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Abstract

In this paper, the problem of a conical shell axisymmetrically intersecting another conical
shell, such that the vertices of the cones lie on opposite sides of the plane of intersection, is
considered, and associated discontinuity effects quantified for arbitrary loading and geometric
parameters of the intersecting cones. The ensuing very practical closed-form results are based
on the one-term asymptotic-series solution for the axisymmetric bending of a non-shallow
conical shell, and are intended for use in the quick evaluation of stresses and deformations in
double-cone pressure vessels, as well as liquid-retaining vessels with intersecting conical por-
tions. As an example of the application of the developed formulation, the stress distribution
in a large liquid-filled elevated rhombic tank is evaluated. The stresses obtained on the basis
of the closed-form analytical approach developed in the paper are shown to be in good agree-
ment with those obtained from a finite-element analysis, confirming the reliability of the
presented formulation. 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Axisymmetric bending of shells; Conical shell; Discontinuity stresses; Shell analysis; Shell
junction; Shell of revolution

1. Introduction

Let us consider two conical shells axisymmetrically joined together along their
open circular ends, as shown in Fig. 1.
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Fig. 1. Axisymmetrically intersecting conical shells with vertices lying on opposite sides of the plane
of intersection.

For cone 1, the distance coordinate of a point on the shell meridian is s1

(0�s1�l1) relative to the vertex of the cone, while for cone 2, the distance coordinate
is s2 (0�s2�l2). The angles of inclination of the straight meridians relative to the
junction plane are a1 and a2 for cone 1 and cone 2, respectively. In general,
a1 � a2 and l1 � l2.

The above configuration finds application in pressure-vessel technology as well
as in constructions for liquid containment, typically elevated water-retaining tanks
and innovative forms for sludge digesters. The last mentioned have been the subject
of some recent studies [1–3].

The purpose of the present study is to quantify the discontinuity effects at the
junction JJ of the two cones, for arbitrary loading and geometric parameters of the
intersecting cones. Practical closed-form results are developed on the basis of the
one-term asymptotic-series solution for the conical shell, and these results are simple,
reliable and of fairly general applicability. As is usual for junction problems of the
present type, the membrane solution for the shell is taken as the particular integral
of the bending equations, and simply superimposed with the homogeneous solution
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(corresponding to the application of axisymmetric bending moments and shearing
forces at the shell edge in the absence of any surface loads). Discontinuity effects
are evaluated through imposing conditions of geometric continuity and equilibrium
at the shell junction, while net effects follow when membrane effects are superim-
posed with discontinuity effects. Such a flexibility-type approach is very fruitful in
tackling statically indeterminate problems of shell bending, and has been amply illus-
trated in the literature [4–7].

2. Solution approach for the axisymmetric bending of the conical shell

Specialisation of the Reissner-Meissner pair of governing differential equations
for the axisymmetric bending of shells of revolution, to the case of the conical shell
of constant thickness t, yields the equations [6]

d2V
ds2 �

1
s

dV
ds

�
1
s2V � �

Qs

D
(1a)

d2Qs

ds2 �
3
s

dQs

ds
�

1
s2(tan2a)EtV (1b)

where Qs is the meridional transverse shearing force per unit length, V the rotation
of the shell meridian, s the distance coordinate of a point on the shell meridian
measured from the vertex of the cone, a the angle of inclination of the straight
meridian relative to the plane perpendicular to the axis of revolution of the cone
(refer to Fig. 1 for a depiction of s and a), D the flexural rigidity of the shell and
E the Young modulus of the shell material. Like in the case of flat plates, the flexural
rigidity of the shell is given by

D �
Et3

12(1�n2)
(2)

where n is the Poisson ratio of the material of the shell.
It is well known that the exact solution to Eqs. (1) may be obtained in terms of

the Kelvin or Bessel functions [4,5]. However, the rigorous solution is not very well
suited to practical engineering calculations, since it is too lengthy, even when tables
of the Kelvin and/or Bessel functions are available. Flügge [5] has noted that suf-
ficient accuracy is achieved by replacing the Bessel/Kelvin functions with their one-
term asymptotic expansions, provided that w�15, where w is a geometrical para-
meter defined as follows:

w � 2�12(1�n2)�s2

t2�tan2a�1/4

(3)

The condition w�15 implies that

s
t
tan a�

16.24

�1�n2
�17.0 (4)
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taking the more restrictive case of the material steel, between n�0.15 for concrete
and n�0.30 for steel (if we confine our attention to these two commonest materials
for shells of the type in question). Assuming that the cone is not ‘ too flat’ (that is,
assuming a�30°), it means that (s / t)�29.4�30. The conditions a�30° and
(s / t)�30 are satisfied by many conical shells encountered in practice, if we consider
the ratio s / t(�l / t) in the narrow zone of the shell edge experiencing ‘edge effects’
or ‘bending disturbances’ . This justifies the adoption of the one-term asymptotic-
series solution, which leads to the results [6]

Qs �
1

s�2πw
eb�C1cos�b�π

8� � C2sin�b�π
8�� (5a)

Ns � �Qscota � �
cota

s�2πw
eb�C1cos�b�π

8� � C2sin�b�π
8�� (5b)

Nq � ��cota
2s ��w2π�1/2

eb�C1cos�b �
π
8� � C2sin�b �

π
8�� (5c)

Ms �
�2

w�πw
eb�C1sin�b �

π
8��C2cos�b �

π
8�� (5d)

Mq � nMs (5e)

V �
1

Et2�6(1�n2)
πw �1/2

eb�C1sin�b�π
8��C2cos�b�π

8�� (5f)

d �
1
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(scosa)(Nq�nNs) � �
1
Et

cosacota

�2πw
eb × ��w2cos�b �

π
8� (5g)

�ncos�b�π
8��C1 � �w2sin�b �

π
8��nsin�b�π

8��C2�
where C1 and C2 are constants of integration. The parameter b is defined as

b �
w

�2
(6)

while {Ns, Nq} are stress resultants (forces per unit length) in the meridional and
hoop directions respectively, {Ms, Mq} are bending moments per unit length in the
meridional and hoop sections respectively, and d is the displacement of the shell in
the direction perpendicular to the axis of revolution of the cone. The stress resultants
{Ns, Nq} are considered positive when tensile, while d is considered positive when
away from the axis of revolution of the shell. When the vertex of the cone is above
the opening of the cone (as with cone 1 in Fig. 1), the meridional rotation V will
be considered positive when anticlockwise as viewed to the left of the vertical axis
of symmetry; when the vertex is below the opening of the cone (as with cone 2 in
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Fig. 1), V will be considered positive when clockwise as viewed to the left of the
axis. These and other sign conventions follow those adopted in Ref. [6].

As already stated, the homogeneous component of the total solution is associated
with the application of axisymmetric actions along the shell edge, in the absence of
any surface loads, while the particular solution is associated with the membrane state
of stress as calculated for a given surface loading. The calculation of membrane
effects for cones is relatively simple (see, for example, Ref. [6]), and these effects
will therefore be assumed to be known for a given axisymmetric surface loading
(such as uniform pressure, hydrostatic pressure or self-weight). This paper is prim-
arily concerned with the quantification of the ‘edge effects’ or ‘discontinuity effects’
or ‘bending disturbances’ associated with the occurrence of edge redundants.

Let us assume that axisymmetric edge actions Me (bending moment per unit
length) and He (horizontal shearing force per unit length, if the axis of revolution
of the cone is taken as vertical) occur as unknown redundants as shown in Fig. 2.
For now, these are considered arbitrary; in due course, they will be evaluated on the
basis of the physical conditions prevailing at cone-cone shell intersections.

For the case shown in Fig. 2a, the boundary conditions

(Ns)s=l � 0 (7a)

(Ms)s=l � Me (7b)

lead to the results

C1 �
we�πwe

ebe �sin�be�
π
8��Me (8a)

C2 � �
we�πwe

ebe �cos�be�
π
8��Me (8b)

while for the case shown in Fig. 2b, the boundary conditions

Fig. 2. Conical shell subjected to axisymmetric edge actions: (a) bending moment Me; (b) horizontal
force He (assuming that the axis of shell is vertical).
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(Ns)s=l � �Hecosa (9a)

(Ms)s=l � 0 (9b)

lead to the results

C1 �
2l(sina)�πwe

ebe �cos�be �
π
8��He (10a)

C2 �
2l(sina)�πwe

ebe �sin�be �
π
8��He (10b)

where the parameters we and be denote the values of w and b at the shell edge (that
is, at s � l).

Note that the above expressions would not be applicable in the case of conical
frusta, where the shell has two edges each associated with two boundary conditions,
necessitating the retention of four constants of integration in the assumed one-term
asymptotic-series solution. Baltrukonis [8] has given influence coefficients for edge-
loaded ‘short’ conical frusta, on the basis of the one-term asymptotic expansions of
the Kelvin functions. The term ‘short’ here implies that edge interaction cannot be
ignored. However, in the case of frusta which are not too short (that is, where the
length of the frustum is at least equal to the diameter of the smaller end of the
frustum), the above expressions may be used at the larger end with good accuracy,
as long as the earlier conditions that a�30° and (s / t)�30 are satisfied.

For the simultaneous application of Me and He, use of results (8) and (10) in
expressions (5) leads to the following closed-form expressions for interior stress
resultants {Nb

s , Nb
q} and interior bending moments {Ms, Mq} in the shell, as well as

for deformations Vb and db evaluated at the shell edge (that is, Vb
e and db

e):

Nb
s � ��cota

s�2
��we

w �1/2

e�(be�b)[we{sin(be�b)}Me � (11a)

�2(lsina){cos(be�b)�sin(be�b)}He]

Nb
q � ��cota

s2�2
�(wwe)1/2e�(be�b)�we

�2
{sin(be�b)�cos(be�b)}Me (11b)

� (2lsina){cos(be�b)}He�
Ms �

�2

w�we

w �1/2

e�(be�b)�we

�2
{cos(be�b) � sin(be�b)}Me (11c)

�(2lsina){sin(be�b)}He�
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Mq � nMs (11d)

Vb
e �

1
Et2[6(1�n2)]1/2[�weMe � �2(lsina)He] (12a)

db
e � �cosacota

4Et �[w2
eMe�2�2(lsina)(we�n�2)He] (12b)

The superscript b associated with {Nb
s , Nb

q} and {Vb
e, db

e} denotes effects associated
with the bending-related edge actions Me and He, as opposed to effects associated
with the membrane solution, which will be denoted by the superscript m.

3. Application to pressurised rhombic shell of revolution

A rhombic shell of revolution (that is, two identical right cones connected at their
open ends) under uniform internal pressure p is depicted in Fig. 3a. Each of the
upper and lower halves of the vessel is an axisymmetric cone of length l and base
angle a. Let us consider the equilibrium of an element of the shell at the junction
of the two cones, when the edges of the cones are subjected to axisymmetric bending
moments and shearing forces {Me, He} as depicted in Fig. 3b, while axisymmetric
membrane meridional stress resultants Nm

se also occur at the shell edges as a result
of the applied surface loading p (Fig. 3c). Horizontal equilibrium of the junction
element requires that

2He�2Nm
secosa � 0 (13)

leading to the result

Fig. 3. Pressurised rhombic shell of revolution: (a) general arrangement; (b) shell-edge bending and
shearing actions; (c) shell-edge membrane actions.
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He � Nm
secosa (14)

Now, from considerations of the membrane theory of conical shells [6],

Nm
s �

ps
2

cota ⇒ Nm
se �

pl
2

cota (15)

for the case of uniform internal pressure p, so that expression (14) becomes

He �
pl
2

cotacosa (16)

Also, rotation of the shell meridians may occur at the junction of the two cones, but
the angle 2a between adjacent shell meridians (Fig. 3a) must remain unchanged,
since the junction is monolithic (i.e. rigid). However, any such rigid-body rotation
of the junction would violate the symmetry of the situation. It follows therefore that
the net (i.e. total) rotation VT

e of the shell edges under the simultaneous occurrence
of the bending-related actions {Me, He} and the membrane effects must be zero.
That is,

VT
e ( � Vb

e � Vm
e ) � 0 (17)

where Vb
e is the bending-related component of the rotation (due to Me and He), while

Vm
e is the membrane-solution component of the rotation. Making use of expression

(12a), we may rewrite eq. (17) as

�
1

Et2[6(1�n2)]1/2[weMe��2(lsina)He] � Vm
e � 0 (18)

from which we obtain the result

Me �
1
we
��2(lsina)He �

Et2Vm
e

�6(1�n2)
� (19)

If we make use of result (16) to eliminate He, and the membrane-solution result [6]

Vm
e � �

3
2

pl
Et

cot2a (20)

to eliminate Vm
e , we may write the expression for Me in the final form

Me �
p
we
� l2

�2
cos2a�

3
2

ltcot2a

�6(1�n2)
� (21)

4. Application to arbitrary cone-cone intersection

An arbitrary cone-to-cone intersection is depicted in Fig. 4, where subscripts 1
and 2 denote variables of the upper and lower cones respectively. Thus, the edge
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Fig. 4. Arbitrary cone-cone shell assembly: (a) general arrangement; (b) shell-edge bending and shearing
actions; (c) shell-edge membrane actions.

redundants for the upper shell are now {M1, H1}, while those for the lower shell
are {M2, H2} (Fig. 4b). Similarly, the membrane meridional stress resultant occurring
at the shell edge is now Nm

s1 for the upper shell, and Nm
s2 for the lower shell (Fig.

4c). The geometric parameters {l1, a1, l2, a2} are arbitrary, so are the applied surface
loadings on the two shells. In general, and unless proven otherwise, M1 � M2,
H1 � H2 and Nm

s1 � Nm
s2. We seek to derive generalised results for the shell-edge

redundants {M1, H1, M2, H2} in terms of the membrane stress resultants {Nm
s1, Nm

s2}
at the shell edges, the membrane edge deformations {Vm

1 , dm
1 , Vm

2 , dm
2 }, and the geo-

metric parameters {l1, a1, t1, w1, l2, a2, t2, w2} of the two shells, all these quantities
being assumed to be known for a given cone-cone assembly under a given applied
surface loading.

Horizontal-force and moment equilibrium of an element of the shell at the junction
of the two cones (refer to Fig. 4b and c) yield

H1 � H2�(Nm
s1cosa1 � Nm

s2cosa2) � 0 (22a)

M1�M2 � 0 (22b)

from which we obtain the relationships

H2 � (Nm
s1cosa1 � Nm

s2cosa2)�H1 (23a)

M2 � M1 (23b)

Compatibility of deformations between the upper and lower shells (at their junction)
requires that

VT
1 ( � Vb

1 � Vm
1 ) � �VT

2 ( � �Vb
2�Vm

2 ) (24a)

dT
1 ( � db

1 � dm
1 ) � dT

2 ( � db
2 � dm

2 ) (24b)
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The different origins for the distance coordinate s1 (for shell 1) and s2 (for shell 2)
implies that positive rotations in the respective shells at their junction are actually
opposed in sense (one is clockwise if the other is anticlockwise), hence the minus
sign in the first of the above equations. On the other hand, positive lateral displace-
ments in the respective shells at their junction are in the same direction (both point
away from the common axis of revolution of the two shells), hence a minus sign is
not required in the second equation.

Making use of results (12) to write these equations in expanded form, we obtain

�
1

Et21
[6(1�n2)]1/2[w1M1��2(l1sina1)H1] � Vm

1 (25a)

�
1

Et2
2
[6(1�n2)]1/2[w2M2��2(l2sina2)H2] � Vm

2 � 0

cosa1cota1

4Et1

{w2
1M1�2�2(l1sina1)(w1�n�2)H1} � dm

1 (25b)

�
cosa2cota2

4Et2
{w2

2M2�2�2(l2sina2)(w2�n�2)H2} � dm
2

Solving the above two simultaneous equations and simplifying, we finally obtain the
following closed-form results:

M1 � (26a)

(sina1)(sina2){xF1 � �2(t2
1l2sina2�t2

2l1sina1)(F2�F3)}

hF1(sina1)(sina2) � �2(t21l2sina2�t2
2l1sina1)(t2w2

1sina2cos2a1�t1w2
2sina1cos2a2)

H1 � (26b)

x(t2w2
1sina2cos2a1�t1w2

2sina1cos2a2)�h(sina1)(sina2)(F2�F3)

hF1(sina1)(sina2) � �2(t21l2sina2�t2
2l1sina1)(t2w2

1sina2cos2a1�t1w2
2sina1cos2a2)

where

F1 � t1l2(cos2a2)(2�2w2�4n) � t2l1(cos2a1)(2�2w1�4n) (27a)

F2 � 4Et1t2(dm
2 �dm

1 ) (27b)

F3 � t1l2(cos2a2)(2�2w2�4n)(Nm
s1cosa1 � Nm

s2cosa2) (27c)

x � �2t21(l2sina2)(Nm
s1cosa1 � Nm

s2cosa2) �
Et21t22

�6(1�n2)
(Vm

1 � Vm
2 ) (27d)

h � w1t22 � w2t21 (27e)

With M1 and H1 now known, the redundants of the lower cone, M2 and H2, immedi-
ately follow from relations (23).
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The interior stress resultants {Nb
s , Nb

q} and interior bending moments {Ms, Mq}
associated with the edge effects then follow from relations (11), when {Me, He} are
replaced with the now known {M1, H1} for the upper shell and {M2, H2} for the
lower shell.

The final stress distribution for the inner and outer surfaces of the shell are
obtained by superimposing the stresses associated with the edge effects with the
stresses associated with the membrane solution, as follows:

sT
s �

Nb
s

t
±

6Ms

t2
�

Nm
s

t
(28a)

sT
q �

Nb
q

t
±

6Mq
t2

�
Nm
q

t
(28b)

where sT
s refers to the meridional stresses, sT

q refers to the hoop stresses, and t is,
of course, the shell thickness. This then completes the stress analysis for the cone-
cone problem.

5. Numerical example

Let us consider a large elevated concrete water tank in the form of a shell of
revolution comprising two identical cones with a1 � a2 � 60° and l1 � l2 � 20m
(refer to Fig. 1 for these parameters). The tank is filled to capacity with water of
weight g � 9810N/m3, and is axisymmetrically supported above the ground at some
level close to the vertex of the lower cone. The thickness of the shell is constant at
0.2 m throughout (that is, t1 � t2 � 0.2m). Young’s modulus of the concrete is taken
as E � 28 × 109N /m2, while Poisson’s ratio is taken as n � 0.15.

Fig. 5 shows the stress distribution in the meridional section of the tank, obtained
on the basis of the closed-form analytical results presented in this paper. For both
meridional-stress variations (Fig. 5a) and hoop-stress variations (Fig. 5b), the coordi-
nate s � 20m corresponds to the (equatorial) junction of the two cones making up
the rhombic tank. Plots to the left of the vertical line corresponding to the junction
location refer to the upper cone, for which s is taken from zero (the apex) to 20 m
(the junction location); those to the right of the vertical line refer to the lower cone,
for which s is taken from 20 m (the junction location) down to 2 m. For the lower
cone, it should be noted that stress variations are not shown for values of s smaller
than 2 m, since the tank is supported somewhere in the neighbourhood of this
location, making the real state of stress in this region quite dissimilar to that yielded
by the analytical expressions in this paper. However, this should not be seen as a
problem, as we are primarily concerned here with the state of stress around the cone-
cone junction, which is sufficiently remote from the supports to render the effects
of the latter (on the stress distribution around the cone-cone intersection) insignifi-
cant. For both meridional and hoop stress variations, inner and outer-surface total-
stress plots (sT(i) and sT(o)) are shown in relation to the membrane stress plots
(sm).
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Fig. 5. Stress distribution in a water-filled rhombic shell of revolution with l1 � l2 � 20m and a1 �
a2 � 60°: (a) meridional stresses; (b) hoop stresses.

As expected, the state of stress is essentially membrane away from the junction
of the cones, but as the junction is approached from either the top or the bottom,
the state of stress in the shell departs markedly from the membrane state of stress,
reflecting the localised and rapidly changing character of bending effects. At the
junction, and by reference to the meridional stresses first, the membrane solution
predicts a stress of +3.27 N/mm2 (tensile), yet the actual stresses as predicted by the
combined membrane and bending solution are +26.64 N/mm2 (tensile) for the inner
surface and �21.73 N/mm2 (compressive) for the outer surface. With regard to the
hoop stresses, and again focussing attention on the junction location, the membrane
solution predicts a stress of +9.81 N/mm2 (tensile), whereas the actual stresses as
given by the net solution (membrane + bending-disturbance) are �0.92 N/mm2

(compressive) for the inner surface and �8.17 N/mm2 (compressive) for the outer
surface.

The relatively high magnitudes of the actual stresses versus membrane values
vividly illustrate the importance of taking into account bending effects at the cone-
cone shell junction, as these have a very strong (albeit localised) influence on the
real state of stress in the shell. In this particular example, the combined analytical
solution (membrane + bending effects) reveals tensile and compressive meridional
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stresses at the junction that are several times greater than the membrane solution
predicts, whereas for hoop stresses, the bending disturbance at the cone-cone junction
has the effect of sharply reversing fairly substantial tensile membrane stresses at the
junction into negative (compressive) net stresses. The latter tendency may be ben-
eficial for a material like concrete which is much stronger in compression than it is
in tension, as long as the possibility of local buckling is precluded. Clearly, in the
case of the material concrete, the relatively large values of tensile meridional stresses
(in excess of 20 N/mm2) noted at the junction would require special measures aimed
at either reducing them (e.g. by shell-thickness enhancement and/or prestressing of
the concrete) or enhancing the capacity of the shell to sustain these (e.g. by using
high-strength concrete and/or providing adequate steel reinforcement).

The reliability of the developed formulation has been demonstrated by analysing
the same problem using the finite-element programme ABAQUS [9]. In the finite-
element analysis, two-noded (conical) axisymmetric shell bending elements were
used to model the conical profile, these being 100 in each of the top and bottom
parts of the tank, with a uniform mesh density. The assembly therefore consisted of
200 elements and 201 nodes in total, each element being 200 mm in length. Hydro-
static pressure loading was prescribed upon the elements, with self-weight loading
suppressed. To allow the analysis to proceed, the tank was provided with fully fixed
support conditions at a distance of s � 2m from the vertex of the lower cone, but
of course (and as already pointed out earlier) the precise nature of the support con-
ditions is immaterial in our present assessment of the state of stress in the neighbour-
hood of the cone-cone junction, since the supports are sufficiently remote from the
junction to significantly influence the stress pattern in the latter’s vicinity.

Table 1 shows analytical results (upper row) versus FEM results (lower row) for
inner and outer-surface meridional and hoop net stresses at the apex of the configur-
ation (s1 � 0), in the upper cone at a distance along the meridian of 2 m from the

Table 1
Analytical versus finite-element method (FEM) results for the numerical example. Analytical results
appear in the upper row; FEM results are shown in the lower row in square brackets.

Location ss (N/mm2) sq (N/mm2)
s Node no. Inner Outer Inner Outer

s1 � 0 1 0.00 0.00 0.00 0.00
[0.07] [0.06] [0.04] [0.04]

s1 � 18m 91 �2.75 +8.11 +5.15 +6.78
[�2.86] [+8.22] [+5.24] [+6.95]

s1 � 20m 101 +26.64 �21.73 �0.92 �8.17
[+27.29] [�21.26] [�0.55] [�7.85]

s2 � 20m 101 +26.64 �21.73 �0.92 �8.17
[+26.99] [�22.06] [�0.50] [�7.59]

s2 � 18m 111 �2.85 +8.01 +6.91 +8.54
[�2.63] [+7.81] [+6.41] [+8.15]

s2 � 10m 151 �2.45 �2.45 +7.36 +7.36
[�2.54] [�2.11] [+6.98] [+7.07]
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junction (s1 � 18m), in the upper cone right at the junction (s1 � 20m), in the lower
cone right at the junction (s2 � 20m), in the lower cone at a distance along the
meridian of 2 m from the junction (s2 � 18m), and in the lower cone at a distance
along the meridian of 10 m from the junction (s2 � 10m). Here, and consistent with
earlier notation, subscripts 1 and 2 associated with the distance coordinate s refer to
the upper and lower cone respectively, the distance s itself being, of course, measured
from the vertex of the cone in question. For the larger stress values at the junction
(which are most critical), the discrepancy between the analytical results and the FEM
results is generally less than 5%, showing that the closed-form analytical results
derived and presented in this study are reliable for most practical engineering calcu-
lations.

6. Summary and concluding remarks

The problem of a conical shell axisymmetrically intersecting another conical shell,
such that the vertices of the cones lie on opposite sides of the plane of intersection,
has been considered. On the basis of the one-term asymptotic-series solution for the
axisymmetric bending of a non-shallow conical shell, closed-form results have been
derived for the discontinuity effects around the shell intersection, for arbitrary load-
ing and geometric parameters of the intersecting cones.

The obtained generalised results are particularly useful in evaluating stresses and
deformations in double-cone pressure vessels and liquid-retaining vessels with inter-
secting conical portions. They are applicable for both complete cones and the larger
ends of conical frusta that are not ‘ too short’ , provided that a�30° and l / t�30, and
provided that the shell thickness does not change appreciably in the narrow edge
zone of the shell.

As an example of the application of the developed formulation, the stress distri-
bution around the equatorial location of a relatively large liquid-filled rhombic shell
of revolution has been evaluated, and some interesting observations made. The
stresses obtained on the basis of the developed analytical approach have been shown
to be in good agreement with those obtained from a finite-element analysis, thus
validating the theoretical results given in the paper.
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