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Analytical solution for cylindrical thin shells
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external moments on the ends of shells
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Abstract The stress analysis based on the theory of a thin shell is carried out for cylindrical shells with normally in-
tersecting nozzles subjected to external moment loads on the ends of shells with a large diameter ratio (¢<<0.8). In-
stead of the Donnell shallow shell equation, the modified Morley equation, which is applicable to py( R/ TYV»1, is
used for the analysis of the shell with cutout. The solution in terms of displacement function for the nozzle with a non-
planar end is based on the Goldenveizer equation. The boundary forces and displacements at the intersection are all
transformed from Gaussian coordinates (a, 8) on the shell, or Gaussian coordinates ( {, ) on the nozzle into three-di-
mensional cylindrical coordinates (p, 8, z). Their expressions on the intersecting curve are periodic functions of ¢ and
expanded in Fourier series. Every harmonic of Fourier coefficients of boundary forces and displacements are obtained
by numerical quadrature. The results obtained are in agreement with those from the three-dimensional finite element
method and experiments.

Keywords: two normally intersecting cylindrical shells, theory of thin shells, stress concentration factors(SCF).

Two intersecting cylindrical shells subjected to internal pressure and external moments are of
common occurrence in pressure vessel and piping industry. The highest stress intensity occurring
in the vicinity of junction might cause trouble. The intersecting curve of two cylindrical surfaces,
I', is a complicated space curve when the diameter ratio of two cylinders increases. Since the
1950s Eringen!'!, Bijlaard'?!, Qian!®), Lekerkerker'*) and Steele!®! have obtained the analytical
solution for py=r/R<.0.3 based on the Donnell’s shallow shell equation and on the supposition
that I' is a circle laid on the developed surface of the main shell’’ . Since the 1980s Moffat!®”} and
Widera'® have been making efforts to obtain FEM solution and to develop empirical formulas on
numerical and experimental results. The authors and co-workers of the present paper developed a
thin shell theoretical solution of two normally intersecting cylindrical shells subjected to internal

pressurel® *). The solution is developed from the symmetrical case into the asymmetrical cases

(14] into Goldenveizer’s solution!™®! for branch

about § =0, =/2 and from Timoshenko’s solution
pipes in this paper. Usually two intersecting cylindrical shells are subjected to arbitrary kinds of
external load accompanied with internal pressure. An arbitrary external moment loaded to the
main shell could be decomposed into three basic moments, that is, torsional moment, M,., longi-
tudinal moment, M, , and transverse moment, M., as shown in fig. 1. For this problem the

governing differential equations and the analytical solutions are given in the present paper.

1) Steele!® gave an approximate solution suited for 00<20.5.
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The geometric parameters and four coordinate systems are shown in fig. 1. The Cartesian
and polar coordinate systems (&, ¢) and (a, ) on the developed surface of the main shell and the
Cartesian ( {, ) on the developed surface of branch pipe are taken as Gaussian coordinates, re-
spectively. Cylindrical coordinates (p, 6, z) are taken as the global system. Their transforma-

tions are shown in references [9—13].

zc

xc

Fig. 1. Four-coordinate systems.

Three loading cases based on symmetrical or antisymmetrical stress fields about § =0(8=0)
and §=x/2 (8=n/2) caused by themselves, are given in table 1. All components of force, mo-
ment, deformation and displacement can be expanded in Fourier series of 8 (or ). For example,
the set of complete trigonometric functions of membrane normal forces, T, and T, bending mo-
ments, M, and My, and transverse shear force, Q,, is marked by (G (mp) (or GY (mb))
and those of membrane shear force T,;, torsion moment M, and transverse shear force, Qp,
Gﬁ)(mﬂ) (or GSP(m8)) , where m is harmonic number, and subscript N =1,2,3 is the case
number. The subscript of general forces, « and §, is transformed into § and @ for branch pipe
respectively. G&( mf) and G ( mf) for each case are shown in table 1.

Table 1  Symmetry and trigonometric functions in three cases

Case About =0 About f=x/2 GV (mp) GP(mp) Loading
N=1 symrhetry symmetry cos2 kB sin2 83 M,
N=2 antisymmetry antisymmetry sin2 k3 — cos2 k3 M,
N=3 antisymmetry symmetry sin(2k+1)pB ~cos(2k+ 1) M,

1 Thin shell theoretical solution of cylindrical shell with large opening due to external moments
on its ends

The solution is obtained by superposition of membrane solution on homogeneous solution.

Membrane solution is given in Cartesian coordinates, (&, ¢), and homogeneous in polar, (a, ).
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Homogeneous solution based on modified Morley ’ s equation with the accuracy order of
O(T/R), which is the accuracy of thin shell theory, can be applied to large openings.

1.1 Membrane solution
Under the torsional moment M, :

. M, . .
To =5 5 Te= T, =0, (1a,b)
-~ 2(1 + V) ch E- (2)

. M . .
TE :ﬁCOS§D, T¢ = TS‘P = 0, (3&, b)
. M, . M L%\ .
ue =ET—;'RECOS¢, u, = Eﬁ?(”ﬂ - P)smgp, (4a,b)
. M L?
o == prar [+ 2 (€ - ) Joose (4
- M - vM
= , = —% _sing. Sa,b
Ye ETnRZeCOSgD Yo ET“RZsm;o (5a,b)
Under the out-plane bending moment M,.,
] M. .
Te =~ “stmgo, T,=Tg{, =0, (6a,b)
~ zc . ~ Mzc 2 L2
ug = —ETKRESIH§0a Uy = ZETNR(E - ?)COS% (7a,b)
- . Mzc L 2 . _ 1_4_2 .
U _ETNR[U T2 (5 R2H5m¢’ (7¢)
- M., . -~ WM,
Ve ~mésmgp, Yo = ETmRECS?: (8a,b)
1.2 Homogeneous solution
The modified Morley’s equation
2, 1 - 9 \[g2, L _ -9\ _
(V + 5 +2,aJZaE)(V + o Zpﬁas)x =0 (9)
is used instead of Donnell’s shallow shell equation used in refs. [1—5].
- 3 - 3
(V2+2p~/;a—s)(v2 _ZF“/;%)X"O’ (10)
where
4 2
X = u, t1i E,I‘MTI?}S, (11)

where the real part of ¥, u, is the normal displacement; the imaginary part ¢ is the Airy stress
function and

4% = [12(1 - V) IV?R/T. (12)
The solution of eq. (9) for the three cases shown in table 1 can be obtained as in reference [4].
r= 2 2 CFu(a)GP(mp), (13)

k=e(4,N)n=e(1,N)
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where C, are unknown complex constants,

C, = Cu +iCp; (14)
m is harmonic number
m =2k +e(2,N); (15)
G(I\})(mﬁ) is trigonometric {unctions shown in table 1 and

Fan = (= D1 3000 ) [T o (V7 i) + €03 NI (/= i) JHu ), (16)

where J, and H, arc nth-order Bessel and Hankel functions respectively. e(1, N)~e(4, N) are
given in table 2 and

0, k+*m,
Opm = 1 17
* 1, k=m, an
1 ) 1/2
n = (— - ip ) . (18)
Table 2 e(j, N) in three cases
Case e(1,N) e(2,N) . e(3,N) e(4,N)
N=1 0 0 1 0
N=2 1 0 -1 1
N=3 1 1 1 0

The components of membrane forces, T,, Ty, T, are expressed through the imaginary part
of y and moments, M,, M;, M,s, and transverse shear forces, Q,, Q, through the real part
(see egs. (11)—(18) in ref.[9]). The components of tangential deformation, e,, €3, @, can
be obtained from constitutive equations in the tangential plane of shell. Then the Fourier coeffi-
cients of expressions of partial derivative of u,, us with respect to a, 8, f;(a) g.(a) and h,

(a), can be obtained from geometrical description of thin shell theory!®!;

1 9u, Un N
R, = —~(T -~ vTg) ~ g'sin’f = ;fk(a)Gﬁx})(mﬁ), (19a)
1 ,__@_‘__l-u_ — —(T _VT)_ﬁcoszﬁz ig (a)G(l)(mﬂ) (19b)
aR 38 " R « g “* R e N ’
1(1 9u,  Jug g@)_z___(nu) _Mngog o N @
R(a 35 +oar - = T Tep Rst,B = k=§N)hk(a)GN (mB), (19¢)
and u,, ugcan be expanded in Fourier series as follows:
= 2 UG (mpB), ug= 25 ViGR (mB). (20)
E=0 k= e(4,N)

Substituting eq. (20) into eq. (19), we can get a set of differential equations and obtain the solu-
tion for each & :

U, = aR(fk %— + mhk)/(l - m?), k>0, (21a)
V, = (aRgy — U,)/m, £ > 0. (21b)

Considering that the rigid body displacement causes zero stress field, Uy and V can be de-
termined based on zero rigid body displacement for case N =1 and case N =3 as follows ( Uy and
V, vanish in case 2).
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When N =1, because the rigid rotation round z-axis is zero, we have

Uo = aRgo, V() = 0

When N =3, because the rigid displacement in the direction of y is zero, we have

Uy =V, =

1.3 General forces and displacements at the edge of the hole in the main shell

The expressions for the intersecting curve I' in the system (a, 8) are

ap = [ p§cos? + arcsin®( pgsind)

Br = arcsin |arcsin( pgsin8) [ pjcos’ @ + arcsin’( pgsing) ]

and the homogeneous solutions of general forces and
displacements on I' can be given by substituting eq.
(23 a, b) into their expressions. The particular solu-
tions on I" are obtained by substituting (&r, ¢r) in-
to their formulas, where & and ¢ are the Cartesian
coordinates of I"
&r = pocost, @r = arcsin( pgsind). (24a, b)
The tangential forces, T, and S,, and trans-
verse shear force, Q,, which are the components of
boundary force vector F, and bending moment,
M,, on boundary I', are expressed in the direction
of triad of unit vectors at the hole edge (i,, i,, i,).
The boundary displacement vector, U and 7, at the
hole edge is composed of w,, ug, u, and 7,, ¥, re-
spectively, as shown in fig. 2. The relation between
(i, i,, i,) and (i,, ig) shown in ref. [12] are pe-
riodic functions of § and dependent on parameter pg.
F and U are re-decomposed in the global coordinates
and F,, Fy,. F,, M,, u,, us, u,, ¥, are the eight
basic general forces and displacements at the hole
edge of the main shell. They are expanded in Fourier
series of @ and dependent on diameter ratio pp and
real and imaginary parts of unknown complex con-

(22a)

1
7&Rg0. (22b)
]1/2 (233)
-3}, (23b)

Fig. 2. The directions of unit vector boundary forces and

displacements on I".

stants, C,;(/=1,2). For example,

. e

F, = Zf ST D Cuf tupe) + FElpo) | GP (mb), (25a)
k=0 n=e(1,N) I=1
SO temem

Fo= 2 3 St + 70 | 68 (), (25b)
k=0 n=e(l,N) I=1
oo o0 2

R3] 33 Sicuriaten + 710 | 68 (m), 250
k=0 n=e(l,N) =1
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oo o 2

M, =21 2 D5CFroo) + Freo) | G (mb), (25d)
k=0 | n=e(1,N) =1
o0 o 2

u, =E > D Caut (o) + (o) | G (mh), (262)
k= n=e{1,N)1=1

TEEDIREDD ZC 7 G@ (mb), (26b)
k=e(4, N) { n=e(1,N) I=
) ) 2

u, = Z{ 2 chluknl(po) + uk(PO) G(l)(me)a (26C)
k=0 n=e(l,N}I=1

7= Z Z ZC i (o) + up 7 (po) G (mh), (26d)
k=0 n=e(1,N) L=

where the first items are homogeneous solutions and the second items particular solutions. fZ,*,
Forery uby, ul- are Fourier coefficients that are definite integrals in which integrands are very
complicated expressions involving Bessel and Hankel functions shown in eq. (16) and trigonomet-

rical functions such as egs. (23) and (24). They are calculated by numerical quadrature!'?!,
2 The homogeneous solution for a closed cylindrical shell with curved ends

2.1 Goldenveizer general solution''®) for a closed cylindrical shell

Branch pipe is a semi-infinite long circular pipe with a curved end (radius is =, thickness is

t). The expressions of components of displacement for branch pipe, uff ) wb? and u(;’ ), through
displacement function, ¢(¢, 8), are
a* 22 -2y +.%) & a*
(t) 4 4 . £
v [43§4+ 1_", ac2802+304] ‘/” (27&)
v __ 3| P, [2(2—V) a* 4—31J+1J2 7 _E)i]
uy 28 3(92+(2+v)3§2 a’| =, a§4 1 3023§2+30“ $,(27b)
o 9P 2 2[(1+V)(2+v) ¢ 1+v 9*
Y Py agz ¢ 1-» 20232 " 1-v ag*
7° 2,2
4y agz 1-v 392} ’ (27¢)
where
a’ = t*/12+2.

The governing equation of cylindrical shells expressed through ¢ (¢, 8) is

4 6 4 74
vEy +4A3§—§%+ (8—2»2)3—5“3% 83—2’25%;”# 4%27;%—2 #= 0, (28)
where

sza_2+_‘ai_ A, = [3(1 - 2) 2/ 2]1/4 (29)

22 Vi : vi)re/t .
For three different cases shown in table 1, ¢(¢, 8) is expanded in Fourier series of § as follows:

o 4

9= 20 2 Dugm(E)GR (m). (30)

k=e(4,N) 1=1

The characteristic equation of eq. (28) can be simplified according to the analysis of its character-

[15]

istic roots by Goldenveizer'™”’, so we get
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0, m =0,
gm (%) = 1, m =1, (31a)
e_a'”‘gcosbmlg, m > 1,
0, m =0,
gn2(8) = £ m =1, (31b)
e_a"“;sinbml;’, m > 1,
gna(2) = € " cosh,; ¢, (31¢)
gna(§) = € “’sinb,, ¢, (31d)
where
ap1 = b = m vV m? - 1/(24,), 1< m<a, (32a)
amy = (— A A/ Am® 1 A +2m2)/2
) m = A, (32b)
bn1 = (— A, +«/«/4m4 + a4 —2m2)/2
Apm2 = bmz = At’ m = 0; (338)
ama = AT+, by =/ A2 -1, m =1, (33b)
Ay = me = At! 1 < m < At’ (33(:)
amy = (A, + v/ dm® + 2% + 2m?)/2
(e VanT 3t 4 2m?) m = a,. (33d)

bz = (3, + ¥ Sam*+ 2 - 2m?)/2
Egs. (32) and (33c, d) are approximate formulas with the accuracy order of O(m?¢/r) for egs.
(32a), (33c) and. O(1/m?) for equations (32b) and (33d).
The solutions for branch pipe only have homogeneous parts when the external moments are
only loaded on the ends of main shell, so the displacement fields in branch pipe can be obtained by

eq. (27) and the stress fields by geometrical relations and constitutive equations[m] .

2.2 The general forces and displacements at the curve end of branch pipe
The geometric description of the intersecting curve, I', in the developed surface of branch
pipe is
1 . v
¢r(6) = g(l - p§sin?8)"% = £ (po, 0). (34)

From egs. (30), (31), (27) and (34) we can see that all general forces and displacements are
the functions of ({r(pg, 6), 8), thatis, the periodic functions of 4, and dependent on py and
unknown constants D,,. Therefore, they can be expanded in Fourier series and the Fourier coeffi-
cients can be calculated by numerical integration as well.

3 Continuity conditions

At the intersecting curve, the general forces and displacements of the main shell and branch
pipe must satisfy the following continuity conditions:

F,=-F, F,=-F{#, F, =-F", M, = M, (352)

U, Zu;t), ug = ufgl), U, = u(zt), Y, =— )’St). (35b)

Substituting eqs. (25)—(27) and (30), truncated after the terms of either 2 = K or n =
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2K + e(2, N) into eq. (35), from egs. (13)—(15), (30)—(31) and tables 1 and 2 we can see
that the number of unknown constants C,; and Dj for three different cases is shown in table 3.

Table 3 Number of constants in three cases

Case Cu Dj
N=1 4K +2 4K +2
N=2 4K 4K
N=3 4K +2 4K +2

From eqs. (35a, b), we can get the following equations for each harmonic Fourier coeffi-

cient;
2K+e(2,N) 2 K 4
DCufimt R=— >, ZDJ“)", E=e(4,N), K, (36a)
n=e(1,N) (=1 i=e(4,N) L=
2K+e(2,N) 2\ K 4
chl.finl + fk 2 leflgjtl)a’ £k=0,-,K, (36b)
n=e(1,N) i=1 j=e(4, N} I1=1
2K+e(2,N) 2 K 4
Cofiw + Fi=— >, 2DufF*  k=e(4,N),~, K, (36c)
n=e(1,N) I=1 j:e(4.N)l=1
2K+e(2,N) 2 K 4
DCuf T E = 2, ZD,-J,E,»?'", k= e(4,N),, K, (36d)
n=e(1,N) {=1 ji=e(4,N) I=
2K+e(2,N) 2 K 4
chluinl + 712 = z szlulgjtl)Ps k= 6(4, N);"" K’ (373)
n=e(1,N) I=1 j=e(4,N) (=1
2K+e(2,N) 2 K 4
D Cotidy + U4l = >, ZDﬁué,-?", E=e(4,N), K, (37b)
n=e(l,N) I=1 i= 2(4 N) =
2K+e(2,N) 2
> Cttly + 4§ = Z EDﬂu;;l x E=e(4,N), K, (37¢)
n=e(1,N) (=1 j=e(4,N) I=
2K+e(2,N) 2
chzuz;muk = Z ZDlu,ﬁ,?'", = ¢(4,N),~, K. (37d)

n=e(l,N) i=1 i=e(4,N) I=
Test-calculation shows that the truncation error for stress concentration factors is less than

1% when K=5 or 6. From egs. (13)—(15) and (30)—(31) and tables 1, 2 we can get the
number of unknown constants C,; and D;; shown in table 3 for three different cases. The reason is

Case 1. When k=0, there are no egs. (36b) and (37b). Eq. (36¢) expressing equilibri-
um of forces in the direction of z axis should be auto-satisfied; and eq. (37c) expressing the conti-
nuity of rigid-body displacements in z-direction, is unnecessary to be considered because it has no
effect on stress fields; so the number of independent equations is 8K + 4.

Case 2. When £ =0, there is only eq. (36b) expressing torsion equilibrium about rota-
tional axis ( z-axis}, which is auto-satisfied. So the number of equations is 8K .

Case 3. When £2=0(m =1), because the equilibrium of forces and moments should be
auto-satisfied, the 4 conditions F, = F, = M, = M, =0 are auto-satisfied due to symmetric func-
tions G¥ (m8) (N =3) about y =0 and antisymmetric G (m8)(N=3) about z=0. The fol-

lowing equation
fi;(FPsin@ + Fycos®)dsp = 0 (38)

must be auto-satisfied due to F, =0 so that only one equation of eq. (36a, b) is independent.
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MI = § [FzPOSinﬁ - MVCOS( il’ 1'1) :IdSp (39)

should be auto-satisfied due to the moment equilibrium about z-axis so that only one equation of

eq. (36¢,d) is independent.
(0)

As to the condition of rigid-body displacement when £ =0 (m =1), the four conditions «

=40 = w§°> = ' =0 are auto-satisfied and the continuity conditions of ug,o), '? can be omit-
ted because they have no effect on stress fields.
Notice
u(yO) = ﬂg (uysind + ugcost)dsr, (40a)
1 . . ..
0¥ =- Sg [ﬁ(upsmﬁcosgo + ugcosfcosg — u.sing) + ¥,cos(i,, i,) ]dsf" (40b)

so that egs. (37b) and (37c)} can be omitted. Therefore, for case 3 egs. (36a), (36d), (37a)
and (37d) are used only and we have 8 K + 4 independent equations.

4 Verification

4.1 Comparison of tested results for ORNL-111"1(p,=0.5, D/ T=d/t=100)
The comparison of tested results for ORNL-1 model shown in figs. 3 and 4 shows that the

18 10
16
5 f—
12 /8’
0!— -} _— P
8 R
= =
4 -5
0 ¢ -10r
(b)
-4 -15 Il ] I | | 1 ! 1
100 80 60 40 20 0 20 40 60 80 100 100 80 60 40 20 0 20 40 60 80 100
d,/mm : d,/mm
Fig. 3. (a) Distribution of & along the gage line § =60° on the outer surface of model ORNL-1 for M_.. (b) Distribution
of £ along the gage line # =60 on the inner surface of model ORNL-1 for M,.. — — —, k, analytic; —, &, analytic.
8 6
7
6
S
4
« 3 =
2
1 - 4 -
Ol O o
= Ny
-1t L4 (ﬂ) (b)
-2 ! | L L | P 1 1 L -8 | 1 1 | | T |
100 80 60 40 20 © 20 40 60 80 100 100 80 60 40 20 0 20 40 60 80 100

d,/mm d./mm

Fig. 4. (a) Distribution of £ along the gage line § = 90° on the outer surface of model ORNL-1 for M,,. (b) Distribution
of & along the gage line § =90° on the inner surface of model ORNL-1 for M,.. O, &, tested; @, %, tested.

present theoretical results are in good agreement with the tested one for the loading cases of tor-
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sion (main shell subjected to M., ) and in-plane bending (which subjected to M,.). However, for

the cases of out-plane bending (loaded by M, ) the tested results are different from the present re-
sults just as they are different from FEM results as shown in ref. [17]. Ref. [17] did not explain
the reason but the present and numerical results are in good agreement with each other for the

out-plane bending cases. Take an example for large diameter ratio as shown in figure 5.

In figs. 3—5 %, and &, are dimensionless normal stresses in the inner or outer surface of the

main shell and the subscripts ¢ and v mean the stress directions in ¢, and i,, respectively. d, is

the normal distance from a described point to I' on the developed surface of the main shell.

1.4
1.2
1.0
0.8
0.6
0.4
0.2

=0.2
-0.4
-0.6

2.0
L (a)
- 1.5
I~ Al
— 1.0
- /‘MA \a <
- —t 0.5
t_A,-——A’ A\ A e
X A er/ 0.0
L \AQ A/
[ N S SR M\ { ~0.5
10 8 6 4 2 0 2 4 6 8 10
d,/mm

Fig. 5. (a) Distribution of % along the gage line § = 90" on the outer surface of a model (g3 =0.8) for M. (b) Distri-

bution of & along the gage line # =90° on the inner surface of a model (po=0.8) for M. — -

k, analytic; », k, tested; &, k, tested.

SCF

10 20 30

4

40 50 60 70

80 90

Fig. 6. SCF for varying 6 along the crotch line on the in-

ner surface of cylinder. @, M, (numerical);

(analytic); v, M, (numerical); — —

N, M, (numerical),

, M_ (analytic).

— M,
-, M, (analytic) ;

-, &, analytic;

4.2 Comparison with Moffat’s FEM results
Moffat gave a number of numerical results!® 7]

and stress concentration factor diagrams for py<1,
D/ T<70 and po<<t/ T<1 based on 3D-finite el-
ement method. The comparison between the pre-
sent and Moffat’ s results for pp =0.8, D/T =
d/t =40 under three cases (see fig.6) shows that
the two results of SCF versus § are in good agree-
ment. Here, SCF is the dimensionless Tresca stress
intensity and usually SCF along the crotch line on
the inner surface of cylinder is the maximum com-
pared with those on the outer surface. The compar-
ison of relations of maximum dimensionless Tresca
stress intensity, K,., K, and K,., to ppand D/ T
=d/t with Moffat’s results given in figs. 7(a)—

(c) shows that they are in good agreement as well. Here, subscript K means the loading case.

5 The relation of K to p,, A, and ¢t/T

From the above-mentioned analysis the maximum dimensionless stress intensity, K, is de-
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20

18 L
16
14

Ko
—
)

2.6
2.4
2.2
2.0

e % 1.8
1.6
1.4
113 : /—'1’/? 1 I

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.2 0.3 0.4 0.5 0.6 0.7 0.8
d/D d/D

Fig. 7. (a) Maximum of SCF(K,,) for varying d/D and D/ T due to torsional moment M,,. (b) Maximum of SCF
(K,.) for varying d/D and D/ T due to in-plane moment M,.. (c¢) Maximum of SCF(K,,) for varying d/D and D/ T
due to out-plane moment M,,. ~ -+ =+, D/T =20 (this paper); ——, D/ T =40 (this paper); — — - —, D/T=60
(this paper); O, D/T=20 (Moffat'®'); @, D/T =40 (Moffat'™); m, D/T=60 (Moffat'®’).

pendent on the parameters pg=7r/R, A=(d/D)v' D/ T and t/ T. A set of design diagrams can
be given by the present analytical method. An example of K, for py=0.8, 2.5<<A<8, py<<t/T
<2 is shown in figure 8.

o +/R=0.8
#/T=0.8 04 10, 1.1, 1.2, 1.3, 1.4, 1.6, 1.8, 2.0
50 0.8
L 0.9
40+ 1.0
30t 1.4 &
§ L ~
x -
20} 2.0
10}
0 [ S S T TR N SR |
2.5 3.5 4.5 55 6.5 1.58.0

A

Fig. 8. Maximum of SCF (K,,) for varying A and ¢/ T due to torsional moment M, on cylinder.
6 Conclusion

A thin shell theoretical solution of cylindrical shells with normally intersecting nozzles due to

external moments on the ends of shells is given in this paper. The solution applicable to r/ R<
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0.8 is successful by experimental and numerical verification.
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