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MODAL EQUATIONS FOR THE NONLINEAR FLEXURAL
VIBRATIONS OF A CYLINDRICAL SHELL

E. H. DoweLL and C. S. VENTRES

Department of Aerospace and Mechanical Sciences, Princeton University

Abstract—A review is made of modal approximations in deriving the equations of motion for the nonlinear
flexural vibrations of a cylindrical shell. An improved method is proposed and used which satisfies more exactly
the boundary conditions of the problem. Comparisons are made between the present equations and those prev-
iously derived in the literature.
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b plate width
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a1, by, 05y nondimensional modal amplitudes
D plate or shell stiffness
E modulus of elasticity
h plate or shell thickness
L length of shell
M moment
N, N,, N, stress resultants
M,N,m,n mode numbers
R radius of cylinder
t time
U, v, w plate or shell displacements
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€ = (N2h/R)?

1) stress function
v Poisson’s ratio
w frequency

w3 = DN*/p,hR*

2 E & (& +1y
i ) 'mel[(c‘u TN —v‘ﬁ]
Q = wjwy
¢ _ Mmn/L

N/R
P material density
D ) D
N N )
TMN = Wpp!
TN = Wyt

1. INTRODUCTION

THE nonlinear flexural vibrations of plates and shells have recently received renewed
attention in the literature. This is probably because of two reasons:

(1) the growing appreciation of the importance of nonlinear effects in determining the

stability and response of thin shells (including plates) under dynamic loading, and

(2) our increased ability to handle a more complex description of such structural

members via high speed computers.
Nevertheless before one can apply (2) to investigate the many interesting ramifications
of (1), it is necessary to obtain a proper and consistent formulation of the modal equations
of motion. This task (using Galerkin’s method, for example) turns out to be a fairly subtle
and moderately difficult one for some shell geometries. In particular, the cylindrical shell
is most challenging as has been clearly pointed out by Evensen [1, 2]. The primary difficuity
lies in satisfying certain continuity and boundary conditions for the shell.

The purpose of the present paper is to satisfy more accurately these boundary and
continuity conditions and to investigate their effect on the form of the modal equations.
Galerkin’s method is employed. In Section 2 we review the results for a flat plate and also a
ring which may be considered limiting cases for a cylindrical shell. In Section 3 the cylindri-
cal shell per se is treated and in Section 4 the present results are compared with those of
previous authors.

2. RELATED RESULTS FOR PLATES AND RINGS

2.1 Nonlinear vibrations of plates

To appreciate the difficulty with the, cylindrical shell, it is perhaps best to begin a
discussion with the work on the flat plate. (Some of the plate results discussed here are
thought to be original) The paper by Chu and Herrmann [3] is one of the earliest and in
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many ways representative of the subsequent literature. Chu and Herrmann arrive at the
equations of motion by first doing a perturbation analysis to show the consistency of
neglecting in-plane intertia terms in the study of the nonlinear flexural vibrations of a
plate. This portion of their work is analogous to that of Reissner [4] who considered the
linear flexural vibrations of a curved shallow shell. With this simplification, the equations
of motion reduce to the well-known Von Karman equations including only the transverse
inertia term. Chu and Herrmann then proceed to solve for the fundamental frequency of
vibration as a function of plate amplitude using a one term modal solution via a Rayleigh—
Ritz or Galerkin type procedure. The boundary conditions which they satisfied were

w =0 on all edges 2.1
M =0 on all edges (2.2)
u =0 on both edges normal to u (2.3)

v =0 on both edges normal to v (2.4)
N,, =0 on all edges. (2.5)

The last boundary condition was not explicitly stated in [3]; however, it may be verified
that their solution does satisfy this condition. Of course, unless four boundary conditions
are specified on each of the four plate edges, the solution is not unique.

Subsequent investigators, while using a modal approach, have handled the boundary
conditions in a different way. Bolotin [5], Fralich [6], and Dowell [7], who have studied
the problem inter alia, have satisfied boundary conditions (2.1) and (2.2) exactly but
satisfied (2.3) to (2.4) only ““on the average” by requiring the integral of the appropriate
quantity, u, v, or N, to be zero along the relevant edge. The solutions have been worked
out for two [5, 6] and an arbitrary number of modes [7] respectively. The interesting result
is that when only one mode is used in each of these analyses [5-7], the resulting equation of
motion is identical to that of Chu and Herrmann. In all cases, the equation of motion is

d%a,,

dr?

2
+a*1 +(a/b)*la,, +3ai‘1n4{(%—vz) [1+(a/b)*]+ v(a/b)z} =0 (2.6)

where w = A, sin nx/a sin ny/b and a,, = A4,,/h.
The boundary conditions cited above are not the only possible ones of interest, of course.
Therefore others have been considered. For example, it may be more realistic to consider
in place of (2.3) to (2.5)

u =0 on all edges (2.3a)

v =0 on all edges. (2.4a)

If these latter two conditions are satisfied ‘‘on the average”, one finds that for a one mode
analysis the result is still equation (2.6). If, on the other hand, (2.3a) and (2.4a) are satisfied
exactly by taking the following expansions

2
u= B, sinﬁsinﬂ,
a b
*
. mx . 2my @7
v=C,,sin—sin—-.
a b

* By, = Cyy = 0, as is perhaps obvious from symmetry.
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The equations of motion become, using Galerkin’s method,

d* d““ +7%[1 +(a/b)*a,, +3ai,n* { [1 +(a/b) 4]+(——) a/b)}
T
2 2 I Sl 2
—n2b21011{§[1+v(a/b) ]+——6 {a/b)

+7n C21a11{ [(a/b) +V]+£1—gv—)} =0 (28)

where b,, = (B, /h)a/h, ¢,, = (C,,/h)a/h are determined from

_ 2
b21{1+“—81)(a/b>2} w149

(a/b)ey, = a“{ 3+(a /b)2

! } (2.9)

1- 4/3)
R R N e 3} e

12

It is a simple matter to solve for b, and ¢, , from equations (2.9) and (2.10) and to substitute
into (2.8) to obtain an equation solely in terms of a,,. However it is apparent that the
resulting equation will be too complicated to permit any simple analytical comparison
with equation (2.6). Instead numerical comparisons have been made for the coefficient of
the nonlinear terms in equations (2.6) and*(2.8) for a/b = 0 and 1-0. In both cases, the results
are in very close agreement with the coefficient from equation (2.8), being slightly larger
than from (2.6).

Finally to further verify the generality of the above conclusions, a clamped plate was
considered where boundary condition (2.2) was replaced by

6_w =0 for x =0,a,

0x

a_w =0 for y =0, b. (2.2a)
dy

Again there was similar agreement among the various results using different in-plane
boundary conditions.

Hence one concludes that

(i) the important in-plane boundary conditions are (2.3) and (2.4). (2.5), apparently, is

not very important.

(ii) satisfying boundary conditions (2.3), (2.4), and (2.5) “on the average” is a good

approximation.

It should be mentioned, however, with regard to (ii) that comparisons have also been
made between ‘“‘exact” and ‘“‘average” boundary condition solutions for zero stress on the
edges which show poor agreement. The nonlinear coefficient predicted by the “average”
solution is much higher than the “‘exact” boundary conditions solution. For this problem,
boundary conditions (2.3) and (2.4) were replaced by

N, =0, (2.3b)
N, =0. (2.4b)
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In order to satisfy these conditions, along with (2.5), exactly the following stress function

was chosen:
2 2
<I>=D|:1—cos—7c—?:| [l—cos%:l, @.11)

where D is a constant to be determined. Again, using Galerkin’s method, one obtains

d’ayy | 212 3 _a (1—v*)(a/b)*
= 0. 2.12
dr2 +7n [1+(a/b) ] a11+3a117t [1+(a/b)2]2+2[1+(a/b)4] ( )
If one satisfies the boundary conditions “‘on the average”, one obtains
2 1— 2
ddai‘ +*{l+(@/b) P ay, + 3a%1n“{( - V14 (a/b)“]} = 0. (2.13)
T

It will be noted that, in equation (2.12), the nonlinear coefficient vanishes when a/b — 0
as one would expect from the well-known results for a beam with no in-plane restraint.
On the other hand, in equation (2.13), the nonlinear coefficient remains finite as a/b — 0.
To make a further comparison, we give in Table 1 the numerical values of the nonlinear
coefficient, {...}, as determined from equations (2.12), (2.13) and, for reference, (2.6) for
two values of a/b, 0 and 1-0, and v = 0-3.

TABLE 1
a/b (2.6) 2.12) (2.13) Zero Zero
stress strain
0 0728 00 0-228 091 10
10 1-755 0114 0450 - -

While both equations (2.12) and (2.13) indicate a much decreased nonlinearity from
equation (2.6), the quantitative agreement between the former two results is poor. Equation
(2.12) is undoubtedly the more accurate result, giving as it does the correct limit for a/b — 0.

One final comment concerning the limit a/b — 01is in order. As is known, if one considers
no spanwise bending, dw/dy = 0, and takes either zero spanwise stress or strain but u = 0
at x = 0, g, an equation similar to equation (2.6) may be derived (see, for example, [7)).
For the sake of completeness, the nonlinear coefficients of these results are also given in
Table 1. Note that neither agrees precisely with equation (2.6), the difference being roughly
25%.

2.2 Nonlinear vibrations of rings

Now, for the plate, we are able to obtain reasonably satisfactory results for the nonlinear
oscillations in the fundamental mode by retaining only one term in the series for w. However
Evensen {8] has shown (and Dowell [9] has also confirmed) that for the ring it is essential
to consider the coupling between the axisymmetric circumferential mode and the particular
circumferential mode being studied, say n = N. The first author has discussed this problem
elsewhere [9], and we will only briefly recapitulate the relevant results here. The equations
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for a ring are [8, 9]

O*w 3w N w

— h— = 24+N,— .
D5y4 + P pre R + e (2.14)
aN,
— 2.
3 0 (2.15)
where
v w 1lfow
— Eh A 2.16
Ny [@y R+2(5y) } (216)

Actually Evensen [8] and Dowell [9] have considered a modified version of equation (2.14),

viz.,
D o2 N 1 62w+ w
dy? R2*J\oy? R?
after a suggestion of Morley’s [10]. This modification is not essential to what follows and,

for consistency with the subsequent cylindrical shell analysis, will not be used here.
If we take

P*w N o*w
RN N W .
=g Mgz =0 (2.14a)

w= Ay cos%-&-BN sin %+AO,

then, noting N, is only a function of time from equation (2.15), we may solve for N, from
equation (2.16) requiring at the same time that

v(2rR, t)—v(0,t) = J —dy =0, (2.17)
0 y
i.e., v must be continuous. The result is
N, = Eh{4(N/R)*[A%+ B3] — Ao/R}. (2.18)

With this result and using Galerkin’s method, the equations of motion may be determined
from equation (2.14) as

4y d?

ay -+ nay[ad +b] — agay - S daz” — 0,

4n d%by
by +nbylag +by]— aObN 7'*' de2 =0,

n 4’7‘10 d? Ao

_8‘%[ ay+hil+ + a2 =0, (2.19)
where

n=3(1-v? ¢ = (N2h/R)?

ay = Ay/h by = By/h

ag = Ao/h N = CUNt

DN4 1/2
“v = [ pmth}
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If a, is neglected, it is apparent from equation (2.19a, b) that the nonlinearity is of the
“hard spring” type since 7 is always positive. However, if a, is retained and we take

ay = ay cos Qr,
by = by sin Qr,
Q = w/wy,

and consider the region near the resonance point, Q & 1, we can solve for a, from equation
(2.19¢) and substitute the result in equations (2.19a) and (2.19b). These latter equations
become (retaining lowest harmonics in Q and lowest order terms in &)

aN—QZEN+%IYsQZ[—a§+E§] =0,

BN—QZaN+%’ieQZ[-B,3+a§] —0. (2.20)

From equation (2.20), it is apparent the nonlinearity is of a softening type with a strength
determined by the positive parameter, ¢&. Hence the retention of a, completely changes the
character of the nonlinearity.* From this it is apparent that any analysis of the cylindrical
shell which is valid for the long wavelength limit must include a,.

Anticipating some later discussion, it is pointed out here that there is some difference
in philosophy (though little in practice) between the solutions of Evensen [8, 11] and
Dowell [9] for the ring. Evensen attributes the failure of earlier analyses to predict the
correct type of nonlinearity to the neglect of the continuity condition on v. However, as
indicated above, it is possible to satisfy the continuity condition and still obtain an incorrect
result if a, is neglected. In Evensen’s work, he took N, = 0 (inextensionality assumption)
for the ring. Both he and Dowell have verified that this is an excellent assumption for the
ring. Under this assumption, as Evensen points out, the v continuity condition can only
be satisfied if one retains a,, in which case a, is determined in terms of ay and by by requiring
that v be continuous.

For future discussion, we record this latter result of Evensen. When N = 0, from
equation (2.18)

2

N
Ay = E[AI% + B3], (2.21)

and hence
Ny N?

N .
w(y, t) = Ay COs %+BN sin —+

Rl B (2.22)

3. MODAL EQUATIONS FOR A CYLINDRICAL SHELL

3.1 Method of analysis

With the plate and ring results in mind, we shall now consider the cylindrical shell.

* Evensen [11] has shown that the retention of additional circumferential modes has little effect.
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Donnell’s shallow shell theory will be employed (see [12] for a derivation). w is positive
inward.

Pw 1 0% [3*D Pw 3?0 0w 3*® J*w
4 pew _ 100 (0w 0% ow TR Tw
DViw+puh 57 = 1 (3x2+(5y2 ax2 “axdy dxdy | ox? 6y2)’ (3-1)
Vo | 02w+ P*w\? *w d*w (32)
Eh R ox? oxdyl  ox? oy* | '

The results discussed in the previous section were obtained using the same equations with
appropriate terms omitted.
For w we shall use the expansion

_ Y i MTX in™ gin T
wix, y, t} = ; ;Am,,(t) cos - sin ——+ % ;B,,,,,(t) sin - sin — .
This expansion satisfies the simply-supported boundary conditions
w=0 atx=0,L, (3.3)
O*w
5;5:0 at x =0, L. (3.4

Obviously wis continuous in the y variable as well. The additional boundary and continuity
conditions will be satisfied ““on the average’ in the spirit of [5, 6] and [7], since this has
been shown to be a satisfactory approximation for a plate (or ring).

As a check on our results, we should retrieve (at least approximately) the results for a
plate of a/b = 0 as the ratio of axial to circumferential wavelength becomes small, ie.,

Lim
nR/n

-0

The other possible limit

L/m
- o0
R/n

should give us (at least approximately) the results derived by Evensen [8] (and subsequently
by one of the authors [9]) for a ring. For both limits, it will be shown that the averaging
procedure provides results in reasonable agreement with the known results.

From the general expansion, we shall retain the following terms:

Ny . Mnx . Ny . Mnx . Mnx
w(x, y, t) = AMNcos-—ﬁsmT+BMNsm7sm—I—:~+AMosm T

(For some applications, such as a flutter analysis, additional axial, though probably not
circumferential modes, need to be retained.) Substituting the above into the right-hand
side of equation (3.2), we may solve for @ as

D= homogeneous +(I)particular
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Mnm\? 1 N 2+ Mmr\? o Ny . Mnx+B .nN_ySinMnx

T RI\Rl T\ pw COS TSI T Buw S L
Mn Manx Mn\?[N\2{A3x 2N\"* 2Ny

* L) Awo sin }’L(T) (i) { 2 | T\R] “®7R

2Mn\ =%  2Mnx 2N\~* . 2Ny B;
+ I cos 3 :|—AMNBMN(—) smT+~%{ﬂ

[{2NY\~* 2Ny (2Mn|~* 2Mnx
x_(?) cosT+(~L—) cos I :l} (3.5)

For the homogeneous solution, we will take

where

0] particular

Eh

P homogeneous = le + %Nyxz — nyxy. (36)

This is not the most general homogeneous solution (though it may be considered the lowest
order terms of a power series expansion of the general solution), however, it will be sufficient
to satisfy the relevant in-plane continuity and boundary conditions “‘on the average’.

The advantage of the averaging process is the simplicity of equation (3.6). The stress—
displacement relations are

Nx vw
2
(I—VZ)& _E+X(6_W) +_(Q!) +a_v + a_u

Eh R 2
Eh~ R 2\ax] T2 dy] Oy Vox
2Ny ow 6w ou Ov
= 2(1— .
( Eh ( )[6 6 6y 6x:| 3.7
For our boundary and continuity conditions, we shall require that
2zR 2nR
[T daxay= [ e n-uo.may =0,
o]

2nR L
J- f 6—vdy dx = J [v(x, 2nR)—v(x,0)] dx = 0,
0

2rnR
J f N,,dxdy =0. (3.8)
0 0

The first of these states that the axial displacements ‘“‘on the average” are zeroat x = 0, L;
the second that the v displacement is continuous in the circumferential coordinate ““on the

average ”; and the last that the average shear is zero. An alternative interpretation of
(3.8 ¢) since

* w is periodic in y, hence the integral over y will be zero. This may be verified explicitly for the expansions
of w used in the present paper.
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1s that L 22R
J [u(27R, x)—u(0, x)} dx + f [v(L, y)—0v(0, y)]dy = 0. (3.9
0

0
The first term (if the second is omitted) states that u is continuous in the circumferential
variable while the second (if the first is omitted) states that the circumferential displacement
is zero at x = 0, L “‘on the average’. Thus, if both of these conditions are satisfied together,
it is equivalent to equation (3.8c).
Applying the boundary conditions, equation (3.8), and using equation (3.5) through

(3.7), we may determine the unknown constants, N, N, N, as
(1 —vl)% - [ﬁ%; Buan] [Mz%:—sz(%)z ﬂ
o g
B L )=V
—M%[l—(—l)’"] n+v2_ALMZOM27%2-,
N, =0 (3.10)

With ® completely determined in terms of Ayy, By y and Ay, we shall determine the
equations of motion from equation (3.1) via Galerkin’s method. Using the expansion for w
and equation (3.10), equation (3.1) is weighted in turn by

Ny . Mnx Ny . Mnx . Mnx

CcOs —— sin sin —= sin —— sin ———
R L’ R L’ L

and integrated over the shell surface. The results are, in non-dimensionalized notation,
Ly?|? d?a (Mn)*T *4na
Mn)* + N3~ 4N MN
[( ) (R J N T g2 [(Mn)* + N*(L/R)*)?

N_L? N, L? L\?
+( xD )(Mn)zaMN+( 4 )NZ(—) Ay

D R

2 bZ L4
+4naMN7[aMN; ] [(Mn)“—kN“(i )jl

4nd [1-(=DY](L
3 Mz R

L (Mn)* (Mn)*
“V T (Mo + NAL/RT? T [@Mn)? + N(L/RPT?

2
) N2Tayoayy

4 4
+4"(M7F)4al%400MN{1 l NAL/R) } =0 (3.11)

2V 4 INAL/RY + 2Mn)T)?
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A second equation is obtained identical to equation (3.11) with a, and b,y interchanged
which we shall call equation (3.11b). Finally a third equation is obtained which is

B N,L? Iﬂ22[1 —(— 1M + N,L?

D Mn D

aMo(MTI)4 +

) (Mn)2aM0

[afm+b1%m] 2 [1_(_1)M]
—4n(Mm)*NA(L/ R)zr[(Mn)2+(L/R)2N2]2 3 Mn

1N4(L/R)4 B
In the above equations of motion,
N L2 Mn)? L\?1
2 — Lt (M) ) 4]
[1-(=1"] (Mﬂ)2 4n
_vaMo—m—l" +2a% g }(l—vz)’ (3.13)
N,L? L\*1 Mmn)?
yD {[aMN"'bMN] |:N2(R) §+ ( 2:) }
(=1 (WM
+aM0w(l—v2)F—aMo[l—(£r
Mn T
4
+viak(Mn)? } T 1 i (3.14)

From equations (3.11)+3.14), we see that ayy = Aywms Dy = Bywjns o = Apopm are
functions of time, © = [D/p,,hL*]*t, and the following nondimensional parameters,

M,N,v,T, L/R.

3.2 Limiting cases

Now let us consider the limits as /R — 0 and .
For L/R — 0, equation (3.11) becomes

d%ay, (Mm)* 4y
(Mn) aMN+ d 2 +{aMN+bMN+2aM0}aMN 8 (1._v2)
2n+ b2 Mmn)*
+4naMNl:a—M%{ﬁ1(Mﬂ)4+4naﬁmaMN(Tn) =0. (3.15)

A similar reduction holds for equation (3.11b). Finally equation (3.12) becomes

d2ay, Mm)* 4n
(Mn)*apyo+——5— P +{aMN+bMN+2aM0} aMO(I_vz)

+ (Mm)*apolagn +bigy] = 0.

(3.16)
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Note that in this limit each mode can be excited independently, i.e., three possible solutions
are
(1) apy # 0, bun = apo =0,
(ii) ayny =0, bun # 0, apo = 0,
(i) ayy = byn = 0, apo # 0,

where these equations further reduce to

2 27 (a3 0
{aMN}(Mn)4+‘d—2{aMN} +3(Mn)* F—‘i} a“”} = { : (3.17)
bMN dT bMN 4 4 bi'lN O
4 dzaMO 4
apo(Mm)*+ 0 +3(Mn) aye = 0. (3.18)

Equation (3.17) is identical with equation (2.6)* for a/b = 0, i.e., the two-dimensional limit
of our flat plate solution. Equation (3.18) is the result for a two-dimensional plate with no
spanwise bending and zero spanwise strain, cf., coefficients listed in Table 1. It is clear that
the equations of motion derived here correctly reduce to those of a two-dimensional plate.

For L/R — oo, we multiply equation (3.11) and (3.12) by R*/L*N* and then let R/L — 0.
The results are

aMN+d:;}:N+ {[ai'N;_b'%mJ+aM0[l _1(\;,[1)M](1 ERENCE _aMo[l _](\/]_nl )M]s_%}
x%z—)aMN+4naMN[a§mr6b§”]—417(%}[1 _](VI_nI)M]s‘%aMOaMN =0, (3.19)
d;igo aMO4_'7_ {[azﬁw'gbfm]_’_abm [t —](W;I)M](l _ vz)s‘%—aMo[l —;/I—nl)M]s_ }
i i"vz)g-%z ! —1(\4—7!1)1‘4]: 0. (3.20)

Note that if M is even then there is no coupling between a,,, and a,y or byy. This leads
to a hardening nonlinearity of the type previously found for a flat plate when M is even.
By contrast Evensen’s solution using a different modal expansion for w indicates a soften-
ing nonlinearity for all M, see Section 4, equation (4.1). A possible explanation for this
difference is the retention of only a single axial mode in the present analysis. If additional
axial modes were retained (which is what Evensen has effectively done) then it is possible
the present result would be modified. In particular it should be noted that when only one
axial mode is retained, for M odd the Nth and zeroth circumferential modes are coupled
while they are uncoupled for M even. This indicates the desirability of retaining additional
axial (M) modes for M even in order to allow for the effect of circumferential coupling.

Let us now consider M = 1 which we may expect will correspond most closely to a ring.
For M = 1, equations (3.19) and (3.20) become

d’a 1 1 _ 8 )
a1N+T%N+[afN+be]aan{2(—1:v—2)+z}—alNalog 5471{3—754-;(1_‘,2) ;}: 0 (321)

d2a10 1 8 V2 2 2 3 2
—— - e T{ ST =0 2
dT,%, +a104"8 1+7’t2 (l_vz) [a1N+b1N]’7£ 717(1—\)2) 0 (3 2)

*For M = 1, of course.
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Recalling the equations for a ring, equation (2.6), we see that equation (3.21) and (3.22) are of
the same form; however, while the { } quantities are exactly one for the ring, they are here
for v =03,

8 v: 2
{3};‘*‘(1—_‘)—2) ;} = 091,

These differences may be explained by considering a similar situation for the flat plate.
There we saw that, as we take the two-dimensional limit of the three-dimensional solution,
the coefficient of the nonlinear term was somewhat different from that deduced for a two-
dimensional plate with no spanwise bending, dw/dy = 0. Even for the case of two-dimen-
sional bending, depending on whether one assumes zero spanwise stress or zero strain, the
coefficient differs. A similar situation apparently exists for the ring limit. The ring solution
is for no axial bending (and sero axial stress) and hence does not exactly correspond to the
L/R — oo limit of the cylindrical shell solution.

Recently Evensen (personal communication) has also considered this limit by simplifying
the initial equations, (3.1) and (3.2).

4. COMPARISON WITH SOLUTIONS BY OTHER AUTHORS

Evensen [1, 2] and Dowell [9] have discussed the inadequacies of previous analyses by
Chu [12] and Nowinski [13] elsewhere. Hence they will not be discussed here. Evensen [2]
has recently presented an improved analysis of the problem which we shall compare to the
present one. First we shall outline his analysis. It begins with equation (3.1) and (3.2). An
expansion is assumed as follows.

Ny . Ny|  Mnx N? ., Mnx
w(x, y, t) = [AMNCOS‘RM*%BMNSIH?JSA 3 +E[A§N+B§m}sm2--£—. (4.1

This was selected by analogy to the result obtained by Evensen for the ring, equation (2.9).
Substituting equation (4.1) into equation (3.2), ® may be determined. Only the particular
part of the solution is used. It is assumed that ® homogeneons = 0. Knowing ® and w, it is
then determined a posteriori that v is continuous in the circumferential variable, ie.,

2R 3p 2R {(Ny—vNx) w 1fow\?
Py = QY= yRO W M gy = 0. .
fo Y fo [ Ei R 2(6y) y=0 “2)

This verifies the selection of the modal expansion in as far as this continuity is concerned.



988 E. H. DoweLL and C. S. VENTRES

Unfortunately, as Evensen himself points out, the boundary condition of zero moment *
at x =0,L

3w
5 = 0

Ox
is not satisfied by equation (4.1). Also, as Evensen pointed out, there is no mechanism for
satisfying axial in-plane constraints since the homogeneous stress function solution has
been neglected. The equations derived in Section 3 are free from both of these defects.

Let us now complete the outline of Evensen’s derivation and compare the final equations
of motion with equations (3.11)+3.12). Substituting equation (4.1) and the derived solution
for @, into equation (3.1), Evensen uses Galerkin’s method to obtain,

d?apyy 3 d?apy  [dapyn)? deMN+ dbyn)?
dtyn

— MYy G+ Sy | Gy +byy
3 MN MN| dMN T3 MN 33
dtyw 8 dryy  \dTyw dran

- SWMN[GJ%IN + b%m] + 85bMN|:a)%'IN + bzzwv] =0 (4.3)

and another equation identical to equation (4.3) with a,,y and b,y interchanged. In the
above

TMN = Wyt

E[ &2 ‘(52+1)2}

2 A
CMN = REE 12 12(1— )
. Mn/L
- NR’
NZh\?
e=—] ,
%)

4 1 1 g

N 5[(5%1)2_%_5@—#)1

/ F @]
[(‘5%1)2“12(1—#)}

1 1
3 [@2”+T>2+(9?+—1F}

16 [ ¢&* G+
@+ sy

0=

In this formulation, of course, there is no equation of motion for a,,,.

Let us now compare Evensen’s result with the one derived in Section 3. It is difficult
to compare (4.3) with (3.11)«3.12) in general (except numerically, of course). However,
the limiting cases as L/R — 0 and L/R — o0 can be examined rather readily.

Evensen has shown that as L/R — o, £ > 0 and y — 0,  —» 0. Hence equation (4.3)

becomes
d? 3 d?ayy  [daya)? d%by,n [dbyn)?

—aAﬂwLaMNwstaMN aMij—m-F s +bMNA—2M‘A+ N =0, (449
dtyw dtaen

dtén 8 dty  \dtyw
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where

E € DN*

2 _ - w2
OMN T RETA(1—v?)  pohRE T OV

Equation (4.4) is of the same form as the equations previously obtained by Evensen [8]
for a ring except that for the ring the constant 3 was instead 4. Hence, Evensen’s equations
for the cylindrical shell reduce approximately to his ring equations. It is not thought that
the ring equations should be the precise limit for L/R — oo, though one would expect the
full equations to reduce to a similar form as indeed they appear to do for both Evensen’s
equations and those of this present analysis. See [9] for a discussion of the equivalency of
the two different approaches for the ring equations.

Now consider the other limit for Evensen’s equations, L/R - 0. As L/R - 0, £ — oo,
6—0,6—-0, and
1 12(1—v%)

'}v_) U

16 £

Equation (3.3) becomes

2
déayy

dr?

+ayn+ 31— v )aynlayy+bin] = 0. (4.5)

This agrees with the result obtained from the present analysis if N, = 0. For N, # 0, the
coefficient of the nonlinear term from the present analysis [cf., equation (3.17)] is

16—+
This compares with the limit of Evensen’s equation [cf. (4.5)]

HIE)

Hence, there is roughly a factor of three difference in the coefficients. Since the former
coefficient also may be derived from an analysis for a two-dimensional plate, it seems clear
the discrepancy is due to the omission of in-plane restraint in the analysis of [2].

Thus it is concluded that the present analysis is equally accurate to that of Evensen for
L/R — oo and is more accurate for L/R — 0.

Finally we mention a recent report by Mayers and Wrenn [14] which also describes an
analysis which is intended to improve upon Evensen’s solution. The principal features
of their investigation are:

(1) A study of the energy of the oscillation is made, particularly with respect to finding
the mode of minimum energy. Presumably such considerations might be important to
determining the response of the system to ‘‘white noise” (equal energy per frequency band)
inputs.

(2) They use a somewhat more general assumed deflection form than Evensen; how-
ever, axial boundary conditions are not satisfied. (No homogeneous stress function solution
is determined or used.) In items (1) and (2), the Donnell equations are employed.

(3) A more accurate set of shell equations (Sander’s theory) is also considered. The
equations are expressed in terms of the three displacements of the shell. The latter are
expanded in a Fourier Series, however, only one term is retained for the radial displacement.
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The expansion can be expressed in terms of the present notation as follows

Ny . Mnx
w = Apyy COS——sin .
MN R L
Since it is known that this expansion is inadequate in some circumstances, the gain in
accuracy associated with a more accurate shell theory has been offset by a less complete
expression for the radial displacement. The study of [14] does suggest that the investigation
of more accurate shell theories beyond that of Donnell may be of considerable interest.

5. CONCLUDING REMARKS

The principal conclusions to be drawn from the present study are
(1) the method of “averaged in-plane boundary conditions” generally yields good
results, and
(2) the modal equations derived are accurate in the limits of L/R — o0 and L/R — 0,
unlike previously available results.
The principal limitation of the present analysis would appear to be the use of the Donnell
shell equations rather than a more accurate set such as those due to Sanders [14].
Finally although it is not our purpose here to obtain numerical results from the equa-
tions of motion, we will briefly discuss one aspect of the equations which may influence
the solution technique employed.

If one is investigating the forced response near resonance or the natural frequency-
amplitude relation, the harmonic balance or so-called method of averaging may be used
as given in any number of textbooks. See, e.g. [15]. Evensen [2, 8, 11] and Dowell [9] have
used this technique. Olson and Fung [15] have also used this technique along with Evensen’s
approach to the equations of motion to study the flutter of a cylindrical shell using two
axial modes. If, as in the flutter problem, one wishes to retain several axial modes in the
w expansion, the harmonic balance technique becomes very tedious and one may wish to
consider numerical integration of the equations of motion to obtain a time history of the
displacement. In this regard, it should be pointed out that since the natural frequency of
the 4,5, mode in the present analysis will be considerably higher than that of the 4,y or
Byx modes, a somewhat smaller time step will be needed for the integration than that
indicated by the flutter frequency.
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AGcrpakt—/laeTcs 0630p MOnanbHBIX OPUOIMKEHWI BbIBOJA YPABHEHHH ABWXKEHUS LIS HEJTMHEMHBIX
M3ruOHBIX Konebanuit uMIuHApHYecKkoi obosiouku. [IpencTaBrnsercs U UCMONbL3YIOTCA YIIYHILEHbIH CIIOCo0,
KOTOPbIil BBIMOJIHAET TOYHEE TpPAHW4HbiE yCiaous 3anavd. [IpuBOAATCA CpaBHEHUS IIPUBEIEHHBLIX
ypaBHeHHi C BbIBENEHHBIMH paHee B JIMTEPATYPE.



