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Foreword

This Published Document has been prepared under the direction of
sub-committee PVE/-/5 the functional committee responsible for advising the
Pressure Vessel Standards Committee on design methods.

It provides a commentary on the background to the requirements, for supports
and mountings for horizontal pressure vessels specified in G.3.3 of BS 5500:1982
as well as the derivation of the associated equations, with a view to giving
designers a clearer insight into the requirements of this particular clause.

The Committee wishes to acknowledge the fundamental contribution of

Dr A S Tooth as the primary author of the text: Dr Tooth (Department of
Mechanics of Materials, University of Strathclyde) is presently the Chairman of
a Specialist Study Working Party set up by PVE/-/5 to investigate the design of
saddle supports.

NOTE The numbers in square brackets used throughout the text of this document relate to the
bibliographic references given in Appendix A.

A British Standard does not purport to include all the necessary provisions of a
contract. Users of British Standards are responsible for their correct application.

Compliance with a British Standard does not of itself confer immunity
from legal obligations.

Summary of pages

This document comprises a front cover, an inside front cover, pages 1 to iv,
pages 1 to 38, an inside back cover and a back cover.

This standard has been updated (see copyright date) and may have had
amendments incorporated. This will be indicated in the amendment table on the

inside front cover. Documents
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0 Introduction

The design of horizontal vessels supported on twin saddles has been dealt with by several authors over the
years [1 to 12]. However, the treatment given in BS 5500 is essentially the work of L.P.Zick [13], who used
a semi-empirical approach modified beam and ring analysis so that the mathematical model used for the
vessel agreed with the experimental results he had available. More recent work [6,10] has indicated that
Zick’s treatment for the vessel full of fluid predicts stresses which are in reasonable agreement with the
experimental values when a very flexible saddle is employed. However, when the saddle is rigid the
treatment underestimates the peak stresses which actually occur at the horn.

In the future it is hoped to improve the design approach given in BS 5500 to reflect the more recent
theoretical and experimental analyses. At this time, however, this work is not yet complete and therefore
such a major revision has to wait. Certain minor modifications and extensions have been carried out by the
BSI Specialist Study Working Party SSWP8. To allow these to be made it was necessary to derive the basic
equations used in BS 5500 from first principles. The approach used by Zick and presented in BS 5500, is
not always wholly acceptable to the committee so it is not to be assumed that this document represents an
improvement on the previous work. The aim is merely to document the derivation of the equations so that
the essential background to G.3.3 of BS 5500:1982 is fully appreciated and available to the designer.

BS 5500 has been updated in June 1982 based on experience with large diameter thin walled vessels with
diameter to thickness ratios up to the order of 1250 : 1. In these cases the most arduous conditions can
occur during filling. However, the methods presented, based on the full condition, produce designs which
are satisfactory for the partially full condition.

1 Scope

This Published Document gives a derivation, from first principles, of the equations used
in .3.3 of BS 5500:1982 describing the stresses in horizontal pressure vessels supported on twin saddles.

It does not comment on the design aspects of the requirements of G.3.3, since these are considered to need
no further clarification.

2 Reference

The title of the publication referred to in this Published Document is given on the inside back cover.

3 Notation

For the purposes of this document the following notation is used.

L Parallel length of the cylinder

A Distance from saddle centre to end of parallel length
b Depth of head

r Mean radius of the vessel

t Thickness of vessel

by Width of the saddle

te Thickness of vessel head (or dished ends)

9 Radius of the centroid of the ring supported vessel
VF Specific weight of the fluid

Yo Specific weight of the dished end or cylinder material
l Length of cylinder equivalent to hemispherical end
2w, Total weight of the vessel and contents

w Uniformly distributed load

ay, oy Angles to element (see Figure 2 and Figure 4)

A Angle to effective part of shell (see Figure 4)

0 Saddle angle

B (180—9 or in Figure 31, f=m— ¢,

o, v Angles to element from top dead centre
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o, Longitudinal stress

Tytp Shearing stress on the x ~ ¢ plane

\%4 Vertical shear force

M Bending moment

I, Ina, Iix Second moments of area about axis 00, neutral axis and axis xx, respectively
My Bending moment at mid-span

My Bending moment at the support

fi Stress at the highest point of the mid-span position

fo Stress at the lowest point of the mid-span position

5 Distance between the axis 00 and the neutral axis

Ye Distance to the outermost fibres at the bottom of the vessel
yr Distance to the outermost fibres at the top of the A portion
f3 Stress at the top of the effective A portion

f4 Stress at the lowest point

4 Longitudinal bending moments

4.1 General. To determine expressions for the longitudinal bending moments the approach adopted is to
consider the vessel as a beam supported at the saddles (see Figure 1). Consideration is given to the
additional moment caused by the weight of the dished ends and by the hydraulic pressure on the ends.

4.2 Weight of the dished ends. A cylindrical vessel with dished ends may be treated as an equivalent
cylinder having a length equal to L + (4b)/3. This approximation assumes that the weight of the head and
the fluid contained in the head is equal to two-thirds of the weight of a cylinder of length & and the fluid
contained in it. This approximation can be shown to be the case as far as the volume (i.e. the weight of fluid)
1s concerned, though not for the weight of the end itself. For example in the case of an hemisphere:

Enclosed volume = %ﬁbg = %Tirs;
. . _2 3
Weight of fluid =3V
Surface area = 2mb? = 2nr?;
Weight of end = 2mrly
For the equivalent cylinder:
Enclosed volume =mr?l
Enclosed weight =mr?l yF
Surface area =omrl + 7 r?

Weight of cylinder and flat end= 27mtrl + 7 rg)yc

Equating the total weights:

%nr3'yp +2nriye = 2rrl +nr?)yc +nril e

%nrs'YF +nrlye = 127r yo +mrye)

2, ..
3 TE Yc

rye+2v¢

neglecting y¢

_ 2
=cr.
3

2
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The weight of fluid and vessel may be considered to be a uniform load, w, equal to the total weight 2W;
divided by the equivalent length, i.e.,

_ow,
=

Thus the weight of the ends 1s ‘gbw:

2w
+ —
L+3b

This may be considered to act at the centroid, which is assumed to be 3p from the end of the parallel length.

4.3 Hydrostatic force on the ends. The hydrostatic pressure acts in a direction normal to the surface of
the ends and is equal to the normal pressure on a projected area. In this case a suitable projected area is a
cross section of the cylinder normal to the horizontal axis. The distribution of pressure is as shown in

Figure 2.
- an
i h e
Z A 3%
A A
b L b
Figure 1 — Cylindrical vessel on saddles
2rcos ayq e
rcosa; day wr
SESTYSSTSX] . . { r(1-sina) The horizontal force wr is
da,’—/ o T offset from the centre line by
0 : ! - - 7 r(1-sin o) a distance e such that:
2
! \ (wr)e =L4— w
‘ 0 2rye _r
Pressure distribution €=z
(a) (b)
Figure 2 — Hydrostatic pressure
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The horizontal force is given by:

T

/2

I 2rcos oy Yer(1 — sin ay )r cos a; day
n

~ T2

=r3yem

=rin (L since w=mr2y
mr? F

= wr

The moment about the axis 00 is given by:

n
/2
f 2rcos oy Yer(1 — sin oy )rsin a; r cos oy day
L %2

2

e, o rw
" TF 2

The system shown in Figure 2(a) is then equivalent to that shown in Figure 2(b).

4.4 Forces on the vessel as a beam
4.4.1 Bending moment at the support. The bending moment at the support, M,, (see Figure 3) is given by:

2 2
My =— ‘zbw<A +3b>+ WAL _rw }

3 8 2 4
NOTE A positive sign denotes tension on the lower surface.
o 2w, TR
Substituting w= T and simplifying gives:
(L + §b>

1 _Ay (r’—b%)/2AL
1— —+ @
1+4b/3L

M4 = _WIA

For the purpose of graphical presentation this expression is rearranged in BS 5500:

__ wmaA _A _bz_(_4b
M (1+4b/3L)ﬁ L+§A_L[1 (7), "Tar

_WIA _A r_
c, (‘ T oz ‘32>

where
C,=(1+4b/3L);

Cs= 37 { 1 —<—’;>2]

4.4.2 Bending moment at mid-span. The bending moment at mid-span, Ms, (see Figure 3) is given by:

_ 2 3, L\ r‘w_wlL(L L )
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Substituting , = 2w, ‘and simplifying gives:
L+ 4 b
3
_WiL |1+2(r2—b?)/L?  4A
Ms== I T+4b/3L T ()

As in 4.4.1 the equation is rearranged in BS 5500 as follows:

B 1+2(2=p*)/L*| L
My =W, UW 7 A
=W1(C1L—A)
where

c. = 1H20rP—b*)L
' 4+16b/3L

5 Longitudinal bending stresses due to the bending moments

5.1 Bending stress at mid-span. The longitudinal bending stress at the mid-span position is calculated
by assuming that the full vessel section is available and that the section remains circular, i.e. secondary
bending is small. This assumption will be adequate for most cases. However, for very thin vessels it is found
that the cross section does not remain circular especially so during filling with liquid. Furthermore, the
axial membrane compressive forces in the partially full condition are found to be larger than those when
the vessel is full. These vessels, therefore, have a tendency to buckle inwards at the location of the liquid
height during filling. Despite this, experience has shown that for vessels with diameter : wall thickness
ratios up to 1250 : 1, the methods presented herein, based on the full condition and assuming the cross
section to remain circular, produce designs which are satisfactory for the partially full condition. Using this
assumption the stresses are as follows:

at the highest point the stress, f1, is given, by

My My M 4

f =
! I it nret

at the lowest point the stress, fy, is given by
f=+ —= ®)

5.2 Bending stress at the saddles. The longitudinal bending stress at the saddles is calculated on the
basis that a part of the shell above the saddle is ineffective. As in 5.1 the method has been found applicable
for all diameter to wall thickness ratios up to 1250 : 1. The effective part is shown in Figure 4 by = A. The
position of the neutral axis, NA and the second moment of area Iy, about this axis must now be found.

L
_% bw w % bw
! !
]
A A
r’w 3 W, W, 3 r’w
i 8b ¢ 8b 7
Figure 3 — The vessel as a beam
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rde,

Figure 4 — Effective shell at the saddles

Taking moments about the axis 00:

4
/ ricos a, )tr da, = 2rAyt
4

rsind

4

The second moment of area about the axis 00, Iy, is given by:

-y_=

4
oo = j(f00sa2)2tda2=’3t(A+°°5A5i"A)
L4

The second moment of area about the neutral axis, Iy, is given by:

INA=100—2Art(}7)2=r3t(A +COSA sinA) -

. 2
24, (2s04)"

. 2
=r3t<A +cosd sind — 2sin A)

4

5.3 Distances to the outermost fibres. The distance to the outermost fibres at the bottom of the

vessel, yc, is given by:

Yy=¥Yc

=r—y

_rsind

4

=r<1—% )

The distance to the outermost fibres at the top of the A portion, yr, is given by:

6
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Therefore the stress at the lowest point, f4, is given by:

M,
f = e—
4 Tnn Yc
_ Myr[1— (sind)/4]

" Pt{ 4 +cos Asin 4 — (2sin?4)/4}

K,mrt (6)
where
. _ .2
K, = 4 +cosdsind — (2sin*4)/4 )

{1 — (sind)4}

It should be noted that when the full cross section is available, i.e. A = 7, Ky = 1, equation (6)
reduces f; = M4/(T[r2t) consistent with engineer’s bending.

The stress at the top of the effective A portion, f3, is given by:

M
fi= ﬁ YT
- Mur{(sin4)/4—cos A}
r3t{Ad+cosAdsind — (2sin?4)/4}
= Ma
K mr?t ©)
where
K- A +cosdsinAd—(2sin?4)/4 )

n{(sin4)/4 — cos 4}

It should be noted again that if A =71, K7 = 1, equation (8) reduces to f3 = — M4/(Ttr2t) consistent with
engineer’s bending.

From Zick [13], the effective portion is the saddle arc plus /6 on each side of the horn, i.e. A = (0/2 + [5/6)
where f = 180 — (0/2), as shown in Figure 5 and the shell is considered effective some distance above the
saddle horn.

Using this expression for A and equations (7) and (9), it is possible to determine values of K; and Kj for
different saddle angles.

Effective portion

Figure 5 — Angles on the vessel profile

Values of 0, B, A, K| and K are given in Table 1.
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Table 1 — Values of K; and K,

0 B A K, K,
150° 105° 92.50° 0.279 0.161
135° 112.5° 86.25° 0.234 0.132
120° 120° 80.00° 0.192 0.107

It can be seen in Table 1 that the top of the “effective” region is near the equator.
When the saddle region is stiffened by rings or by proximity of the ends, then K; = Ky = 1.

6 Shearing stresses

6.1 General. Since the bending moment varies along the length of the beam, so also does the longitudinal
stress. The effect of this is to introduce longitudinal shear stresses together with complementary shear
stresses which occur in the plane of the cross section, as shown in Figure 6.

Considering equilibrium in the x direction:

(ax + -g% 6x)rd¢t + <TX¢ +g—;"— 6¢>5xt-— Oxrdot—
—Txp0xt =0
30, . OT

o “ag 70 (10)
The normal stress, 0,, is given by:

Ox = Iﬂy

00

Differentiating with respect to x:

a0, oM y y

Vis the total shear force on the section which is equal to aaiw
X

Equation (10) may then be written:

o7 ) %4
X0 = —(p .
£ "Too”
Vi 4 2
Txe =—27 yd¢=—£— sin @ + constant
Too Jo Ioo
At ¢ =0, 1,4 = 0 and the constant = 0
vr® .
Tx¢=-—[—c:-o— sing (11)

Equation (11) is based upon “engineers bending” and neglects secondary effects.

NOTE The negative sign indicates that the shear stress is opposite to that shown in Figure 6(b) i.e. the shear stress on the face
nearest to the applied shear force is in the same direction as the force as shown in Figure 6(a).

6.2 Distribution of shear force in the vessel. On the inner saddle side the shear force is given by:

W, —wA —%bw (12)
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