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CALCULATION OF TWO-LAYER BILLET
OF SPHERICAL BOTTOMS FOR HIGH-PRESSURE VESSELS
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The article presents the materials of calculations of circumferential stresses and radial displacements in the wall of
two-layer spherical bottom. Three models of bottoms were considered, where different combinations of materials for
manufacture of shell layers are used. The rational layer thicknesses, circumferential stresses and radial displacements
were determined, which formed in them in the ranges of elastic deformations at different combinations of materials of
shell layers. The determination of circumferential stresses was carried out by calculation method according to the ana-
lytical dependences and by the method of computer simulation. The application of material with higher strength prop-
erties in manufacture of the outer shell leads to the effective loading of their common wall, reduction in its thickness
and, correspondingly, increase in its inner stresses and, eventually, in the rational loading. 10 Ref., 4 Tables, 3 Figures.
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The application of two-layer and, in perspective,
multilayer materials for manufacture of shell weld-
ed structure allows obtaining the certain advantages
in most cases. These advantages are increase in such
indicators as wear resistance, corrosion resistance, in-
creased resistance to cyclic loads as well as the ability
to create a high resistance to fatigue fracture. The safe
operation of such welded shell structure consists in
the achievement of rational distribution of stresses in
its walls during application of the operational load.
The preliminary stressed structures are also used.

For two-layer cylindrical shell structures the
joints with tension are applied that allows reducing
the thickness of the common wall and obtaining the
rational distribution of stresses, which are formed in
the common wall during application of the operation
load. Also the application of the material, resistant to
cyclic loads in a two-layer shell structure, allows re-
distributing the basic cyclic load, applied to the entire
welded structure, to the layer where the given mate-
rial is applied and, thus, unloading the layers, which
have a reduced resistance to cyclic loading, but have
other operational or technological properties (for ex-
ample, corrosion resistance).

To meet the requirements to corrosion resistance
in welded structures of the type of containers, vessels,
cylinders, the application of protective coatings on the
inner surface or manufacture of a two-layer body is
possible, where the material of the inner layer is man-
ufactured of metal having increased corrosion resis-

tance. It is known that two-layer sheet bimetallic ma-
terials can be produced using the method of explosion
welding [1, 2]. Also, the double-layer sheet bimetallic
materials can be produced using the method of induc-
tion press braze-welding [3-5].

The two-layer cylindrical bodies can be also pro-
duced by coaxial fitting-up of the heated outer shell
on the inner one, which provides tightness. In this
way the double-layer cylindrical bodies can be also
produced by the method of thermal shrinkage of the
outer shell to the inner one, carrying out induction
heating by a gradual movement of the coaxially as-
sembled inner and outer shells. The given technology
has a number of advantages, consisting in the fact that
the induction heating is significantly cheaper, it does
not influence the surface of heating, as compared to
gas heating, and it can be realized in any, including
protective atmosphere.

In work [6] three models of cylindrical bodies of
the same type were considered, operating under pres-
sure, where the wall of the cylindrical body represents
atwo-layer shell (Figure 1). The thickness of the inner
thin-walled shell (ratio of diameter to the wall thick-
ness is 10 and more) for all three models is constant.
In the calculation models the outer shell is fitted to the
inner shell with a minimum tightness, close to zero,
while its inner diameter matches the outer diameter of
the shell, and its outer diameter is calculated basing
on the strength properties for the each applied ma-
terial. For all three models of two-layer cylindrical
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Figure 1. Design of spherical bottom [6]

bodies of vessels, the calculated values of wall thick-
nesses of the outer shell and the common wall and
the stresses formed in the shells and in the common
wall, were presented in work [6]. This article presents
calculations of models of three similar-type two-lay-
er welded structures of spherical bottoms for welded
vessels, operating under pressure, moreover, in all the
models the inner thin-walled shell of spherical bottom
has the same geometric dimensions, which coincide
with abutting dimensions for all three models of the
inner thin-walled shell of the cylindrical body.

To determine the stresses, formed in the shell wall,
the welded structure of the vessel was considered, op-
erating under pressure, where the cylindrical wall of
the body and the spherical bottoms were manufactured
of the two-layer material. Three similar-type welded
structures of vessels (Table 1) are calculation models,
where for the purpose of choosing the optimal parame-
ters the combination of different grades of steels for the
inner and outer layer is used. Accordingly, the strength
characteristics of the steel grades, used for the each lay-
er of the shell, were laid to the calculation models. The
subject of the investigation was the stresses formed in
the layers of the two-layer spherical bottom and in the
common two-layer wall, as well as the determination of
the amount of deformation during application of oper-
ating pressure for three models.

The thicknesses of the walls of outer shells of the
spherical bottoms S, and the cylindrical bodies S, and,
relatively, the thicknesses of the common walls of the
bottom S and the cylindrical bodies S, in all three models
may not coincide. However, it allows producing the cir-
cumferential weld, joining the cylindrical body with the

spherical bottom. At the same time, the wall thicknesses
and matched diameters of the inner shells for all three
models are provided and the presence of some different
thicknesses of walls of the outer shells (up to 15-20 %
of the common thickness of the outer shell wall) is ob-
served. It allows, as a result, designing and forming three
similar-type models of welded structures: of a welded
vessel with a double-layered cylindrical body and a
two-layer spherical bottom on the basis of the obtained
calculation data. Moreover, in each model the materials
of the steel grades of the body and bottom layers coin-
cide, and between the models of cylinders there is no
matching in the materials of the two-layer shells. The
calculations on the choice of geometric parameters of
the similar-type two-layer structures of the spherical
bottoms for the vessels, operating under pressure, were
carried out according to the known methods [7-9]. The
combination of different steel grades for the inner and
outer shells in three models of spherical bottom was se-
lected in accordance with work [6] for three models of a
two-layer cylindrical body of the welded vessel. At the
same time, the following conditions were observed:

e calculations were carried out taking into account
the same inner operating pressure P_ = 20 MPa and
the same geometrical dimensions of the inner shell
wall of the bottom (d, = 47.5 mm; doutl =152 mm;
wall thickness of the inner shell of the spherical bot-
tom is constant S, = 2.25 mm) for all three models of
welded vessels;

e inner diameter of the spherical outer shell corre-
sponds to the outer diameter of the wall of the inner
spherical shell for all three types of welded vessels
and is constant (d_,, = d. , = 152 mm);

e dimensions of the wall of the spherical outer
shell (d ,, S,) were calculated basing on the stresses
formed in it (the outer shell) and the strength charac-
teristics of the used steel grade;

e in the structure of spherical bottom from the cal-
culated thicknesses of the common wall of the bottom
S its minimum value was taken;

e stresses in the separate shells of the spherical
bottom ,, ., as well as the total stresses in the com-
mon wall of the bottom & were determined without
taking the tightness into account;

e calculation was carried out according to the act-
ing standard documents and provisions of work [7],
moreover, the operating operational pressure of the
model of the welded vessel was calculated (at safety

Table 1. Combination of material and ratio of thicknesses of shell walls of spherical bottom for the models

Model number

Materials of inner S, and outer shell S, respectively

S/(S,+C)

1 Steel 08kp + high-strength steel 2.25/(1.61 +0.077) = 1.333
2 Steel 20 + steel 20 2.25/(4.49 +0.21)=0.478
3 Steel 08kp + steel 08kp 2.25/(8.42 +0.4) = 0.255
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Table 2. Results of calculations of three models of structures of spherical bottoms

Parameter Model 1 Model 2 Model 3
Admissible stresses in the metal of bottom wall, MPa; [c] w= cdang/n (n=2.7)
Inner shell [o,] 74 114.3 74
Outer shell [c,] 370.4 114.3 74
Thickness of the wall of inner shell S,;, mm 2.25 2.25 2.25
Inner shell
Inner diameter d, ,, mm 1475 147.5 147.5
Middle diameter d ..., mm 149.75 149.75 149.75
Outer diameter d_, , mm 152 152 152
Thickness of the outer shell wall S, + C, mm 1.687 4.7 8.82
Outer shell
Inner diameter d, ,, mm 152 152 152
Middle diameter d_,,, mm 153.687 156.7 160.82
Outer diameter doutz, mm 155.374 161.4 169.64
Thickness of the common bottom wall § = S, + (S,+ C), mm 3.937 6.95 11.07
Common bottom wall

Inner diameter d, , mm 1475 1475 147.5
Middle diameter d ., mm 151.437 154.45 158.57
Outer diameter dwt, mm 155.374 161.4 169.64
Ratiod /S 39.465 23.22 15.324
Ratio (S,+ C)/S, 0.75 2.088 3.92

factor n = 2.7) according to the maximum admissible
values of the stresses formed in the metal Gy,=0 dang/ n,
where o, is the critically dangerous stress. Depend-
ing on the grade of steel for plastic materials ¢
=0, for brittle materials o deng = O

e in the calculation models the strength of welds
was taken as equal to the strength of the base metal
(for the given calculation mathematical model taking
into account the application of different grades of ma-
terials, the strength of welds is provided by increasing
the total thickness of the common wall on the value
of the wall thickness, which in all cases should be not
less than 0.5 mm [7]).

Materials of calculations. On the basis of the car-
ried out calculations (see Table 1) the combination of
materials, geometric sizes and ratio of thicknesses S,,
S, of shells of spherical bottom and of wall thickness

dang -

Table 3. Comparison of calculation stresses o
shells for three models

opl’ cFopz'

C is shown, where C is determined according to for-
mula [7] for three types of models:

0.05
1+0.05

The results of calculations of three models of struc-
tures of spherical bottoms are presented in Table 2.

The values of operating stresses Oopr Topzr Top
which are formed in the metal in the inner and outer
shell and in the common wall of the spherical bottom
from the applied operating pressure P_, are given in
Table 3.

The calculation of stresses, formed in the common
wall of the bottom, was carried out the same as for a
single-layer material of the total thickness for three
types of models. Thus, the strength calculation of
welded structure was performed, which in this case
is the welded two-layer vessel, where a double-layer

C= S.

Oy atP, = 20 MPa with admissible stresses ¢, o, in the metal of inner and outer

Parameter

Model 1

Model 2 Model 3

Admissible stresses 6,, 5, MPa

6, = 74;

o, =370.4 o, =114.3;0,= 1143 6,=74;0,= 74

Calculation stresses for inner Oy

" outer Oz

shells and common bottom wall O MPa

Inner shell (S))

O = 4.447 < c,

Oy = 6.869 <o, O = 4.447 <o,

Outer shell (S,+ C)

O™ 3542 <o,

Oy = 109.4 <o, Oy = 70.9 <o,

Common bottom wall (S, + (S,+ C) =95)

0= 1923 <o,

<sl)p:111.1<(51:c52 Gop:71.6<61:62
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Uz, mm Uz, mm
0.100 0.100
0.091 0.091
0.082 0.082
0.074 0.074
0.065 0.065
0.057 0.057
0.048 0.048
0.039 0.039
0.031 0.031
0.022 0.022
0.014 0.014
0.005 0.005
~0.004 ~0.004

Uz, mm Uz, mm
0.049 0.049
0.044 0.044
0.040 0.040
0.036 0.036
0.032 0.032
0.027 0.027
0.023 0.023

T 0.019 [ 0.019

t 0.015 t 0.015
0.011 0.011
0.006 0.006
0.002 0.002
~0.002 ~0.002

U=, mm U=, mm
0.031 0.031
0.028 0.028
0.026 0.026
0.023 0.023
0.020 0.020
0.017 0.017
0.015 0.015
0.012 0.012
0.009 0.009
0.006 0.006
0.004 0.004
0.001 0.001
~0.002 ~0.002

z z

Figure 2. Fields of radial displacements in models 1 (), 2 (b) and
3 (c) of vessels at their loading by operating pressure
cylindrical body and a spherical bottom are produced
also in two-layers [10].

The circumferential stresses and radial displace-
ments obtained as a result of computer simulation are
presented in Figures 2 and 3.

The data obtained as a result of computer simulation
at the loading by the inner operating pressure of three
types of welded structure (welded vessel, in which the
cylindrical body and spherical bottom are produced in
two-layers) are presented in Table 4. The comparison
of values of circumferential stresses (average in thick-
ness), determined as a result of computer simulation,
with the stresses, determined according to the analyt-
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Figure 3. Distribution of circumferential stresses in models 1 (),
2 (b) and 3 (c) of vessels at their loading by operating pressure
ical dependences using the calculation method (see
Table 3) from applying the operating pressure to the
common wall for three models almost coincide or have
a slight discrepancy (0.54-3.02 %). The value of stress-
es, determined by the calculation method, appeared to
be higher than the values of stresses, determined as a
result of computer simulation.

According to the results of computer simulation it
was found that the radial displacements in the common
wall of the two-layer shell are increased proportionally
to the formed circumferential stresses from model 3 to
model 1 and are inversely proportional to the thickness
of the common wall of the two-layer shell.
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Table 4. Displacements and stresses at operating pressure loading for models used

Parameter Model 1 Model 2 Model 4
Mean value of displacement, mm, A_=A_. +A )/2 A, =0074 | A =0.0255| A =0.016
M lue of ci fi ial i 11 of le-1 hell, MP
ean value of circum erential stresses in common wall of a double-layer shell, MPa G =190 G =1105 6 =695
(computer modeling),c, =c . +c_ )2 m m m
Mean value of circumferential stresses in common wall of double-layer shell, MPa
. . ’ =192.3 =1111 =716
(determined by calculations, data of Table 3) op op Cop

The largest radial displacements and highest val-
ues of circumferential stresses are in model 1, which
has a minimum common thickness of the wall of the
two-layer shell. In the thickest common wall of the
two-layer shell, in model 3, the values of circumfer-
ential stresses are relatively the lowest and the radial
displacements in the ranges of strain deformations are
the minimum, which corresponds to the Hooke’s law.
In this case, the optimum thickness of the common
wall of the two-layer shell is determined by rational
combination of the circumferential stresses and radi-
al displacements in it in the ranges of elastic defor-
mations, basing on the values of strength of the least
strength shell material and the strength of the interlay-
er welded joint. The values of circumferential stresses
in the common wall of the two-layer shell, obtained
as a result of computer simulation (at the loading by
the inner operating pressure of welded structure in the
model) are correlated with the circumferential stress-
es determined previously by the calculation method
for all three models.

The values of circumferential stresses determined
according to the results of computer simulation and by
the calculation method for all three types of models are
determined also in accordance with the requirements
to the strength of welded joint of shells. In this work
according to the results of computer simulation and
by the calculation method for all three types of mod-
els, the thickness of spherical bottom was determined.
However, in accordance with the rules of calculations
and designing [7] the wall thickness of the bottom in
the real welded structures should be taken as being
not smaller than the calculated thickness of the wall
of the cylindrical body. For such welded structures as
vessels, operating under pressure at the long-term cy-
clic loading, the minimum radial displacements in the
ranges of elastic deformations represent a certain risk.
It is predetermined by the possibility of development
of fatigue cracks, causing fatigue fracture, including
those in the area of interlayer joint.

During designing in order to determine the optimal
parameters of a two-layer structure of the bottom, the
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computer simulation of the stress-strain state at apply-
ing the inner operating pressure as well as the inner
limiting pressure of the structure is considered to be
appropriate aimed at determination and comparison
of circumferential stresses obtained during simulation
with the stresses, determined by the calculation meth-
od according to the analytical dependences.

Conclusions

1. The rational geometric parameters of the welded
two-layer shell were determined using the computer
simulation and by the calculation method according
to the analytical dependences. For the common wall
of the thin-wall two-layer shell the rational combina-
tions of the non-limiting circumferential stresses and
radial displacements were specified.

2. During designing the circumferential stresses in
the common wall of the shell should be taken into ac-
count, the average value of which was determined as
a result of computer simulation with the stresses, de-
termined by the calculation method according to the
analytical dependences.
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