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1

This invention relates to storage vessels for
the storage of liguids.

Vessels of large size are widely used for the
storage of various gases and liguids. When lig-
uids are to be stored, the vessels must be strong
enough fo sustain the weight of the liguid as
well as the vapor pressure of this liquid. As the
size of the vessels increases the thickness of the
steel used in their construction becomes quite
large. As it is difficult to weld steel plates over
certain thicknesses, such as 114’’, this creates
many problems.

I have invented a sbtorage tank wherein largs
amounts of liquid may be stored, and the thick-
ness of the metal plates used in constructing
the vessel may be kept to a minimum. In ac-
complishing this I construct my vessel of a se-
ries of intersecting spheres with diaphragms posi-
tioned coincident with the plane of intersection
of each pair of adjacent spheres. The vessel is
arranged vertically with the spheres aligned along
a vertical axis of rotation. This vessel has sides
that are thinner than would be the sides of a
single sphere of the same capacity, and thus per-
mits building a larger vessel for a given thick-
ness of metal plates.

In order to make the most economical use of
metal the storage vessel which is the subject of
this invention is constructed according to cer-
tain mathematical formulae that I have found
are applicable to this type of construction.

The invention will be described as related to
the embodiment of the same set out in the ac-
companying drawings. Of the drawings, Fig. 1
is a vertical section taken through the center of
a storage vessel consiructed according to the
method of this invention; Fig. 2 is a horizon-
tal section taken along line 2—2 of Fig. 1; and
Fig. 3 is a vertical section through a modified
form of storage vessel.

In the embodiment shown the vessel comprises
intersecting spheres {9 arranged along a vertical
axis with diaphragms {{ extending along the
plane of intersection. These diaphragms have
cirecular cut-out portions {2 in the centers of the
diaphragms with reinforcements around the edges
of the cut-out portions. These reinforcements
may consist of circular flat plates {3 arranged
cne on top and cne on the hottom of the sec-
tion of diaphragra surrounding each hole. These
plates are welded or otherwise aftached to the
diaphragms. The entire vessel is supported by
a cylindrical or conical support {4 resting on a
foundation {5.

Although the vessel is shown constructed of
spheres having equal radii of curvature, this is
not required, as the radii may differ one from
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the other. The intersecting spheres, each of
which has a constant radius of curvature, may
be replaced by members having different radii
of curvature in gifferent planes.

In order to make the most economical use of
construction material, I have developed mathe-
madtical formulae for the thickness of each sphere
and each diaphragm; this makes possible the
fabrication of a storage vessel of a given capac-
ity with the smallest amount of construction ma-
terial possible. The development of these math-
ematical formulae will be presented in the dis-
cussion foliowing.

The basic equation for curved surfaces under
load:

Ty, Ts_

expresses equilibrium of radially inward and out-
ward forces when T: equals latitude stress in
pounds per inch of meridian are, T2 eguals meri-
dian stress in pounds per inch of latitude arc,

" Ri equals radius of curvature in inches at right
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angles to a meridian plane, Rs equals radius of
curvature in inches in a meridian plane, and P
equals combined gas and liquid pressure in pounds
per square inch. If the radius of curvature of
the surface is constant for each individual shell
the Ri equals R: equals R, and Equation 1 be-
comes :

T1+T3=PR (18)
and
T,
T,=PR—T2=R<P—E) 2)
T,
T2=PR—T1=R(P—F (3)

The point of greatest stress in a spherical shell
above the support is just above its bottom dia-
phragm. The weight of liguid above the dia-
phragm per square inch of diaphragm eqguals

w
wh?

where W equals the total weight of ligquid above
the diaphragm and k eqguals the radius of the
diaphragm in inches. This unit weight of liquid
is designated herein as I.

In all the equations set out herein the dia-
phragm area is taken as the overall area cov-
ered by the diaphragm and bounded by its cir-
cumference. No allowance is made for any cut
out areas of the type shown in the drawings, as
these will ordinarily be reinforced at their mar-
gims.
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If all above the diaphragm is considered a free
body, the equilibrium equation of vertical forces
at the diaphragm will be

21rhT2(%> =Pah—W (4)

when Prh? equals the total pressure -at the. di-
aphragm. Equation 4 becomes

T=4%R(P—1; ()
Ty=%R(P—L) (6)

The horizontal component of T2 is equal to T,
the diaphragm stress in pounds per inch of the
periphery of the diaphrgam. Then

T=Yq(P—L) 4 %b(P-—-L) =%V P-L) (1)

where a equals distance from the diaphragm in
inches to the center of curvature of its top spheri-
cal shell; b equals distance from the diaphragm
to the center of curvature of its bottom shell, and
the total distance between centers of curvature
(a+b) equals V. Substituting in Equation 2 the
value of T2 from Equation 6 there is obtained the
expression

T1=R[P—— (8)

%R(P—L)]
R
or

' Ty=YoR(P+L) (9

When the spherical shells and diaphragms are
below the support, then the weight of liquid below
the diaphragm becomes the important factor.
Here

where W1 is the weight of the liquid below the
diaphragm and % is the radius of the diaphragm.
The equations for stresses below the support be-
come '

<
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=%V (P+L1) (10) .
Ti=%R(P—L1) ayn
To=Y%R(P+IL1) a2

For all pointg above the shell to which the sup-
port, is attached the greatest stress in the spheri-
cal shell will be just above the diaphragm located
at the bottom of the shell. For all spherical
shells below the. shell to which support is ai-
tached the greatest stress will be.just below the
diaphragm located at the top of the shell.

For each shell above the shell to which the
support is attached the latitude stress (T1) is
always greater than the meridian stress (T2).
For each shell below the shell to which the sup-
port- is attached the meridian stress (T2) 1is
greater than the latitude stress (Tv). This can
be seen by inspection of the Equations ¢ and 9
and of Equations 11 and 12, Therefore above the
shell to which the support is attached the lati-
tude stress (T1) governs the designs, while below
the shell to which the support. is attached the
meridian stress (T2) governs the design.

The analysis of stresses given herein for a
vessel constructed according to my methsds
shows that the stresses vary over the entire ‘]€u~
sel.. As a practical matter a large storage vesse!
is seldom made with sides varying in thickness
from one level to another on the vessel. There-
fore in constructing this improved storage ves-
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sel each shell is made of uniform-thickness, and °

each diaphragm is made of uniform thickness;
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but the shells vary in thickness one from the
other, and the diaphragms vary in thickness on-
from the other. In designing spherical shells to
be used above the shell to which the suppori is
attached the latitude stress (T1) at a level just
above the diaphragm at the bottom.of the shell is
used as the design: basis.. For shells to be used
below the shell to which the support is attached
the.meridian stress (T2) at a level just below the
diaphragm. at the top of the shell is used as the
design basis. For the diaphragms the stress (T)
at the periphery of the diaphragm is used as the
design basis.

The thickness -of the shells and diaphragms
may be found by dividing the design stress by
the product of the allowable working stress and
the joint efficiency. The allowable working stress
is determined by the type of construction mate-
rial used, as well as other factors well understood
by the workman skilled in the art. The joint efii-
ciency depends upon the type of joint used in
building the vessel. This efficiency factor has
been assigned to the different types of joints, such
as welded joints, riveted joints, and the like.
This, too, is well understood by the man skilled in
the art.

From the foregoing it is evident that for shells
and diaphragms above the shell to which the
support is attached the thicknesses are deter-
mined by dividing Equations 9 and 1, respectively,
by the product of the allowable working stress
and the joint efficiency. For shells and di-
aphragms below the shell to which the support is
attached, the thicknesses are found by dividing:
Equations 12 and 10 respectively by the product
of gllowable working stress and joini efficiency.
The thickness equation for shells above the shell
to which the support is attached becomes

R(P+L)
288

and for diaphragms above the shell to which the
support is attached becomes

A= (13)

_v(pr~L)
=288 (14)

which should be compared with
VP .
B=ssm (15)

where p is the gas pressure alone, and the larger
value of B used in the design. In the ordinary
normal storage vessel Equation 15 will always be
greater than Equation 14. The thickness fov
shells below the shell to which the support is at-~
tached becomes

R(P+Ly)
28E -

and for diaphragms below the shell to which the
support is attached becomes

V(P+Ly)
28E

where A and A1 equal shell thickness above and
below the shell to which the support is attached,
respectively, and B and Bi equal diaphragmm
thickness above and below the shell to which the
support is attached, respectively. S equals the
allowable working stress, and E equals the joint
efficiency.

When the support is on an intermediate shell,
as shown in Fig. 3, Equation 9 should be applied
to both the level of the upper diaphragm and the
level .of the support; and Equation 12 should be.
applied to both the-level of the lower diaphragm-:

A= (16)

By=:

an
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and the level of the support. At the level of tho
support W is the weight of liquid above the sup-
port, and Wi the weight of liquid below the sup-
port, and h is the horizontal radius of the shell
in the plane of the support. The greatest stress
given by these four equations is the design stress
for this shell.

When the support is on the bottom shell, as
shown in Fig. 1, Equation 9 should be applied to
both the level of the upper diaphragm and the
level of the support; Equation 12 should be ap-
piied to the level of the support, and to the low-
est point on the bottom where L1 equals Zero.
The greatest stress given by these four equations
is the design stress for this shell.

In the normal storage vessel constructed ac-
cording to the method of this invention, the shells
are progressively thinner the farther they are
above and below the supporf; the diaphragms
above the support are of equal thickness, and the
diaphragms below the support are progressively
thinner the farther they are below the support.
When the storage vessel is constructed in its pre-
ferred form with the support on the lowermost
shell, with the radius of each shell the same and
with the distances between centers of adjacent
shells the same, the diaphragms will all be the
same. thickness and this thickness will be de-
termined by means of Equation 15.

Bach individual shell and each diaphragm is :

preferably of uniform thickness. It is also pre~
ferred that each shell have a constant radius of
curvature, although the radii of curvature of all
the shelis will not necessarily be the same. Prei-
erably the storage vessel is constructed with the
support connected to the vessel at a circle de-
termined by a horizontal plane intersecting ihe
vessel. In order to provide economy of matsrial
in constructing the support, it may conveniently
be located at a horizontal cirele on the bottom
portion of the lowermost shell. This means that
the support is joined to the lowermost shell at
or below the equator of this shell.

Having described my invention in considerablz

detail as related to one embodiment, it is my in-

tention that the invention not be limited by these
details of description unless otherwise specified,
but rather be construed broadly within its spirit
and scope, as set out in the accompanying claims.

1 claim:

1. A storage vessel for liguids having a sub-
stantially vertical axis and comprising a series of
intersecting spherical shell segments intersecting
in substantially horizontal planes with dia-
phragms located at the intersections, and a sup-
port therefor joined to one of the shells above the
bottom shell at a circle determined by a horizon-
tal plane intersecting said shell, said spherical
shell segments being thinner than a single
spherical shell of the same capacity with the
thickness of succeeding spherical shell segments
increasing from the top of the vessel to the sup-
port and from the bottom of the vessel to the
support, the thickness of each shell segment being
substantially uniform over its entire area and the
thickness of each diaphragm being substantially
uniform over its entire area.

2. A storage vessel for liguid having a sub-
stantially vertical axis and comprising a series of
intersecting spherical shell segments intersect-
ing in substantially horizontal planes with dia-
phragms located at the intersections, and a sup-
port therefor joined to one of the shells above
the bottom shell at a circle determined by a
horizontal -plane intersecting said shell, said
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spherical shell segments being thinner than a
single spherical shell of the same capacity with
the thickness of succeeding spherical shel]l seg-
ments increasing from the top of the vessel to
the support and from the bottom of the vessel
to the support and the thickness of succeeding
diaphragms being constant from the top of the
vessel to the support and increasing in thick-
ness from the botitom of the vessel to the support,
the thickness of each shell segment being sub-
stantially uniform over ifs entire area and the
thickness of each diaphragm being substantially
uniform over its entire area, said spherical shell
segments each having a constant radius of cur-
vature.

3. A storage vessel as set out in claim 2 where-
in the stress in any shell section above the sup~
port is largest at its junction with its lower dia-
vhragm and the thickness of the shell section in
inches is the guotient of the product of the ra-
dius of curvature in inches and the sum of the
combined gas and liquid pressure in pounds per

quare inch of lower diaphragm area and the
weight in pounds of liquid above said diaphragm
per square inch of diaphragm area, divided by
twice the product of the allowable working stress
in pounds per square inch and the joint efficiency.

4, A storage vessel as set out in claim 2 wherein
the thickness in inches of any diaphragm is the
quotient of the product of the distance in inches
between the centers of curvature of the shell
sections adjoining the diaphragm and the gas
bressure in pounds per square inch of diaphragm
area, divided by twice the product of the allow-
able working stress in pounds per sguare inch
and the joint efficiency.

5. A storage vessel as set out in claim 2 where~
in the normal shell thickness in inches below
the support is the quotient of the product of the
combined gas and liquid pressure in pounds per
square inch at the boitom of the vessel and the
radius of curvature in inches of the bottom shell
divided by twice the produet of the allowable
working stress in pounds per square inch and
the joint efficiency.

6. A storage vessel as set out in claim 2 where-
in the thickness in inches of any shell section
above the support is the quotient of the product
of the radius of curvature in inches and the sum
of the combined gas and liguid pressure in pounds
per square inch of lower diaphragm area and the
weight of liquid in pounds above said diaphragm
per square inch of diaphragm area, divided by
twice the product of the design stress in pounds
pber square inch and the joint efficiency; the
thickness in inches of any diaphragm is the quo-
tient of the product of the distance in inches
between the centers of curvature of the shell
sections adjoining the diaphragsm and the gas
bressure in pounds per square inch of diaphragm
area, divided by twice the produci of the design
stress in pounds per square inch and the joint
efficiency; and the normal shell thickness in
inches below the support is the quotient of the
product of the combined gas and liguid pressure
in pounds per square inch at the bottom of the
vessel and the radius of curvature in inches of
the bottom sheil divided by twice the product of
the aliowable working stress in pounds per square
inch and the joint efficiency.

7. A storage vessel having g substantially ver-
tical axis and comprising at least three spherical
shell segments intersecting in substantially hori-
zontal planes with diaphragms located at the in-
tersections, and a support for supporting the
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entire weight of the shell joined to a shell:seg-
ment. intermediate the top and bottom shell seg~

ments, said spherical shell segments being thin-.

ner- than-.a single spherical shell. of the same
capacity with the thickness of succeeding. sphari-

cal- shell .segments increasing from the. top. of

the vessel to the .support and from the kottom

of the..vessel to:the. support, the thickness of
each shell .segment being substantially uniform .
over its ‘entire ‘area and the thickness of. each.-

diaphragm. . being .substantially uniform over its:
entire area.
8. :A storage vessel as set out in claim 7, where-

in the thickness-in inches. of any shell section:

above the support is the quotient of the product
of the radius of curvature in inches and.the sum
of -the : combined .gas. and liquid pressure-in
pounds per square inch.of lower. diaphragm

area and the weight of liguid in pounds above -

said :diaphragm per square inch of diaphragm
area, divided by twice the product of the de-
sign stress in pounds per square inch and the

joint efficiency; and the normal shell thickness.

in. inches. below the support is the quotient of
the product of the combined gas and liquid pres-

sure in pounds per square inch at the bottom of.

the vessel and the radiugs of curvature in inches
of -the bottom shell divided by twice the. product
of the allowable working stress in pounds per
square inch and the joint efficiency.

9. -A storage vessel as set out in claim 7 where-
in the thickness in inches of any diaphragm is
the' quotient of -the product of the distance in
inches: between the centers of curvature of the

shell sections adjoining the diaphragm and the *

gas pressure in pounds per sguare inch of dia-
phragm area, "divided by twice the product of

the.allowable working stress in pounds per square -

inch and the joint efficiency.

10.- A storage vessel for liquids having a sub-
stantially vertical axis and comprising a series of
intersecting spherical shell segments infersecting
in :subsiantially horizontal planes with dia-
phragms located at the intersections, and a sup-
port for supporting the entire weight .of the
vessel attached to a shell segment below the top
segment, said spherical shell segments being.
thinner than.a single spherical shell of the same
capacity and each shell segment having a uni-
form thickness with the thickness of succeeding
spherical shell segments increasing from the top
of .the vessel to the support.and firom the bottom
of the -vessel to the support, and the thicknes
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in inches of any spherical shell above the support -

being equal to the quotient of the product of
radius of curvature in inches and sum . of the
combined. gas and liquid pressure in pounds per
square inch of diaphragm area on the diaphragm
at the bottom of said shell and the weight in
pounds of liquid above said diaphragm per square
inch of diaphragm, area divided by twice the

60

product of the allowable working stress in pounds. .

_per:square inch on said shell and the joint effi-
ciency. -

11. A storage vessel for liquids having a sub-
stantially vertical axis and comprising a series’
of intersecting spherical shell segments intersect-
ing in substantially horizontal planes with dia-
phragms located at the intersections, and a sup-
port for supporting the entire weight of the
vessel- attached to a shell segment below the top
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segment, -said spherical shell segments being .

thinner than. a single spherical shell of the same
capacity and each shell segment bhaving a uni-
form thickness with the thickness: of succeeding
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spherieal shéll seements.increasing from: the: top
of the vessel to: the support and from the bottom:
of the vessel. to. the support, and. the thickness. -
in inches of any.diaphragm above the support
being equal to the:-quotient of the product of the
distance. in inches between the centers of curva- -
ture of the shell sections adjoining the said dia-
phragm and the gas:pressurein pounds per square
inch of diaphragm area-divided by twice the prod-
uct of the allowable working stress in pounds per.:
square inch:and the-joint efficiency.

12..:A. storage. vessel for liquids having a sub-
stantially vertical axis and comprising a series-of
intersecting spherical shell segments intersecting
in substantially horizontal- planes with dia~
phragms located at:the intersections, and a sup-
port for supporting.the.entire weight of the vessel-
attached to .2 shell segment above the bottom .
segment, . said ~-spherical shell: segments being:
thinner than a single.spherical shell of the same-
capacity and each shell segment having a uni-
form thickness:with the: thickness of succeeding
spherical shell segments increasing from the- top
of the:vessel to the support and from the bottom: .
of the vessel to the support, and the thickness in
inches of any spherical shell below' the. support .
being equal to the. quotient of the product of the.
radius:of curvature in:inches of said shell and
sum of the combined gas and liquid pressure in
pounds:per square inch of diaphragm area on the
diaphragm at the top of said shell and the weight.
of liquid in pounds below. said diaphragm per
square inch of diaphragm area, divided by twice
the product of the allowable working stress in
pounds.per:square inch.and the joint efficiency..

13. A storage vessel for liquids having .a sub-
stantially vertical axis and comprising a series. :
of intersecting spherieal shell segmentsintersect~.
ing in substantially ‘horizontal .planes with dia-:
phragms located at.the intersections, and a sup-
port for supporiing the entire weight of the vessel
attached: toa tshell: segment. above. the bottom .
segiment, said spherical  shell  segments ‘being: .
thinner .than a single.spherical shell of the same
capacity. and each .shell segment having a uni-.
form thickness with the -thickness: of: succeeding .
spherieal shell segments: increasing. from the. top :-
of the vessel . to the support and from:the:bottom
of-the.wessel:'toithe. support, and. the thickness:-
in inches of any diaphragm below the support
being. equal:to.the quotient.of the product of the
distance in inches:between centers of curvature
of - the :shell .sections- adjoining said diaphragm .
and sum :of combined -gas: and liquid pressure in-
pounds. per-square inch.of:diaphragm -area: and .
weight' of liquid-in pounds-below the diaphragm:'.
per-sqguare ‘inch of diaphragm area, divided by -
twice the:product of theé allowable working stress -
in pounds per-sgquare inch and joint efficiency.
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