0.00 " ; s
0.1 1 10 100

Figure 9 Variation of B, against L/R for different h/R ratios in Leipholz's problem. )
valid. In the 0.05 < /#/R < 0.15 interval, answers for which signifies that the structure is approaching the
L/R =5 are valid. Finally, in the #/R > 0.15 interval, beam-like model.
answers for L/R > 10 are valid.

— For thin shells (0 < /#/R <0.03), critical longitudinal The critical nondimensional load parameters and S,
mode numbers increase (to second and third) from of shells with the geometric parameters stated in
L/R=0.5to L/R =1 and decrease (to first and Equation 24-are depicted against L/R and //R in Figures 8,
second) onwards. Expressed in another way, flutter 9, and 10 and Figures 11, 12 and 13, respectively.
in thin shells occurs in the second and third modes It was observed in the outcomes that with a specified
only for L/R of about unity and occurs in the first h/R and L/R, f5; is independent of the thickness. The rea-
and second modes for other L/R ratios. All the son is that in case /#/R and L/R are both constant, /, R,
same, for shells with /R > 0.03, flutter always takes and L will all be changed to the same extent when /
place in the first and second modes. changes. Thus, for /' other than 0.01 m

— For L/R =5, for a specified L/R ratio, n., decreases
with //R, and conversely, for a specified //R ratio,

n., decreases with L/R. Altogether, for large /1/R and
L/R ratios, flutter always occurs in #,, of unity, B.(h/R,L/R,I') = B.(h/R,L/R,0.01) (24)
s N
0.25 " B
0.20 _ ~—+—h/R=0.01
—#—h/F=0.03
0.15 —»—h/R=0.05
~——a—h/R=0.075
_ ——h/R=01
0.10 - ~—=—h/R=0.125
% —o—h/R=0.15
: - - ~h/R=0175
----- h/R=0.2
GO0 &
01 1 10 100
Figure 10 Variation of B, against L/R for different h/R ratios in Hauger's problem.



www.sid.ir

Torki et al. International Journal of Advanced Structural Engineering 2012, 4:9 Page 10 of 13
http://www.advancedstructeng.com/content/4/1/9

S
0.035 | P
0.030
——LR=10
0.025
——L/R=20
0.020 - —a—L/R=40
—+—L/R=60
0.015 -
—e—L/R=80
0.010 - —+—L/R=100
0.005
0.000 - " i Ty 3 Pl IR WR
0 0.05 01 015 02
Figure 11 Variation of ., against h/R for different L/R ratios in Beck's problem.
. J
From Figures 8, 9, 10, 11, 12, and 13, the following beam equations Park and Kim (2000). It can be

results can be drawn:

easily observed that this range is almost
independent of the loading scheme, i.e., almost

— In a constant /4/R, the nondimensional load S, gets the same in Beck's, Leipholz's, and Hauger's
decreased with L/R. However, in a constant L/R, 5y, loadings. It can also be observed that the FST
gets increased with //R. theory is valid for all #/R and L/R ratios in

— By increasing L/R ratio, for L/R > 10, S, beam-like ranges.
magnitudes approach an envelope curve, which
is in fact the curve pertaining to the equivalent Tables 3 and 4 include the ratio of f5,, in Leipholz's
beam. problem to that in Beck's problem and the ratio of

— Since By, is independent of 4/R in beams, it can B, in Hauger's problem to that in Beck's problem,
be deduced that, in Figures 11; 12, and 13, 'the respectively.

ranges which are constant with /4/R can be It can be observed from Tables 3 and 4 that the so-
considered as beam-like ranges, i.e., the ranges defined ratios in very thin and short shells (%/R < 0.03,
in which the structure can be analyzed with a L/R<0.5) and very long and moderately thick (beam-
simple equivalent beam model. This eliminates like) shells are almost equal.
the complicated shell differential equations Also, it was observed in the numerical results that the
which are much more difficult to solve than nondimensional frequency parameter is the same, i.e.,
N
0.045 Becr
0.040 -
0.035 -
0.030 ==LR=10
0.025 ——L/R=20
~s—LR=40
0.020 -
—+—L/R=060
0 ——L/R=80
0.010 - —+—L/R=100
0.005 -
0.000 - . t f f . WR
0 005 01 015 02
Figure 12 Variation of B, against h/R for different L/R ratios in Leipholz's problem.
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0.070 ¢ Pur
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0.050
—+—LR=10
0.040 - —=—LR=20
—=—LR=40
0.030 S il
0.020 ——L/R=80
| —+—L/R=100
0.010 -
0.000 + : + t VR
1] 0.05 01 015 02

Figure 13 Variation of 8, against h/R for different L/R ratios in Hauger's problem.

approximately 12, for all the three problems in the
beam-like ranges.

Conclusions

Inclusive work on the dynamic stability of cantilever cy-
lindrical shells considering all types of follower loads
and wide ranges of length and thickness ratios does not
meet the needs. In this paper, dynamic stability of
clamped-free cylindrical shells was studied to bring out
the geometric regions in which the structure acts as a
general shell or a beam. In developing the equations of
motion, FST theory was used and rotary inertias were
considered. The results for the equivalent beam were in
complete agreement with those in the literature. Results
consisted of tables containing critical longitudinal mode
numbers and critical circumferential mode numbers,
and also diagrams showing flutter load parameters
against vast intervals of length and thickness ratios.
Raising the load function degree increased critical

Table 3 Ratio of S, (Leipholz) to B, (Beck)

circumferential mode numbers and critical longitudinal
mode numbers in specific ranges of thickness and
length ratios. The flutter load parameter decreased by
increasing the length ratio and decreasing the thickness
ratio. In some ranges of small length ratios, results
obtained based on FST theory should be more carefully
dealt with since the critical longitudinal mode numbers
are obtained to be higher than 5, in which FST seems
not to be accurate enough. For long and moderately
thick shells, ranges of thickness ratios exist in which
the shell can be analyzed with a simple equivalent beam
model, which is almost independent of the loading
scheme. For very short and thin shells, and also for
beam-like (long and moderately thick) shells, the ratios of
Leipholz's to Beck's, and Hauger's to Beck's nondimen-
sional critical loads are the same as their corresponding
values in beams. Moreover, the nondimensional frequency
parameters in beam-like shells are equal in all three
problems.

Table 4 Ratio of .., (Hauger) to B, (Beck)

L/R h/R

L/R h/R

0.01 0.03 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.01 0.03 0.05 0.075 0.1 0.125 0.15 0.175 0.2
0.1 200 181 0.1 350 271
025 200 195 188 025 367 355 329
05 220 181 152 0.5 320 305 272
1 175 215 192 1 200 292 432
5 124 138 125 130 114 147 138 5 188 200 192 19 171 178 192

10 137 136 125 128 140 122 117 117 1.8

10 206 209 201 195 207 201 189 186 185

20 148 136 167 152 140 132 132 133 135

20 221 216 243 256 219 206 202 201 200

40 166 176 151 152 140 157 198 197 196

40 242 273 244 209 220 226 292 364 362

60 170 159 139 160 198 197 19 195 193

60 244 263 210 260 288 368 363 359 353

80 170 147 137 199 197 19% 194 191 189

80 244 232 220 287 368 362 355 347 340

100 171 142 133 198 19 193 191 188 185

100 247 214 210 370 363 354 344 335 325
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Abbreviations

A: Cross-section area of the shell; Ay Zeroth-order integral of Qy with respect
to thickness; Bj: First-order integral of Qj with respect to thickness;

Dj: Second-order integral of Q; with respect to thickness; £: Young's
modulus; H: Shell thickness; : Beam area moment of inertia; /: Shell i'th order
rotary inertia; K: Kinetic energy of the system; K;: Shear correction factor;

L: Length of the shell; M: Axial stress moment resultant per unit length of the
shell cross section circumference; n: Number of circumferential waves on the
shell; N: Axial stress resultant per unit length of the shell cross-section
circumference; P: Resultant concentrated follower load; Q: Transverse (normal
to thickness) shear stress resultant per unit length of the shell cross section
circumference; S stiffness coefficients used in ABD matrix; R: Shell radius;

t: Time duration; u: Displacement along x axis; v: Displacement along 6 axis;
w: Displacement along z axis; ug: Displacement of the middle surface along x
axis; vo: Displacement of the middle surface along 6 axis; wy: Displacement of
the middle surface along z axis; U: Strain energy stored in the system;

V: Potential of the conservative external forces; x: Coordinate along the shell
generating axis; z. Coordinate along the shell thickness; ,: Beam
nondimensional load parameter; By Critical beam nondimensional load
parameter; B;: Shell nondimensional load parameter; B Critical shell
nondimensional load parameter; &; Translational strain component;

¢,: Change of slope of the normal to the middle surface around 6 axis;

@g: Change of slope of the normal to the middle surface around x axis;

L/J/’: Weight function used in Galerkin method; u: Mass per unit length;

v: POISSON'S ratio; (,: Beam nondimensional frequency parameter;

w: Natural frequency (eigenvalue of the equivalent equation system);

wj; Rotational strain component; p: Mass density; 6: Circumferential
coordinate.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

MET and MTK have made substantial contributions to the concept of the
study, acquisition of data, analysis, and interpretation of data. SM has been
involved in drafting the manuscript or revising it critically for important
intellectual content. He has also given effective assistance in the formulation
of the problem. All authors read and approved the final manuscript.

Authors' information

MET is an MSc graduate in civil engineering. He received his MSc from Sharif
University of Technology, Tehran, Iran. His research interests include
mechanical properties of composite structures. MTK is an associate professor
of civil engineering at Sharif university of Technology, Tehran, Iran. He
received his PhD degree from North-Western University. His research
interests include plasticity, reinforced concrete, and composite structures. SM
is a PhD student of aerospace structural engineering at Sharif University of
Technology, Tehran, Iran. He received his MSc from Sharif University of
Technology. His research interests include thermomechanical properties of
functionally graded materials.

Author details

'Department of Civil Engineering, Sharif University of Technology, Tehran
1136511155, Islamic Republic of Iran. “Department of Aerospace Engineering,
Sharif University of Technology, Tehran 1136511155, Islamic Republic of Iran.


www.sid.ir

Torki et al. International Journal of Advanced Structural Engineering 2012, 4:9
http://www.advancedstructeng.com/content/4/1/9

Received: 13 June 2012 Accepted: 5 November 2012
Published: 10 December 2012

References

Altman W, De Oliviera MG (1988) Vibration and stability of cantilever cylindrical
shell panels under follower forces. J Sound Vib 122(2):291-298

Altman W, De Oliviera MG (1990) Vibration and stability of shell panels with
slight internal damping under follower forces. J Sound Vib 136(1):45-50

Bismark Nasr MN (1995) Dynamic stability of shallow shells subjected to follower
forces. AIAA J 33(2):355-360

Bochkarev SA, Matveenko VP (2008) Numerical study of the influence of
boundary conditions on the dynamic behavior of a cylindrical shell
conveying a fluid. J Mech Solids 43(3):477-486

De Rosa MA, Franciosi C (1990) The influence of an intermediate support on the
stability behaviour of cantilever beams subjected to follower forces. J Sound
Vib 137(1):107-115

Elfesoufi Z, Azrar L (2005) Buckling, flutter and vibration analysis of beams by
integral equation formulations. J Comput Struct 83:2632-2649

Jung SW, Na KS, Kim JH (2005) Dynamic stability of liquid-filled projectiles under
a thrust. J Sound Vib 280:611-631

Kounadis A, Katsikadelis JT (1976) Shear and rotatory inertia effect on Beck's
column. J Sound Vib 49(2):171-178

Leissa AW (1973) Vibration of shells. Scientific and Technical Information Office.
National Aeronautics and Space Administration, Washington, DC

Park SH, Kim JH (2000) Dynamic stability of a completely free circular cylindrical
shell subjected to a follower force. J Sound Vib 231(4):989-1005

Reddy JN (2007) Theory and analysis of elastic plates and shells. CRC Press, New York

Ryu BJ, Sugiyama Y (1994) Dynamic stability of cantilever Timoshenko columns
subjected to a rocket thrust. J Comp Struct 51(4):331-335

Seyranian AP, Elishakoff | (2002) Modern problems of structural stability.
International Centre for Mechanical Sciences. Springer, New York

Simitses GJ, Hodges DH (2006) Fundamentals of structural stability. Elsevier,
Burlington

Simkins TE, Anderson GL (1975) Stability of Beck's column considering support
characteristics. J Sound Vib 39(3):359-369

Sugiyama Y, Kawagoe H (1975) Vibration and stability of elastic columns under
the combined action of uniformly distributed vertical and tangential forces.
J Sound Vib 38(3):341-355

Sugiyama Y, Mladenov KA (1983) Vibration and stability of elastic columns
subjected to triangularly distributed sub-tangential forces. J Sound Vib
88(4):447-457

doi:10.1186/2008-6695-4-9

Cite this article as: Torki et al.: Diversity between shell-like and beam-
like regions for a cantilever cylindrical shell under follower forces.
International Journal of Advanced Structural Engineering 2012 4:9.

Page 13 of 13


www.sid.ir

