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11.1 Introduction

11.1.1 Overview

Many steel structures, such as elevated water tanks, oil and water storage tanks, offshore structures,
and pressure vessels, are comprised of shell elements that are subjected to compression stresses. The
shell elements are subject to instability resulting from the applied loads. The theoretical buckling
strength based on linear elastic bifurcation analysis is well known for stiffened as well as unstiffened
cylindrical and conical shells and unstiffened spherical and torispherical shells. Simple formulas
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have been determined for many geometries and types of loads. Initial gegometric imperfections and
residual stresses that result from the fabrication process, however, reduce the buckling strength of
fabricated shells. The amount of reduction is dependent on the geometry of the shell, type of loading
(axial compression, bending, external pressure, etc.), size of imperfections, and material properties.

11.1.2 Production Practice

The behavior of a cylindrical shell is influenced to some extent by whether it is manufactured in a pipe
or tubing mill or fabricated from plate material. The two methods of production will be referred to
as manufactured cylinders and fabricated cylinders. The distinction is important primarily because
of the differences in geometric imperfections and residual stress levels that may result from the two
different production practices. In general, fabricated cylinders may be expected to have considerably
larger magnitudes of imperfections (in out-of-roundness and lack of straightness) than the mill
manufactured products. Similarly, fabricated heads are likely to have larger shape imperfections than
those produced by spinning. Spun heads, however, typically have a greater variation in thickness
and greater residual stresses due to the cold working. The design rules given in this chapter apply to
fabricated steel shells.

Fabricated shells are produced from flat plates by rolling or pressing the plates to the desired shape
and welding the edges together. Because of the method of construction, the mechanical properties
of the shells will vary along the length and around the circumference. Misfit of the edges to be
welded together may result in unintentional eccentricities at the joints. In addition, welding tends to
introduce out-of-roundness and out-of-straightness imperfections that must be taken into account
in the design rules.

11.1.3 Scope

Rules are given for determining the allowable compressive stresses for unstiffened and ring stiffened

circular cylinders and cones and unstiffened spherical, ellipsoidal, and torispherical heads. The

allowable stress equations are based on theoretical buckling equations that have been reduced by

knockdown factors and by plasticity reduction factors that were determined from tests on fabricated

shells. The research leading to the development of the allowable stress equations is given in [2, 7, 8,
, 10].

Allowable compressive stress equations are presented for cylinders and cones subjected to uniform
axial compression, bending moment applied over the entire cross-section, external pressure, loads
that produce in-plane shear stresses, and combinations of these loads. Allowable compressive stress
equations are presented for formed heads that are subjected to loads that produce unequal biaxial
stresses as well as equal biaxial stresses.

11.1.4 Limitations

The allowable stress equations are based on an assumed axisymmetric shell with uniform thickness
for unstiffened cylinders and formed heads and with uniform thickness between rings for stiffened
cylinders and cones. All shell penetrations must be properly reinforced. The results of tests on
reinforced openings and some design guidance are given in [6]. The stability criteria of this chapter
may be used for cylinders that are reinforced in accordance with the recommendations of this reference
if the openings do not exceed 10% of the cylinder diameter or 80% of the ring spacing. Special
consideration must be given to the effects of larger penetrations.

The proposed rules are applicable to shells with D /¢ ratios up to 2000 and shell thicknesses of 3/16
in. or greater. The deviations from true circular shape and straightness must satisfy the requirements
stated in this chapter.
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Special consideration must be given to ends of members or areas of load application where stress
distribution may be nonlinear and localized stresses may exceed those predicted by linear theory.
When the localized stresses extend over a distance equal to one half the wave length of the buckling
mode, they should be considered as a uniform stress around the full circumference. Additional
thickness or stiffening may be required.

Failure due to material fracture or fatigue and failures caused by dents resulting from accidental
loads are not considered. The rules do not apply to temperatures where creep may occur.

11.1.5 Stress Components for Stability Analysis and Design

The internal stress field that controls the buckling of a cylindrical shell consists of the longitudinal,
circumferential, and in-plane shear membrane stresses. The stresses resulting from adynamic analysis
should be treated as equivalent static stresses.

11.1.6 Materials

Steel

The allowable stress equations apply directly to shells fabricated from carbon and low alloy
steel plate materials such as those given in Table 11.1 or Table UCS-23 of [3]. The steel materials
in Table 11.1 are designated by group and class. Steels are grouped according to strength level and
welding characteristics. Group | designates mild steels with specified minimum yield stresses < 40
ksi and these steels may be welded by any of the processes as described in [5]. Group Il designates
intermediate strength steels with specified minimum yield stresses > 40 ksi and < 52 ksi. These steels
require the use of low hydrogen welding processes. Group Il designates high strength steels with
specified minimum yield stresses > 52 ksi. These steels may be used provided that each application
is investigated with respect to weldability and special welding procedures that may be required.
Consideration should be given to fatigue problems that may result from the use of higher working
stresses, and notch toughness in relation to other elements of fracture control such as fabrication,
inspection procedures, service stress, and temperature environment.

The steels in Table 11.1 have been classified according to their notch toughness characteristics.
Class C steels are those that have a history of successful application in welded structures at service
temperatures above freezing. Impact tests are not specified. Class B steels are suitable for use
where thickness, cold work, restraint, stress concentration, and impact loading indicate the need for
improved notch toughness. When impact tests are specified, Class B steels should exhibit Charpy
V-notch energy of 15 ft-1bs for Group 1 and 25 ft-lbs for Group 1l at the lowest service temperature.
The Class B steels given in Table 11.1 can generally meet the Charpy requirements at temperatures
ranging from 50° to 32°F. Class A steels are suitable for use at subfreezing temperatures and for critical
applications involving adverse combinations of the factors cited above. The steels given in Table 11.1
can generally meet the Charpy requirements for Class B steels at temperatures ranging from —4° to
—40°F.

Other Materials

The design equations can also be applied to other materials for which a chart or table is provided
in Subpart 3 of [4] by substituting the tangent modulus E; for the elastic modulus E in the allowable
stress equations. The method for finding the allowable stresses for shells constructed from these
materials is determined by the following procedure.
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TABLE 11.1 Steel Plate Materials

Specified Specified
minimum minimum
yield stress  tensile stress

Group  Class Specification (ksi)® (ksi)?

| Cc ASTM A36 (to 2 in. thick) 36 58

ASTM A131 Grade A (to 1/2 in. thick) 34 58

ASTM A285 Grade C (to 3/4 in. thick) 30 55

| B ASTM A131 Grades B, D 34 58

ASTM A516 Grade 65 35 65

ASTM A573 Grade 65 35 65

ASTM A709 Grade 36T2 36 58

| A ASTM A131 Grades CS, E 34 58

I} c ASTM A572 Grade 42 (to 2 in. thick) 42 60
ASTM A591 required over 1/2 in. thick

ASTM A572 Grade 50 (to 2 in. thick) 50 65
ASTM A591 required over 1/2 in. thick

1 B ASTM A709 Grades 50T2, 50T3 50 65

ASTM A131 Grade AH32 455 68

ASTM A131 Grade AH36 51 71

1] A API Spec 2H Grade 42 42 62

API Spec 2H Grade 50 (to 2 1/2 in. thick) 50 70

API Spec 2H Grade 50 (over 2 1/2 in. thick) 47 70

API Spec 2W Grade 42 (to 1 in. thick) 42 62

API Spec 2W Grade 42 (over 1 in. thick) 42 62

API Spec 2W Grade 50 (to 1 in. thick) 50 65

API Spec 2W Grade 50 (over 1 in. thick) 50 65

API Spec 2W Grade 50T (to 1 in. thick) 50 70

API Spec 2W Grade 50T (over 1 in. thick) 50 70

API Spec 2Y Grade 42 (to 1 in. thick) 42 62

API Spec 2Y Grade 42 (over 1 in. thick) 42 62

API Spec 2Y Grade 50 (to 1 in. thick) 50 65

API Spec 2Y Grade 50 (over 1 in. thick) 50 65

API Spec 2Y Grade 50T (to 1 in. thick) 50 70

API Spec 2Y Grade 50T (over 1 in. thick) 50 70

ASTM A131 Grades DH32, EH32 45.5 68

ASTM A131 Grades DH36, EH36 51 71

ASTM A537 Class | (to 2 1/2 in. thick) 50 70

ASTM A633 Grade A 42 63

ASTM A633 Grades C, D 50 70

ASTM A678 Grade A 50 70

1l A ASTM A537 Class I (to 2 1/2 in. thick) 60 80

ASTM A678 Grade B 60 80

API Spec 2W Grade 60 (to 1 in. thick) 60 75

API Spec 2W Grade 60 (over 1 in. thick) 60 75

ASTM A710 Grade A Class 3 (to 2 in. thick) 75 85

ASTM A710 Grade A Class 3 (2 in. to 4 in. thick) 65 75

ASTM A710 Grade A Class 3 (over 4 in. thick) 60 70

@ 1 ksi = 6.895 MPa

Step 1. Calculate the value of factor A using the following equations. The terms F., Fpe,
and F,. are defined in subsequent paragraphs.

Aoy Fie ,_ Fue

E E E

Step 2. Using the value of A calculated in Step 1, enter the applicable material chart in
Subpart 3 of [4] for the material under consideration. Move vertically to an intersection
with the material temperature line for the design temperature. Use interpolation for
intermediate temperature values.
Step 3. From the intersection obtained in Step 2, move horizontally to the right to obtain
the value of B. E; is given by the following equation:

2B

Et:A

When values of A fall to the left of the applicable material/temperature line in Step 2,
El = E

©1999 by CRC Press LLC



Step 4. Calculate the allowable stresses from the following equations:

er Et Fhe Et Fve Et
Fra= <20 Fu=Fia Fra= —S=L Fpp=-22L
xa FS E ba xa ha FS E va FS E

11.1.7 Geometries, Failure Modes, and Loads

Allowable stress equations are given for the following geometries and load conditions.

Geometries
1. Unstiffened Cylindrical, Conical, and Spherical Shells
2. Ring Stiffened Cylindrical and Conical Shells
3. Unstiffened Spherical, Ellipsoidal, and Torispherical Heads

The cylinder and cone geometries are illustrated in Figures 11.1 and 11.3 and the stiffener geometries
are illustrated in Figure 11.4. The effective sections for ring stiffeners are shown in Figure 11.2. The
maximum cone angle « shall not exceed 60°.

h/3 Y
W ; 3 I S
P ; ) .
/ Kl VL T
H—
Head(Effective B Do R
As Bulkhead) 17T L., Do
H <
"
7 T osL, B ‘
/ 0.5Lg, — 0 —F .
Large Ring Ls = —‘[—1 L. L, T]
(Effective As = b 2 —
Bulkhead) M
0.5L, H
WDIE
Head(Effecti L Ly
ca ective '_]
As Bulkhead) 0.5Les .
~ u ry
™~ VL y
0 SR — v n [ R . -
LN A PN 3
(a) Ring Stiffened (b) Unstiffened

FIGURE 11.1: Geometry of cylinders.
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FIGURE 11.3: Geometry of conical sections.

Failure Modes

Buckling stress equations are given herein for four failure modes that are defined below. The
buckling patterns are both load and geometry dependent.
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FIGURE 11.4: Stiffener geometry.

1. Local Shell Buckling—This mode of failure is characterized by the buckling of the shell in
a radial direction. One or more waves will form in the longitudinal and circumferential
directions. The number of waves and the shape of the waves are dependent on the
geometry of the shell and the type of load applied. For ring stiffened shells, the stiffening
rings are presumed to remain round prior to buckling.

2. General Instability—This mode of failure is characterized by the buckling of one or more
rings together with the shell into a circumferential wave pattern with two or more waves.

3. Column Buckling—This mode of failure is characterized by out-of-plane buckling of the
cylinder with the shell remaining circular prior to column buckling. The interaction
between shell buckling and column buckling is taken into account by substituting the
shell buckling stress for the yield stress in the column buckling formula.

4. Local Buckling of Rings—This mode of failure relates to the buckling of the stiffener
elements such as the web and flange of a tee type stiffener. Most design rules specify
requirements for compact sections to preclude this mode of failure. Very little analytical
or experimental work has been done for this mode of failure in association with shell
buckling.

Loads and Load Combinations

Allowable stress equations are given for the following types of stresses.
a. Cylinders and Cones

1. Uniform longitudinal compressive stresses

2. Longitudinal compressive stresses due to a bending moment acting across the full circular
cross-section

3. Circumferential compressive stresses due to external pressure or other applied loads
4. In-plane shear stresses
5. Any combination of 1, 2, 3, and 4

b. Spherical Shells and Formed Heads

1. Equal biaxial stresses—both stresses are compressive
2. Unequal biaxial stresses—both stresses are compressive
3. Unequal biaxial stresses—one stress is tensile and the other is compressive
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11.1.8 Buckling Design Method

The buckling strength formulations presented in this report are based on classical linear theory which
is modified by reduction factors that account for the effects of imperfections, boundary conditions,
nonlinearity of material properties, and residual stresses. The reduction factors are determined from
approximate lower bound values of test data of shells with initial imperfections representative of the
tolerance limits specified in this chapter. The validation of the knockdown factors is given in [7], [8],

[9], and [10].

11.1.9 Stress Factor

The allowable stresses are determined by applying a stress factor, F'S, to the predicted buckling
stresses. The recommended values of F'S are 2.0 when the buckling stress is elastic and 5/3 when
the buckling stress equals the yield stress. A linear variation shall be used between these limits. The
equations for FS are given below.

FS = 20 if F, <0.55F, (11.1a)
FS = 2407—0.741F,/F, if 055F, < Fj. < F, (11.1b)
FS = 1667 if F,=F, (11.1c)

F;. is the predicted buckling stress, which is determined by letting FS = 1 in the allowable stress
equations. For combinations of earthquake load or wind load with other loads, the allowable stresses
may be increased by a factor of 4/3.

11.1.10 Nomenclature

Note: The terms not defined here are uniquely defined in the sections in which they are first used.
A = cross-sectional area of cylinder A = (D, — 1)t, in.2

As = cross-sectional area of a ring stiffener, in.?

Ar = cross-sectional area of a large ring stiffener which acts as a bulkhead, in.?

D; = inside diameter of cylinder, in.

D, = outside diameter of cylinder, in.

D; = outside diameter at large end of cone, in.

Dg = outside diameter at small end of cone, in.

E = modulus of elasticity of material at design temperature, ksi

E, = tangent modulus of material at design temperature, ksi

fa. = axial compressive membrane stress resulting from applied axial load, Q, ksi

f» = axial compressive membrane stress resulting from applied bending moment, M, ksi

fn = hoop compressive membrane stress resulting from applied external pressure, P, ksi

fq = axial compressive membrane stress resulting from pressure load, Q,, on the end of a
cylinder, ksi.

fv = shear stress from applied loads, ksi

fx = Jfat fqv ksi

Fp, = allowable axial compressive membrane stress of a cylinder due to bending moment, M, in
the absence of other loads, ksi

F., = allowable compressive membrane stress of a cylinder due to axial compression load with
Ac > 0.15, ksi

Fpne = allowable axial compressive membrane stress of a cylinder due to bending in the presence
of hoop compression, ksi
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Fnpe = allowable hoop compressive membrane stress of a cylinder in the presence of longitudinal
compression due to a bending moment, ksi

Fn. = elastic hoop compressive membrane failure stress of a cylinder or formed head under
external pressure alone, ksi
Fn, = allowable hoop compressive membrane stress of a cylinder or formed head under external

pressure alone, ksi
Fnya = allowable hoop compressive membrane stress in the presence of shear stress, ksi

Fnxo = allowable hoop compressive membrane stress of a cylinder in the presence of axial com-

pression, ksi

F;, = allowable tension stress, ksi

F,, = allowable shear stress of a cylinder subjected only to shear stress, ksi

F,. = elastic shear buckling stress of a cylinder subjected only to shear stress, ksi

Fyne = allowable shear stress of a cylinder subjected to shear stress in the presence of hoop com-
pression, ksi

Fy, = allowable compressive membrane stress of a cylinder due to axial compression load with
Ae < 0.15, ksi

Fy. = inelastic axial compressive membrane failure (local buckling) stress of a cylinder in the
absence of other loads, ksi

Fy. = elasticaxial compressive membrane failure (local buckling) stress of acylinder in the absence

of other loads, ksi ) _ _
Fyna = allowable axial compressive membrane stress of a cylinder in the presence of hoop com-

pression, ksi
F, = minimum specified yield stress of material, ksi
F, = minimum specified tensile stress of material, ksi
FS = stress factor
I; = moment of inertia of ring stiffener plus effective length of shell about centroidal axis of
combined section, in.*
Lot Let3
I, =1+ AXZE—AS +eng + ﬁ
K = effective length factor for column buckling
I, = moment of inertia of ring stiffener about its centroidal axis, in.4
L = design length of a vessel section between lines of support, in. A line of support is:

1. acircumferential line on a head (excluding conical heads) at one-third the depth of the
head from the head tangent line as shown in Figure 11.1

2. astiffening ring that meets the requirements of Equation 11.17

Lp = length of cylinder between bulkheads or large rings designed to act as bulkheads, in.

L. = unbraced length of member, in.

L. = effective length of shell, in. (see Figure 11.2)

Lr = one-half of the sum of the distances, L, from the center line of a large ring to the next
large ring or head line of support on either side of the large ring, in. (see Figure 11.1)

Ly = one-half of the sum of the distances from the center line of a stiffening ring to the next line
of support on either side of the ring, measured parallel to the axis of the cylinder, in. A line
of support is described in the definition for L (see Figure 11.1).

L, = overall length of vessel as shown in Figure 11.1, in.

M = applied bending moment across the vessel cross-section, in.-kips

Ms = Ls/\/R_ot

M, = L/\/R_ut

P = applied external pressure, ksi

P, = allowable external pressure in the absence of other loads, ksi
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0 applied axial compression load, Kips
0, = axial compression load on end of cylinder resulting from applied external pressure, Kips
R = radiusto centerline of shell, in.
R. = radius to centroid of combined ring stiffener and effective length of shell, in. R, = R+ Z,
R, = radiusto outside of shell, in.
t = thickness of shell, less corrosion allowance, in.
t. = thickness of cone, less corrosion allowance, in.
Z. = radial distance from centerline of shell to centroid of combined section of ring and effective
length of shell, in. Z. = %
Z, = radial distance from center line of shell to centroid of ring stiffener (positive for outside
rings), in.
S = elastic section modulus of full shell cross-section, in.3
;7 (Di-D})
32D,
r = radius of gyration of cylinder, in.
(D2 + D)"?
T 4
Ae = slenderness factor

KLc [ Fya- FS\Y?
Ae = REC
or E

11.2 Allowable Compressive Stresses for Cylindrical Shells

The maximum allowable stresses for cylindrical shells subjected to loads that produce compressive
stresses are given by the following equations.

11.2.1 Uniform Axial Compression

Allowable longitudinal stress for a cylindrical shell under uniform axial compression is given by F,
for values of A, < 0.15and by F,, for values of A, > 0.15. F,, is the smaller of the values given by
Equations 11.3 and Equation 11.4.

(11.2)

c

_ KLc (Fya- FS\Y?
T omr E

where K L. is the effective length. L. is the unbraced length. Recommended values for K [1] are
2.1 for members with one end free and the other end fixed, 1.0 for members with both ends pinned,
0.8 for members with one end pinned and the other end fixed, and 0.65 for members with both ends
fixed.

Local Buckling (For A, < 0.15)
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F D
Fra = F—é for T <135 (11.3a)
466F. D
Fou=——2> for 135< —2 < 600 (11.3b)
(3314 2) Fs f
0.5F, D
Frq = FS} for T > 600 (11.3c)
or
F,
Fra = FS (11.4)
where
C.E
Fye = Ix),,t (11.5)
40 D,
C. = ——— nottoexceed 0.9 for =2 <1247
389+ L t
_ D,
C, = 0.25 for - > 1247
¢ = 264for M, <15
_ 3.13
c = chr 15< M, <15
¢ = 1.0 for M, > 15
L
== _ 116
X (Rot)l/z ( )

Column Buckling (For A, > 0.15)

Feq = Fyq for A, <0.15 (11.78)

Feg = Fro [1— 0741, — 0.15)]%3 for 0.15< A, < v/2 (11.7b)
0.88F.

Feq = =5 for Ac > V2 (11.7¢)

c

11.2.2 Axial Compression Due to Bending Moment

Allowable longitudinal stress for a cylinder subjected to a bending moment acting across the full
circular cross-section is given by Fp,.
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D
Fpq = Fyq for 7" > 135 (11.8a)

466F), D

Fpo = r 100 < —" <135 (11.8b)
Fs (331+ )
1.081F, D

Fpa = TG for T <100and y > 0.11 (11.8¢)
14—-29y)F

Fpa = % —2 <100and y <0.11 (11.8d)

where Fy, is the smaller of the values given by Equations 11.3and 11.4and y = %.

11.2.3 External Pressure

The allowable circumferential compressive stress for a cylinder under external pressure is given by
Fn, and the allowable external pressure is given by the following equations:

t
Pa = 2FhaD— (119)
[

F, F

Fia = ¢ for F” > 2.439 (11.10a)
y

0.7F, [ Fpe\%*
Frg = —2 <ﬂ> for 0.552 < £ _ 2439 (11.10b)

FS \F, F,

F F
Fra = F”; for ¢ < 0.552 (11.10c)

y
where
1.6C,Et
Fie = D—h (11.11)
o
0.94
t D
Cj, = 0.55— for M, > 2 <—”>
D, t
0.94
D
Cp=112M7198 for 13< M, <2 (T)
0.92
Ch=——"_ for 1.5 < M, <13
"= M, —0579 =M=
C, =10 for M, <15
11.2.4 Shear

Allowable in-plane shear stress for a cylindrical shell is given by F,,,.

nvFve
FS

Fpu = (11.12)
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where

Cy, =4.454 for M, <15

9.64 1/2
C, = (M ) (1+00239M3) for 1.5 < M, < 26
X

1.492
Cy=—— 1/2 for 26 < M, <4347—

t \¥? D
C, = O.716<—> for M, > 4.347=2
D, t

D
o, = 0.8 for 7” <500

D D
a, = 1.389— 0.218log o (7> for 500 < T <1000

F
n = 1.0 for =% < 0.48
F)’

F F,
my =043 +01 for 048 < —= <17

ve y

nv=0.6F} for&>17
Fe Fy
11.2.5 Sizing of Rings (General Instability)

Uniform Axial Compression and Axial Compression
Due to Bending

(11.13)

(11.14a)
(11.14b)

(11.14c)

(11.14d)

When ring stiffeners are used to increase the allowable longitudinal compressive stress, the
following equations must be satisfied. If M, > 15, stiffener spacing is too large to be effective.

0.334
Ag > [— 0063]L t and Ag > 0.06L¢

| . 5.33L,3

also I; > W

External Pressure
(a) Small Rings

‘o 1.5FLyR?t

ST E (n2 — 1)

Fp. = stress determined from Equation 11.11 with M, = M.
3/2

2D,
2 [4 2
nc = —3LBt1/2 and 4 <n° <100
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(b) Large Rings Which Act As Bulkheads

Fher LFR?t
I > I where [ = —<F=F % (11.18)
2E
Ir = the value of I] which makes a large stiffener act as a bulkhead. The effective length of
shellis L, = 1.1/D,t(A1/A2)
Aq = cross-sectional area of small ring plus shell area equal to Lz, in.?
Az = cross-sectional area of large ring plus shell area equal to Lz, in.2
R, = radius to centroid of combined large ring and effective width of shell, in.
Fner = average value of the hoop buckling stresses, Fj,, over length L  where F}, is determined
from Equation 11.11, ksi
Shear
1] > 0.184C, M283 L (11.19)

C, = value determined from Equation 11.14 with M, = M.

Local Stiffener Buckling

To preclude local buckling of the stiffener prior to shell buckling, the following stiffener prop-
erties shall be met. See Figure 11.4 for stiffener geometry.

(a) Flat Bar Stiffener, Flange of a Tee Stiffener, and Outstanding Leg of an Angle Stiffener
h E\Y?
1o 0.375(—) (11.20)
n F,

where A1 is the full width of a flat bar stiffener or outstanding leg of an angle stiffener and one-half
of the full width of the flange of a tee stiffener and ¢1 is the thickness of the bar, leg of angle, or flange
of tee.

(b) Web of Tee Stiffener or Leg of Angle Stiffener Attached to Shell

h E 1/2
2210 <—> (11.21)

to Fy

where h> is the full depth of a tee section or full width of an angle leg and 7, is the thickness of the
web or angle leg.

11.3 Allowable Compressive Stresses For Cones

Unstiffened conical transitions or cone sections between rings of stiffened coneswithanangle o < 60°
shall be designed for local buckling as an equivalent cylinder according to the following procedure.
See Figure 11.3 for cone geometry.

11.3.1 Uniform Axial Compression and Axial Compression
Due to Bending

Allowable Longitudinal and Bending Stresses

Assume an equivalent cylinder with diameter D, = D/ cosa, where D is the outside diameter
of the cone at the cross-section under consideration and length equal to L.. D, is substituted for
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D, in Equations 11.3 to Equations 11.8 to find F, and Fp, and L. for L in Equation 11.6. The
allowable stress must be satisfied at all cross-sections along the length of the cone.

Unstiffened Cone-Cylinder Junctions

Cone-cylinder junctions are subject to unbalanced radial forces (due to axial load and bending
moment) and to localized bending stresses caused by the angle change. The longitudinal and hoop
stresses at the junction may be evaluated as follows:

Longitudinal Stress—In lieu of detailed analysis, the localized bending stress at an unstiffened
cone-cylinder junction may be estimated by the following equation.

fr= w (fx + fp) tana (11.22)
e
where
D = outside diameter of cylinder at junction to cone
t = thickness of cylinder
t. = thickness of cone
t. = ttofind stress in cylinder section
t. = t.tofind stressin cone section
« = coneangle as defined in Figure 11.3
fr = uniform longitudinal stress in cylinder section at junction resulting from axial loads
f» = longitudinal stress in cylinder section at junction resulting from bending moment

For strength requirements, the total stress ( fx + f5, + f;,) shall be limited to the minimum tensile
strength given in Table 11.1 or Table U, Subpart 1 of [4] for the cone and cylinder material and fx + f5
shall be less than the allowable tensile stress F;, where F; is the smaller of 0.6F), or F, /3.

Hoop Stress—The hoop stress caused by the unbalanced radial line load may be estimated from:

fr=045/D/t (f, + f,) tana (11.23)

For hoop tension, f; shall be limited to the tensile allowable. For hoop compression, f; shall be
limited to Fj, where Fj,, is computed from Equation 11.10 with Fj,, = 0.4E¢t/D.

A cone-cylinder junction that does not satisfy the above criteria may be strengthened either by
increasing the cylinder and cone wall thicknesses at the junction, or by providing a stiffening ring at
the junction.

Cone-Cylinder Junction Rings
If stiffening rings are required, the section properties shall satisfy the following requirements:

tD
Ac = —(fe+ fr)tana (11.24)
y

tDD?
8E (fx + fp) tana (11.25)

v

I,

=
>
@
@
@

= cylinder outside diameter at junction

diameter to centroid of composite ring section for external rings
D for internal rings

cross-sectional area of composite ring section

moment of inertia of composite ring section

SRS
I

o

>
o
[
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In computing A, and I, the effective length of the shell wall acting as a flange for the composite
ring section shall be computed from:

b, = 0.55 (,/D/: 4 Dtc/cow) (11.26)

11.3.2 External Pressure

Allowable Circumferential Compression Stresses

Assume an equivalent cylinder with diameter D, = 0.5(D + Dg) and length L, = L./ cosc.
This length and diameter shall be substituted into Equations 11.10 and 11.11 to determine Fj,,.

Intermediate Stiffening Rings

If required, circumferential stiffening rings within cone transitions shall be sized using Equa-
tion 11.17 with R, = D/2 where D is the cone diameter at the ring, 7 is the cone thickness, L is
the average distance to adjacent rings along the cone axis, and Fj,. is the average of the elastic hoop
buckling stress values computed for the two adjacent bays by the method given in the preceding
paragraph.

Cone-Cylinder Junction Rings

A junction ring is not required for buckling due to external pressure if f, < Fj, where Fp,
is determined from Equation 11.10 with F,, computed using Cj equal to 0.55 (cosw)(¢/D) in
Equation 11.11. D is the cylinder diameter at the junction.

Circumferential stiffening rings required at the cone-cylinder junctions shall be sized such that the
moment of inertia of the composite ring section satisfies the following equation:

2
I. > fﬁ {tLthe + %} (11.27)

where

D = cylinder outside diameter at junction

L. = distance to first stiffening ring in cone section along cone axis

Ly = distance to first stiffening ring in cylinder section or line of support

Fn. = elastic hoop buckling stress for cylinder (see Equation 11.11)

Fnee = Fy for cone section treated as an equivalent cylinder

t = cylinder thickness

t. = cone thickness

11.3.3 Shear

Allowable In-Plane Shear Stress

Assume an equivalent cylinder with a length equal to the slant length of the cone between rings
(L./ cosx) and a diameter D, = D/ cosa, where D is the outside diameter of the cone at the cross-
section under consideration. This length and diameter shall be substituted into Equations 11.12
to 11.14 to determine F,,,.

Intermediate Stiffening Rings

If required, circumferential stiffening rings within cone transition shall be sized using Equa-
tion 11.19 where L is the average distance to adjacent rings along the cone axis.
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11.3.4 Local Stiffener Buckling

To preclude local buckling of a stiffener, the requirements of Equations 11.20 and 11.21 must be met.

11.4 Allowable Stress Equations For Unstiffened
and Ring-Stiffened Cylinders and Cones
Under Combined Loads

11.4.1 For Combination of Uniform Axial
Compression and Hoop Compression

For A, <0.15
The allowable stress in the longitudinal direction is given by Fyj, and the allowable stress in the
circumferential direction is given by Fj, .

-05
1 c 1
Feha = ( CH— ) (11.28)

sza CoFyaFha CthZa

where
Fog - FSH Fpq - FS
cr= B Bt Tha Sy 6 ang ¢y = I
F, In
0 9 PD,
= = — —_— d =
fr=fat Jy A + A and fj >
Fy, - FSis given by the smaller of Equation 11.3 or 11.4, and Fj,, - F S is given by Equation 11.10.
F.
Flg = —ha (11.29)
C

For0.15< . <12
Fpq is the smaller of F,;1 and F,,2 where F,;1 = Fypg given by Equation 11.28 with f, = f,
and Fyy,2 is given by the following equation.

Fano = Feq (1 - ﬁ) (11.30)
Fy

F_,, is given by Equation 11.7.

11.4.2 For Combination of Axial Compression Due to Bending
Moment, M, and Hoop Compression

The allowable stress in the longitudinal direction is given by Fy;, and the allowable stress in the
circumferential direction is given by Fj,,.

Fpha = C3C4Fpq (11.31)
where C3 and C4 are given by the following equations and Fy,, is given by Equation 11.8.
F

Cy = J0 Fha

Jh Fba
c? (cﬁ + 0.604) +C2-1=0 (11.32)

M PD, Fpq - FS
=g =g F,
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Solve for C3 from Equation 11.31 by iteration. Fy, - FS is given by Equation 11.10.

h
Fhpa = thaf_ (11-33)
fv

11.4.3 For Combination of Hoop Compression and Shear

The allowable shear stress is given by F,;, and the allowable circumferential stress is given by Fj,,.

2 1/2
F2 F2
Fopa = | | =—2¢— F2 —_—va 11.34
vha |:<2C5Fha) + va:| 2CsFp, ( )

where Cs = Lo and F,q is given by Equation 11.12 and Fj, is given by Equation 11.10.
I g y EQ g Yy Eq

Fyha
Fa = é’; (11.35)
11.4.4 For Combination of Uniform Axial Compression,
Axial Compression Due to Bending Moment, M,
and Shear, in the Presence of Hoop Compression, (f;, # 0)
f 2
Let Ky =1— < u > (11.36)
Fuq
For A, <0.15
fa )1'7 fb
_— 4+ ——<10 11.37
<Kstha Kstha ( )

Fnq i given by Equation 11.28, Fy;, is given by Equation 11.30 and F,, is given by Equation 11.12.
For0.15< A, < 1.2

8 A
Ja (BAS 10 for S 502 (11.38)
Fxha 9 Foha Fxha
where
Cn 72E
A

=" F,=——_

1- f,-FS/F, (KL./r)?
See Equation 11.2 for K L. and Equation 11.30 for Fy,,. Fpne is given by Equation 11.31. FS
is determined from Equation 11.1 where F;. = Fy, - F'S (see Equations 11.3 and 11.4). C,, is a
coefficient whose value shall be taken as follows [1]:

1. For compression members in frames subject to joint translation (sidesway),
C, =0.85

2. For rotationally restrained compression members in frames braced against joint transla-
tion and not subject to transverse loading between their supports in the plane of bending,

Cpn =0.6—0.4M1/M>2)

where M1/M> is the ratio of the smaller to larger moments at the ends of that portion
of the member that is unbraced in the plane of bending under consideration. M1/M5 is
positive when the member is bent in reverse curvature and negative when bent in single
curvature.
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3. For compression members in frames braced against joint translation and subjected to
transverse loading between their supports the following apply:

a. for members whose ends are restrained against rotation in the plane of bending,
Cn =0.85
b. for memberswhose ends are unrestrained against rotation in the plane of bending,

Cn=10

11.4.5 For Combination of Uniform Axial Compression, Axial
Compression Due to Bending Moment, M, and Shear,
in the Absence of Hoop Compression, (f; = 0)

For A, <0.15
fa )” fo
—— ) +-—"—<10 (11.39)
(Ksta Ks Fba
Fyq is given by the smaller of Equations 11.3 or 11.4, F;, is given by Equation 11.8 and K is given
by Equation 11.36.
For0.15< A, < 1.2
8 A
fo (8 A _yggor f1 202 (11.40)
Kcha 9K5Fba Kcha
A
Jo A 40 for f1 02 (11.41)
ZKS Fca Ks Fba Kchu

F,, is given by Equation 11.7, Fp, is given by Equation 11.31, and Kj is given by Equation 11.36.
See Equation 11.38 for definition of A.

11.5 Tolerances for Cylindrical and Conical Shells

11.5.1 Shells Subjected to Uniform Axial Compression
and Axial Compression Due to Bending Moment

The difference between the maximum and minimum diameters at any cross-section shall not exceed
1% ofthe nominal diameter at the cross-section under consideration. Additionally, the local deviation
from a straight line, e, measured along a meridian over a gauge length L, shall not exceed the
maximum permissible deviation e, given below.

ex = 0.002rR

L, = 4Rt butnot greater than L for cylinders

Ly = 4/Rt/cosx butnot greater than L./ cosa for cones
L, = 25t across circumferential welds

=

Also L, is not greater than 95% of the meridianal distance between circumferential welds.

11.5.2 Shells Subjected to External Pressure

The difference between the maximum and minimum diameters at any cross-section shall not exceed
1% of the nominal diameter at the cross-section under consideration. Additionally, the maximum
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deviation from a true circular form, e, shall not exceed the value given by Figure 11.5 or by the
following equations.

e =0.0165 (M, + 3.25%°  0.1r < ¢ < 0.0242R (11.42)
22
Rt
20 |- =71
1.8 et /
60
L6
1.4 —_— 50
12
% 40
L0
30
0.8 /
0.6 / 20
0.4 / 15
) 10
|
0.2 A
0.0
1 10 100 1000
M, =L/ (Rt)"?

FIGURE 11.5: Values of e/t which give abuckling pressure of 80% of the theoretical buckling pressure.

Also, e shall not exceed 2:. Measurements to determine e are made with a gauge or template with
the chord length L. given by the following equation.

L. = 2Rsin(w/2n) (11.43)
d
R
- c( ¥ I/e t) 2 <n < 141R/N*S (11.44)
where
c = 228R/1)%% <280
d = 0.38R/1)*%* <0485
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11.5.3 Shells Subjected to Shear

The difference between the maximum and minimum diameters at any cross-section shall not exceed
1% of the nominal diameter at the cross-section under consideration.

11.6 Allowable Compressive Stresses for Spherical
Shells and Formed Heads, With Pressure on
Convex Side

11.6.1 Spherical Shells

With Equal Biaxial Stresses

The allowable compressive stress for a spherical shell under uniform external pressure is given
by Fp, and the allowable external pressure is given by P,,.

F, F
Frg = -2 for —< > 6.25 (11.453)
FS F,
1.31F, F
Fha = ———2>—~  for 16 < — <625 (11.45b)
FS (1.15+ #) Fy
0.18F),, + 0.45F F
Fpy = —orhe T80 o 055 < The 16 (11.45¢)
FS F,
F F
Fi = -2 for —2¢ <055 (11.45d)
FS F,
t
Fre = 0.075E— (11.46)
R,
t
Po = 2Fha— (11.47)
R,

where R, is the radius to the outside of the spherical shell and Fy,, is given by Equation 11.45.

With Unequal Biaxial Stresses—Both Stresses Are Compressive

The allowable compressive stresses for a spherical shell subjected to unequal biaxial stresses, o1
and o2, where both o1 and o2 are compression stresses resulting from applied loads, are given by the
following equations.

o= 9% g (11.48)
o = 1704k '

Foy = kFy, (11.49)

where k = o2/01 and Fy,, is given by Equation 11.45. Fy, is the allowable stress in the direction of
o1 and Fo, is the allowable stress in the direction of 2. The larger of the compression stresses is o7.

With Unequal Biaxial Stresses—One Stress Is Compressive and the Other Is Tensile

The allowable compressive stress for a spherical shell subjected to unequal biaxial stresses o1
and o2, where o1 is a compression stress and o> is a tensile stress, is given by Fy, where Fy, is the
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value of Fy,, determined from Equation 11.45 with F},, given by Equation 11.50.

t
Fre = (Co + Cp) ER— (11.50)

o

1022 R,
C, = ——°%  for 22 <622
o 195+ R, /1 r o

R,
C, = 0.125 for - > 622

c. - 1.06
P T q4o4,. 1
3.24+ 5
- 02 R,
P E 1

Shear
When shear is present, the principal stresses shall be calculated and used for o1 and 0.

11.6.2 Toroidal and Ellipsoidal Heads

Theallowable compressive stresses for formed heads is determined by the equations given for spherical
shells where R, is defined below.
R, = theoutside radius of the crown portion of the head for torispherical heads, in.

R, = theequivalent outside spherical radius taken as K, D,, for ellipsoidal heads, in.
K, = factor depending on the ellipsoidal head proportions D, /2h, (see Table 11.2)
h, = outside height of the ellipsoidal head measured from the tangent line (head-bend line), in.

TABLE11.2 Factor K,

Do/2he ... 30 28 26 24 22
Ko ... 13 127 118 108 0.99
Do/2h, 20 18 16 14 12 10
Ko 090 081 073 065 057 050

Note: Use interpolation for intermediate values.

11.7 Tolerances for Formed Heads

The inner surface of a spherical shell or formed head shall not deviate from the specified shape more
than 1.25% of the nominal diameter of the vessel. Such deviations shall be measured perpendicular
to the specified shape. Additionally, the maximum local deviation from a true circular form, e, for
spherical shells and any spherical portion of a formed head designed for external pressure shall not
exceed the shell thickness. Measurements to determine e are made with a gauge or template with the
chord length L. given by the following equation:

L. =3.72v/ Rt
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A comparison was made by Miller and Saliklis [8, 9, 10] of the predicted failure stresses given by each
of these sets of rules with the test data obtained from over 600 tests on steel models representative of
fabricated shells. The best fit equations were determined for each shell type and load. These equations
were then modified to obtain a better fit with the test database. The equations given in this chapter
are the results of these studies.
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