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Approximate stresses that exist in cylindrical vessels supported on two saddles at
various conditions and design of stiffening for vessels which requireit

by L. P. Zick

INTRODUCTION

The design of horizontal cylindrical vessels with dished
heads to resist internal pressure is covered by existing
codes. However, the method of support is left pretty
much up to the designer. In general the cylindrical shell is
made a uniform thickness which is determined by the
maximum circumferential stress due to the internal
pressure. Since the longitudina stress is only one-half of
this circumferential stress, these vessels have available a
beam strength which makes the two-saddle support
system ideal for a wide range of proportions. However,
certain limitations are necessary to make designs
consistent with the intent of the code.

The purpose of this paper is to indicate the approximate
stresses that exist in cylindrical vessels supported on two
saddles at various locations. Knowing these stresses, it is
possible to determine which vessels may be designed for
internal pressure alone, and to design structurally adequate
and economical stiffening for the vessels which require it.
Formulas are developed to cover various conditions, and a
chart is given which covers support designs for pressure
vessels made of mild steel for storage of liquid weighing
42 Ib. per cu. ft.

HISTORY

In a paper* published in 1933 Herman Schorer pointed
out that a length of cylindrica shell supported by
tangential end shears varying, proportionately to the sine
of the central angle measured from the top of the vessel
can support its own metal weight and the full contained
liquid weight without circumferential bending moments in
the shell. To complete this analysis, rings around the entire
circumference are required at the supportina points to
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transfer these shears to the foundation without distorting
the cylindrical shell. Discussions of Schorer's paper by H.
C. Boardman and others gave approximate solutions for the
half full condition. When aring of uniform cross section is
supported on two vertical posts, the full condition governs
the design of the ring if the central angle between the post
intersections with the ring is less than 126°, and the
half-full condition governs if this angle is more than 126°.
However, the full condition governs the design of rings
supported directly in or adjacent to saddles.

Mr. Boardman's discussion also pointed out that the
heads may substitute for the rings provided the supports
are near the heads. His unpublished paper has been used
successfully since 1941 for vessels supported on saddles
near the heads. His method of analysis covering supports
near the heads is included in this paper in a dightly
modified form.

Discussions of Mr. Schorer's paper also gave successful
and semi-successful examples of unstiffened cylindrical
shells supported on saddles, but an anaysisis lacking. The
semi-successful examples indicated that the shells had
actually slumped down over the horns of the saddles while
being filled with liquid, but had rounded up again when
internal pressure was applied.

Testing done by others, 2 gave very useful results in the
ranges of their respective tests, but the investigators
concluded that analysis was highly indeterminate. In recent
years the author has participated in strain gage surveys of
several large vessels A typical test setup is shown in
Fig. 1.

In this paper an attempt has been made to produce an
approximate analysis involving certain  empirical
assumptions which make the theoretical analysis closely
approximate the test results.

SELECTION OF SUPPORTS

When a cylindrical vessel acts as its own carrying beam
across two symmetrically placed saddle supports, one-half
of the total load will be carried by each support. This
would be true even if one support should
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Fig. 1

settle more than the other. This would also be true if a
differential in temperature or if the axia restraint of the
supports should cause the vessel acting as a beam to bow up
or down at the center. This fact alone gives the two-support
system preference over a multiple-support system.

The most economical location and type of support
generaly depend upon the strength of the vessel to be
supported and the cost of the supports, or of the supports
and additional stiffening if required. In a few cases the
advantage of placing fittings and piping in the bottom of
the vessel beyond the saddle will govern the location of the
caddla

The pressure-vessel codes limit the contact angle of each
saddle to a minimum of 120° except for very small vessels.
In certain cases a larger contact angle should be used.
Generally the saddle width is not a controlling factor; so a
nominal width of 12 in. for steel or 15 in. for concrete may
be used. This width should be increased for extremely
heavy vessels, and in certain cases it may be desirable to
reduce this width for small vessels.

Thin-wall vessels of large diameter are best supported near
the heads provided they can support their own weight and
contents between supports and provided the heads are stiff
enough to transfer the load to the saddles. Thick-wall vessels
too long to act as simple beams are best supported where the
maximum longitudina bending stress in the shell at the
saddles is nearly equal to the maximum longitudina bending
stress in the shell at the saddles is nearly equa to the
maximum longitudinal bending stress at mid-span, provided
the shell is stiff enough to resist this bending and to transfer
the load to the saddles. Where the stiffness required is not
availablein the shell alone, ring stiffeners must be added
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Strain gage test set up on 30,000 gal. propane tank

a or near the saddles. Vessels must also berigid enough to
support normal external loads such as wind.

Figure 2 indicates the most economica locations and
types of supports for large steel horizontal pressure vessels
on two supports. A liquid weight of 42 Ib. per cu. ft. was
used because it is representative of the volatile liquids
usually associated with pressure vessels.

Where liquids of different weights are to be stored or
where different materials are to be used, a rough design
may be obtained from the chart and this design should be
checked by the applicable formulas outlined in the
following sections. Table | outlines the coefficients to be
used with the applicable formulas for various support types
and locations. The notation used is listed at the end of the
paper under the heading Nomenclature.

MAXIMUM LONGITUDINAL STRESS

The cylindrical shell acts as a beam over the two
supportsto resist by bending the uniform load of the vessel
and its contents. The equivalent length of the vessel (see
Figs. 2 and 3) equals (L + (4H/3)), closely, and the total
weight of the vessel and its contents equals 2Q. However,
it can be shown that the liquid weight in a hemispherical
head adds only a shear load at its junction with the
cylinder. This can be approximated for heads where H < R
by representing the pressure on the head and the
longitudina stress as a clockwise couple on the head
shown at the left of Fig. 3. Therefore the vessel may be
taken as a beam loaded as shown in Fig. 3; the moment
diagram determined by statics is also shown. Maximum
moments occur at the mid-span and over the supports.



Tests have shown that except near the saddles a cylindri-
cal shdl just full of liquid has practically no circumferen-
tial bending moments and therefore behaves as a beam

with asection modulus I/c = rr?t.
However, in the region above each saddle circumferential

bending moments are introduced alowing the unstiffened
upper portion of the shell to deflect, thus making it
ineffective as a beam. This reduces the effective cross
section acting as a beam just as though the shell were split
aong ahorizonta line at alevel above the
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Fig. 3 Cylindrical shell acting as beam over supports

saddle. (See Fig. 4 (a).) If this effective arc is represented
by 2A (A in radians) it can be shown that the section
modulus becomes:

4
A4 s Acos A — Jﬁl-{lli

= H FE—
Ifc = arit (E.
w - 09 A)

Strain gage studies indicate that this effective arc is
approximately equal to the contact angle plus one-sixth of
the unstiffened shell asindicated in Section A-A of Fig. 4.
Of course, if the shdll is stiffened by a head or complete
ring stiffener near the saddle the effectlve arc, 2A, equals
the entire cross section, and 1/c = nr't.

Since most vessels are of uniform shell thickness, the
design formula involves only the maximum value of the
longitudina bending stress. Dividing the maximum
moment by the section modulus gives the maximum axial
stress in |b. per sg. in. in the shell due to bending as a
beam, or

3K' QL
wri

Sy =

K, is a constant for a given set of conditions, but
actually varies with the ratios A/L and H/L < R/L for
different saddle angles. For convenience, K, is plotted in
Fig. 5 against A/L for various types of saddle supports,
assuming conservative values of H = 0 when the mid-span
governs and H = R when the shell section at the saddle
governs. A maximum vaue of R/L = 0.09 was assumed
because other factors govern the design for larger values of
this ratio. As in a beam the mid-span governs for the
smaller values of A/L and the shell section at the saddle
governs for the larger values of A/L; however, the point
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where the ending stress in the shell is equal a mid-span
and at the saddle varies with the saddle angle because of
the reduced effective cross section. Fig. 5A in App. B
gives acceptable values at K.

This maximum bending stress, S,, may be either tension
or compression. The tension stress when combined with
the axial stress due to internal pressure should not exceed
the allowable tension stress of the material times the effi-
ciency of the girth joints. The compression stress should
not exceed one half of the compression yield point of the
materia or the value given by

s 2 (F)emiz - @maowm)

which is based upon the accepted formulafor buckling of
short steel cylindrical columns*. The compression
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stress is not a factor in a steel vessel where t/r > 0.005 and
the vessel is designed to be fully stressed under internal
pressure.

TANGENTIAL SHEAR STRESS

Figure 4 (d) shows the total shear diagram for vessels
supported in saddles away from the heads.

Where the shell is held round, the tangential shearing
stresses vary directly with the sine of the central angle o,
as shown in Section B-B of Fig. 4, and the maximum
occurs at the eauator.

However, if the shell is free to deform above the saddle,
the tangential shearing stresses act on a reduced effective
cross section and the maximum occurs at the horn of the
saddle. This is approximated by assuming the shears
continue to vary as the sin @ but only act on twice the arc
given by (6/2 + /20) or (n - o) as shown in Section A-A of
Fig. 4. The summation of the vertical components of these
assumed shears must equal the maximum total shear.

The maximum tangential shear stress will occur on the
center side of the saddle provided the saddle is beyond the
influence of the head but not past the quarter point of the
vessel. Then with saddles away from the heads the maximum
shear stressin |b. per sg. in. isgiven by

. &Q(ﬂw,)
rt L+ H gt
Values of K, listed 1n lable | tor various types of supports
are obtained from the expressions given for the maximum
shearsin Fig. 4, and the appendix.

Figure 4 (f) indicates the total shear diagram for vessels
supported on saddles near the heads. In this case the head
gtiffens the shell in the region of the saddle. This causes
most of the tangential shearing stress to be carried across
the saddle to the head, and then the load is transferred back
to the head side of the saddle by tangential shearing
stresses applied to an arc dightly larger than the contact
angle of the saddle. Section C-C of Fig. 4 indicates this
shear distribution; that is, the shears vary as the sin » and
act downward above angle o and act upward below angle
o. The summation of the downward vertical components
must balance the summation of the upward vertical
components. Then with saddles at the heads the maximum
shear stressin |b. per sg. in. isgiven by

8, = K€
. 1 r
in the shell, or

5 = X9
in the head. rh

Vaues of K, givenin Table | for different size saddles at the
heads are obtained from the expression given for the maximum
shear stressin Section C-C of Fio.4 & aopendix.

The tangential shear stress should not exceed 0.8 of the
allowable tension stress.

CIRCUMFERENTIAL STRESSAT HORN OF
SADDLE

In the plane of the saddle the load must be transferred
from the cylindrical shell to the saddle: As was pointed
out in the previous section the tangential shears adjust their
distribution in order to make this transfer with a minimum
amount of circumferential bending and distortion. The
evaluation of these shears was quite empirical except for
the case of the ring stiffener in the plane of the saddle.
Evaluation of the circumferential bending stresses is even
more difficult.

Starting with aring in the plane of the saddle, the shear
distribution is known. The bending moment at any point
above the saddle may be computed by any of the methods
of indeterminate structures. If the ring is assumed uniform
in cross section and fixed at the horns of the saddles, the
moment, Mo, inin.-1b. a any point A is given by:

=9 & d sin 8
Mt—' cos¢+ém¢-—§ ] +
mgﬁ—i(cow ——5%—’3 X

1~ 6(*2E 4 2 com g
gin sin 8\?
3 cosB+1-2(—g~)

This is shown schematically in Fig. 6. Note that B must be
in radians in the formula

The maximum moment occurs when @ =B. Substituting
B for ® and K, for the expression in the brackets divided by
7, the maximum circumferential bending moment in in.-lb.

is
My = KiQr

When the shell is supported on a saddle and there is no
ring stiffener the shears tend to bunch up near the horn of
the saddle, so that the actual maximum circumferential
bending moment in the shell is considerably less than M3
as calculated above for a ring stiffener in the plane of the
saddle. The exact analysis is not known; however, stresses
calculated on the assumption
My

A smé %_

.._._....M‘

AXIMUS
OMENT = Mg

T
S o o e e ——

Fig. 6 Circumferential bending-moment diagram, ring in
plane of saddle
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that a wide width of shell is effective in resisting the
hypothetical moment, M;, agree conservatively with the
results of strain gage surveys. It was found that this
effective width of shell should be equal to 4 times the shell
radius or equal to one-half the length of the vessd,
whichever is smaller. It should be kept in mind that use of
this seemingly excessive width of shell is an artifice
whereby the hypothetica moment M; is made to render
calculated stresses in reasonable accord with actua
ctroccoc

When the saddles are near the heads, the shears carry to
the head and are then transferred back to the saddle. Again
the shears tend to concentrate near the horn of the saddle.
Because of the relatively short stiff members this transfer
reduces the circumferential bending moment still more.

To introduce the effect of the head the maximum
moment is taken as
My = K.Qr
Where K; equals Ks when A/R is greater than 1. Values of
K, are plotted in Fig. 7 using the assumption that this
moment is divided by four when A/R isless than 0.5.
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Fig. 7 Plot of circumferential bending-moment constant,
Ks

The change in shear distribution aso reduces the direct
load at the horns of the saddle; this is assumed to be Q/4
for shells without added stiffeners. However, since this
load exists, the effective width of the shell which resists
this direct load is limited to that portion which is stiffened
by the contact of the saddle. It is assumed that 5t each side
of the saddle acts with the portion directly over the saddle.
See Annendix R

Internal pressure stresses do not add directly to the local
bending stresses, because the shell rounds up under
pressure. Therefore the maximum circumferential
combined stress in the shell is compressive, occurs at the
horn of the saddle, and is due to local bending and direct
stress. This maximum combined stress in |b. per sg. in. is

aiven hy Q 3KQ .
Si= g yion T e ML 28R
or
_ @ 12KQrR .
S= -G T e WL<ER

It seems reasonabl e to allow this combined stress to
* Note: For multiple supports:
L=Twice the length of portion of shell carried by

saddle
If L> 8R use 1st formula.
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be equal to 1.50 times the tension alowable provided the
compressive strength of the material equals the tensile
strength. In the first place when the region at the horn of
the saddle yields, it acts as a hinge, and the upper portion
of the shell continues to resist the loads as a two-hinged
arch. There would be little distortion until a second point
near the equator started to yield. Secondly, if rings are
added to reduce this local stress, a loca longitudina
bending stress occurs at the edge of the ring under
pressure.® This loca stress would be 1.8 times the design
ring stress if the rings were infinitely rigid. Weld seams in
the shell should not be located near the horn of the saddle
where the maximum moment occurs.

EXTERNAL LOADS

Long vessels with very small t/r values are susceptible to
distortion from unsymmetrical external loads such aswind.
It is assumed that vacuum relief valves will be provided
where required; so it is not necessary to design against a
full vacuum. However, experience indicates that vessels
designed to withstand 1 Ib. per sg. in. external pressure can

successfully resist external loads encountered in normal
[S=aViTor=)

Assume the external pressure is 1 Ib. per sg. in. in the
formulas used to determine the sloping portion of the
external pressure chart in the 1950 A.SM.E. Unfired
Pressure Vessel Code. Then when the vessdl is unstiffened
between the heads, the maximum length in feet between
stiffeners (the heads) is given approximately by

ENrt (v

2/ O .
L +t/sH 52.2 (r)

2

When ring stiffeners are added to the vessel at the
supports, the maximum length in feet between stiffenersis

given by
L-24=EVrt (5)2
522 \r

ADDITIONAL STRESSIN HEAD USED AS
STIFFENER

When the head stiffness is utilized by placing the saddle
close to the heads, the tangential shear stresses cause an
additional stress in the head which is additive to the
pressure stress. Referring to Section C-C of Fig. 4, it can
be seen that the tangential shearing stresses have horizontal
components which would cause varying horizontal tension
stresses across the entire height of the head if the head
were a flat disk. Thereal action in a dished head would be
a combination of ring action and direct stress; however, for
simplicity the action on aflat disk is considered reasonable
for design purposes.

Assume that the summation of the horizonta
components of the tangentia shears is resisted by the
vertical cross section of the flat head at the center line,



and assume that the maximum stressis 1.5 times the aver-
age stress. Then the maximum additional stressin the head
in Ib. per sg. in. isgiven by

_3q
S= e (

sin? a
xr — a + 8in acosa)
or
S¢ = K‘Q
ri,

This stress should be combined with the stress in the
head due to internal pressure. However, it is recommended
that this combined stress be allowed to be 25% greater
than the allowable tension stress because of the nature of
the stress and because of the method of analysis.

RING COMPRESSION IN SHELL OVER SADDLE

Figure 8 indicates the saddle reactions, assuming the
surfaces of the shell and saddle are in frictionless contact
without attachment. The sum of the assumed tangential
shears on both edges of the saddle at any point A is aso
shown in Fig. 8. These forces acting on the shell band
directly over the saddle cause ring compression in the shell
band. Since the saddle reactions are radial, they pass
through the center 0. Taking moments about point O
indicates that the ring compression at any point A is given
by the summation of the tangential shears between o and

Iy

Qf -—cosge cong } e _ asin g
rle-S4ainmd O riﬁ--ch IN X Lo
- pax = 2f 1+ COSF
T\ 4 SINACOSA

Fig. 8 Loads and reactions on

This ring compression is maximum at the bottom, where
® = . Again a width of shell equal to 5t each side of the
saddle plus the width of the saddle is assumed to resist this
force. See Appendix B. Then the stressin Ib. per sg. in. due
to ring compression is given by

8 = 9 ( 1 4 cos )
#b+ 10) \w — a + sin @ cos a
or
5o _KQ
T+ 100

The ring compression stress should not exceed one-half
of the compression yield point of the material.

WEAR PLATES

The stress may be reduced by attaching a wear plate
somewhat larger than the surface of the saddle to the shell
directly over the saddle. The thicknesst used in the

formulas for the assumed cylindrical shell thickness may
be taken as (t; + t,) for S; (where t; = shell thickness and t,
= wear plate thickness), provided the width of the added
plate equals at least (b + 10t,) (See Appendix B).

The thickness t may be taken as (t, + t;) in the formula
for S,, provided the plate extends r/10 inches above the
horn of the saddle near the head, and provided the plate
extends between the saddle and an adjacent stiffener ring.
(Also check for S, stressin the shell at the equator.)

The thickness t may he taken as (t; + t,) in the first term
of the formulafor S; provided the plate extends r/10 inches
above the horn of the saddle near the head. However, (112 +
t2?) should be substituted for t? in the second term. The
combined circumferential stress (S;) at the top edge of the
wear plate should also be checked using the shell plate
thickness t; and the width of the wear plate. When checking
a this point, the value of K; should be reduced by
extrapolation in Figure 7 assuming o equal to the central
angle of the wear plate but not more than the saddle angle
nlis 12°

DESIGN OF RING STIFFENERS

When the saddles must be located away from the heads
and when the shell alone cannot resist the circumferential
bending, ring stiffeners should be added at or near the
supports. Because the size of rings involved does not
warrant further refinement, the formulas developed in this
paper assume that the added rings are continuous with a
uniform cross section. The ring stiffener must be attached
to the shell, and the portion of the shell reinforced by the
stiffener plus a width of shell equal to 5t each side may be
assumed to act with each stiffener. The ring radius is
assumed equal tor.

When n stiffeners are added directly over the saddle as
shown in Fig. 4 (c), the tangential shear distribution is
known. The equation for the resulting bending moment at
any point was developed previously, and the resulting
moment diagram is shown in Fig. 6. The maximum
moment occurs at the horn of the saddle and is given in
in.-1b. for each stiffener by

i = kY

n
Knowing the maximum moment My and the moment at
the top of the vessel, M,, the direct load at the point of
maximum moment may be found by statics. Then the

direct load at the horn of the saddleis given in pounds by

@ 8 sin 8
“““;fﬁaf:ﬁﬁj*““ﬂ+
08 6
r(l — cos 8) (Ms ~ M)
I),g - KrQ

T

If n stiffeners are added adjacent to the saddle as shown
in Fig. 4 (b), the rings will act together and each will be
loaded with shears distributed as in Section B-B on one
side but will be supported on the saddle side

965



by a shear distribution similar to that shown in Section
A-A. Conservatively, the support may be assumed to be
tangential and concentrated at the horn of the saddle. This
is shown schematically in Fig. 9; the resulting bending
moment diagram is also indicated. This bending moment
in in.-lb. at any point A above the horn of the saddle is
given by

M, = Q?r"%{rrnﬁﬁ — ¢8ing —

coB ¢ [3/2 + (v ~ 8) cot 3}}

For the range of saddle angles considered Mo is
maximum near the equator where ® = p. This moment and
the direct stress may be found using a procedure similar to
that used for the stiffener in the plane of the saddle.
Substituting p for ® and K, for the expression in the
brackets divided by 27, the maximum moment in each ring
adjacent to the saddleis aiven inin.-Ib. by

M., = Kg @
n
Knowing the moments Mp and M, the direct load at p
may be found by statics and is given by

-9 [___P.Einp- ]
nE s T T Cws gy

I hen the maximum combined stress due to liquid load
in each ring used to stiffen the shell a or near the saddle
isgivenin Ib. per sg. in. by

S.='—

where o = the area and I/c = the section modulus of the
cross section of the composite ring stiffener. When aring
is attached to the inside surface of the shell directly over
the saddle or to the outside surface of the shell adjacent to
the saddle, the maximum combined stress is compression
a the shell. However, if the ring is attached to the
opposite surface, the maximum combined stress may be
either compression in the outer flange due to liquid or
tension at the shell dueto liquid and internal pressure.

The maximum combined compression stress due to
liquid should not exceed one-half of the compression yield
point of the material. The maximum combined tension
stress due to liquid and pressure should not exceed the
allowable tension stress of the material.

DESIGN OF SADDLES

Each saddle should be rigid enough to prevent the
separation of the horns of the saddle; therefore the saddle
should be designed for a full water load. The horn of the
saddle should be taken at the intersection of the outer edge
of the web with the top flange of a steel saddle. The
minimum section at the low point of either a steel or
concrete saddle must resist a tota force, F, in pounds,
equal to the summation of the horizontal components of
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the reactions on one-half of the saddle. Then

F o Q[l + cos @ — 1/2 sint ﬁ] - K:Q

‘r' MAL - B
MK = 10t

[

x— f+s8inpPcos g

Q

Fig. 9 Circumferential bending-moment diagram, stiffeners

adiarant in eardis

The effective section resisting this load should be limited
to the metal cross section within a distance equal to r/3
below the shell. This cross section should be limited to the
reinforcing steel within the distance r/3 in concrete
saddles. The average stress should not exceed two-thirds
of the tension alowable of the material. A low alowable
stress is recommended because the effect of the
circumferential bending in the shell at the horn of the
saddle has been neglected.

The upper and lower flanges of a steel saddle should be
designed to resist bending over the web(s), and the web(s)
should be stiffened according to the A.1.S.C. specifications
against buckling. The contact area between the shell and
concrete saddle or between the metal saddle and the
concrete foundation should be adeguate to support the
bearing loads.

Where extreme movements are anticipated or where the
saddles are welded to the shell, bearings or rockers should
be provided at one saddle. Under normal conditions a sheet
of elastic waterproof materia at least 1/4 in. thick between
the shell and a concrete saddle will suffice.

Nomenclature

@ = load on one saddle, Yo, Total load = 24

L = tapgent length of the veasel, fi.

A = distance from center line of saddle to tangent lioe, ft

M = depth of head, ft.

K = redius of eylindrical shell, ft.

r = rudiua of cylindrical shell, in.

¢ = thickness of eylindrical shell, in.

ta = thickness of head, in.

b = width of saddle, in.

F = force atross bottom of saddle, 1b,

8., Sy, ete. = calculated stresses, 1b. per sg. In.

K, K: etc. = dimeosionless constanta for various support
' conditions.

Mg, My etc. = circumferential bending moment due to tan-

gentisl shears. in-lb.
¢ = angle of contact of aaddie with ahell, degrees.

g = (180 - g) = central angle from vertical to horn of waddle,

in degroes (except as noted).
s = o (!+E)-—rr(§!+30). 24 = are, in radinos,
B0 \2 9 180 \12 .
of unstifeped shell in plans of saddle effective against
bending.



’
- -"iﬁ(3+; = the central angle, in radians, from

the vertical to the sssuned point of mexinmm shenr in
“unstiffened shell at saddle.

any ceniral angle measyred from the vertical, in radiana.

osntral aogle froma the upper vertical to the point of max-
imum moment in ring locatsd sdjacent to mddle, in
radisna.

modulus of eluaticity of material, I, per g, in

soction modulus, in.?

pumber of stiffenerw at each seddle,

a crom-sectional ares of ench composite stiffensr, #q. in,

P, Py = the direct load in Ib. at the point of maximum moment

in a stiffening ring.

A2
1B

3
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Appendix

The formulas developed by outline in the text are
developed mathematically here under headings cor-
responding to those of the text.

The pertinent assumptions and statements appearing in the
text have not been repeated.

M aximum L ongitudinal Stress

Referring to Fig. 3, the bending moment in ft.-1b. a the
saddleis

H']=

L+

, 4H| 3
L+—3—-

29 HA+A'

R~ H
2AL

1+3-E

Q4 1—

Referring to Section A-A of Fig. 4 the centroid of the
sinA
effectivearc = r—— . If  equalsany central angle

A
measured from the bottom, the moment of inertiais

a .
2r't_[ (coa’a—zeosa"io—"+“m'¢)d;-
2eindsin & | sin® A
A 5 ‘:I =
ﬂt[shdch+A—2§—mT;£]

zr-t[1/2macma+g—

The section modulus for the tension side of the equivalent
beamis

sint®
A-+gnAcos A — 2 AA
A ma_
% 08

Then the stressin the shell at the saddlein Ib. per sg. in. is
given by

l_é+R—H'
gLl "TTTTHAE
! ¥ | L _1+4;I_~I
3L
Bln A
'(T""“A)
A+sinAcoaA—2sin;A
or
S.ugK‘QL
¥r¥
where
:r(su:lb-cosd)
K = -
&+ 8in Acos & — 2288
A  RY— HY
af TRt e
L 1+_4_H

3L

The bending moment in ft.-Ib. at the mid span is
[ -—2.4.)’ ZHA A' R' H

L -

/ RY — I
o1+ A
FOl Y S A
I+3—L

L4+ =

The section modulus = rr2t, and

3KQL

i

S]W

where

Tangential Shear Stress

Section B-B of Fig. 4 indicates the plot of the shears
adjacent to a dtiffener.  The summation of the vertical
components of the shears on each side of the stiffener must
equa the load on the saddle Q. Referring to Fig. 4 (d) the
sum of the shears on both sides of the stiffener at any point
is Q sin o/mr. Then the summation of the vertica
componentsis given by

128 - B dnagme]

The maximum shear stress occurs at the equator when sina
=land K,=1/mr =0.319.
Section A-A of Fig. 4 indicates the plot of the shears

967



in an unstiffened shell. Again this summation of the
vertical components of the shears on each side of the
saddle must equal the load on the saddle. Then the total
shear at any point is
Quing ¢
r{(x — a + 8in a o8 )

and the summation of the vertical componentsis given

by
L Q sin* ¢
2_/: r(r—a-!-sina,cosa)m.-
0 ¢ — 8in $ coB P T‘QQ

r — a1 8ih a eor ol

The maximum shear occurs where @ = a. and
sin o
r — a - sin acos a

K =

Section C-C of Fig. 4 indicates the shear transfer across
the saddle to the head and back to the head side of the
saddle. Here the summation of the vertical components of
the shears on arc o acting downward must equal the
summation of the vertical component of the shears on the
lower arc (=—a) acting upward. Then

f‘QBin'¢lrd¢1 =

' »r
r i 2 .
2_/- Q sin qb,[_______a_ sin_a cos a ]rddh
- r ¥ — o + B0 o oS a

@[@ __ Hin ¢n cos du]
.3

L=

o

2 2

g(_}[ a — gin @ COB a ][@_siﬂ.ﬁqcosm]'
rilr—atsnacosal 2 2 .

?(a—ainacosa)=g(a—-si.nuc03u)

The maximum shear occurs where @, = o and

_a'ina[ o — B o €08 & ]

K, = :
' T T — a4 8in @cdis o

Circumferential Stressat Horn of Saddle
See under the heading Design of Ring Stiffeners.

Additional Stressin Head Used as Stiffener

Referring to Section C-C of Fig. 4, the tangential shears
have horizontal components which cause tension across
the head. The summation of these components on the
vertical axisis

;ﬁnhm‘bﬂdﬁx—

L]
Q. [a-—-sinacosau]
[ "amqb.cosh r — a + &in a cos rddy =
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e - ] -
=)

Then assuming thisload isresisted by 2rt,.. and that the
maximum stress is 1.5 times the average

5 = K@

where

_3 sin' a
K‘_S(rwa-}-sinaeoua)

Wear Plates

The ring compression at any point in the shell over the
saddleis given by the summation of the tangential shears
over the arc = (#—a) shown in Section A-A or C-C of Fig.
4orinFig. 8. Then

N *Qsinh( a — 8ik @ COB a )d
. \r—afanaceal
/‘Qs::hrdqh=- . Q sin dedidy

- (r—a+sinaeosu)=

Q +
- [r — a + 8o o cos a][cosah]‘ =

0 —cos¢ 4+ cos o ]
* — a4 8in a cos a

The ring compression becomes a maximum in the shell
at the bottom of the saddle. Or if ® = © this expression

becomes
Q[ 14 cosa ]
*r — a4 8ih acod a

Ko |[otfome |

r — a4 8n a cos o

Then

Design of Ring Stiffeners
Stiffener in Plane of Saddle

Referring to Fig. 6, the arch above the horns of the
saddle resists the tangential shear load. Assuming this arch
fixed at the top of the saddles, the bending moment may be

found using column analoay.
If the arch is cut at the top, the static moment at any

point A is

]
M, = Q?ff (8in ¢ —8in b €08 ¢y cos $—sin’ ¢, 8ing) dé;
9

=%r[—00&¢| _E‘:_¢sin3¢x+
1 f o _¢13in¢ ‘n
2mn¢smﬁcoa¢, 3 ]'

e

T

[l-—coud»—gnind]



Then the MJEI diagram is the load on the analogous
column
The area of this analogous column is

_28r
= ET

The centroid is sin B/pr, and the moment of inertia
about the horizontal axisis

- o _im_ﬁ)’__’_
1._2./:( 3 5 Md

3
i:‘l[ sin ¢ cos ¢ qS» 2 sin ;¢; sin g ¢ 5:;:_,_3]
. 2 sin? 3
—E,}[sm geosg+ g~ F }
g vad Ul uic diauyuus Luluiin 1>

M: d¢—2%;f (1 —ms¢—§sin q'))a'q':-

'ZQT’ sin qb
™ 7 [" sine -~ == +
Qrt

E][ﬁ—331nﬂ+ﬁcosﬁ:|

g = 2

The moment about the horizontal axisis

M - _zf {eos 9 — 228V r2a -

L e O s ‘
- rEI cos g — 2eostd — P sin ¢ cos ¢ —
Sitclrﬁ(? — 2c08¢ — ¢ sin c,ﬂ)d@ =
_97[ Sin @ Cos ¢
Fr 280 ¢ — cos bsin g — ¢ — —
3
:* ﬁl; L aiﬂ(?{b — Zs8ing — sin ¢ + ¢wu¢,)]
Qr [9 3sint@ | Fsint g
~EIl 3 sin feos 8 + 5 ﬁ - e __2_.g]

Then the indeterminate moment is
Mi- g _ My - 95{2,8— 35inﬂ+,6‘cos{3_
@ I, 1' 28
[9,8 sin # cos @ + 38% — 12sin? § + 24%sint 37 }
ir gsin Beos §+ 3% — 2 sin? 3 J

The distance from the neutral axisto point A is given

sin E’),
o

Finally, the combined moment is given by

by V= (cos ¢ —

M, = —M3+M.l=9~r{cos¢a+gsin¢“

.
sin 8 cos 3 m ;3) ~

[ i /
+ 1; 4(&0&. b - 3

28
4%6(?%#6) + 2 cos® 8 '

S 1
2 ﬁcosd-}-l—z(blgﬁ) 5

Thisisthe maximum when @ = 3; then

= —'-;u:ua;i-!-}sm—d-}-
& g

M’g =

* {9

. _ gfsin g
(cosa - f—*—f;f) o) e
B L XX LR
2 g /|

A’“‘g = KgQT
Because of symmetry the shear stress is zero at the top
of the vessel; therefore, the direct load in the ring at the
top of the vessel, Pt, may be found by taking moments on
the arc  about the horn of the saddle. Then

{1 —cas@yrP = %rlil — cos - gsin ﬁ]— (M; - M}

¢
b= ;[ My~

IO ] ! M)

T I cos B))  +l = cos Ayt
The direct load, Ps, a ® = B, the point of maximum
moment may be found by taking moments about the
center. Then
r(Psg + P,) = %T(l —cos ) — (Ms — M,)
Substituting the value above for P,, and solving for P,
gives
QF pBsmnB
ml 2(1 — cos §)

w8 g

Pﬁ = e —
ril — ros *i)

—crosﬁ}{- (Ms— M)

-1 i 8 .
K; = ?r[_?(lt_(:)-:;ﬂ) — 03 ﬂ]
If the rings are adjacent to the saddle, K and K; may be
found in a similar manner, except that the static structure
would become the entire ring split at the top and loaded as
indicated in Fig. 9.

+0rTi Zaos e — M)

Design of Saddles

The summation of the horizontal components of the
radia reactions on one-haf of the Saddle shown in Fig. 8
must be resisted by the saddle a& @ = w. Then this
horizontal forceis given by

P f.Q(_ €S ¢ sin & + £os 3 sin ) rdg =
ﬁ

r(rr = p’ +7 sin 8 cos 8}

ol = = 1/2 sin® "¢ — cos @ ens B"
T — 4+ s 3cos 3 a-

Q[l + cos 8 — 1/2 sin? 3]
T~ BLsnBeosd |

14 eosd — 1/2 sm 8
T — 3+ in 3 cos ﬁ

The bending a the horn would change the saddle
reaction distribution, and increase this horizontal force.

[\'; =
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VALUES OF - WHEN R =H

L

.3
- o P B P O B e e @ g g 22
L= - P i ‘/'p’./"/w'/:/w:/r" /J//,/ e //
=05 — - :;/;//{/f////ifj =t '/w,::',w’ T e e e e
H < el ] _ L&
i=0 = 7 b4
1.4 % 4 L4
L2 ‘éb L2
of A
1.0 A ﬁ?‘ 10
3 A K,
Kl G'r" x?r
& = s ®
B k] 13 \‘JQ .
8 #
e G/[
By, 4
4 NN
‘Q[-Pp
2 | ADDED 2
1
L s,
:/E.= ?3 ENNENRENEAANENENNNEENNN \Q\Q%\;\ <
o N N0y g N o G Wy N e o NSO N

VALUES OF % WHEN

= 2H

Fig, 5.4 Plot of longitudinal bending moment constant K1

Appendix B

After the article had been published, certain refinements
seemed desirable; therefore, the following has been added
to take greater advantage of the inherent stiffness of these
vessels. The methods outlined in the paper will give
conservative results.

The effective width of shell has been limited to 10t in
order to prepare the chart of Fig. 2. It has been shown®
that this effective width may be taken as 1.56 </rt . That
is, where 5t each side of the saddle or stiffener has been
used, the more liberal value of 0.78 Jrt each side could be
used.
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The values plotted in Fig. 5 for K, cover conservatively
all types of heads between H = 0 and H = R. More libera
values are given in Fig. 5A for hemispherical and 2 to 1
elipsoidal heads for values of H/L between 0 and 0.1. The
minimum values of K, given in Table | have not been
listed for specific values of R/L and H/L; so they are
conservative. Specific minimum values of K, may be read
from Fig. 5A.



