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Abstract: In this paper is made a comparative study of state of stress and liniar deformation which appear in
a series of pressurized cylindrical tanks with different end caps designed to store the LPG fuel. Initial design
data for the tank design are identical, as well as the lateral cylindrical cover. Taking into account the
constructive symmetry of the tanks, models with cross sections % for the side cover, with % at the end caps
and with section at 1/8 in the case of the tank assembly are used. It was taken into consideration in the
calculation of linear deformation and stress, the simultaneous effect of the temperature and corrosion
variation, which reduces the thickness of the tank shells with the increase of the exploitation period. Details
of the geometry and the materials selected are also discussed. Finally, it was established for the analyzed
group of tanks at the end of the operating period, for the extreme working temperatures, which is the most
advantageous form of tank with the minimum stress state and linear deformation.

Keywords: Automotive industry, corrosion, crash test, industrial engineering design, optimization,
pressurized fuel tank, state of effort

1. Introduction

The optimal design of the pressurized fuel tanks in automotive industry is an important and
practical topic which has been explored for decades [1-3]. This is a key to increasing product
competitiveness and safety in exploitation through innovative ideas [4, 5].

The cylindrical pressurized fuel tanks are designed using specific rules for the design, construction,
inspection, testing and verification according with the major international standards [6-11].

Basic design criteria include information on corrosion, loadings, design methods, thickness, weld
joint coefficients and design of welded joints [5]. In addition, there are well established rules for
performing calculations for shells, heads, cones, nozzles, flat covers, flanges and tube sheets [5].
In practice, the cylindrical pressurized fuel tanks are generally preferred because of the simple
manufacturing problem and make better use of the available storage space [6-11].

Design study for the stress analysis of cylindrical pressurized fuel tanks due to the various loadings
involves the study of longitudinal and circumferential stresses and plays an important role in
structural optimization and safety of the equipment [4, 5].

Integrated concurrent engineering techniques [12-15] are employed to enrich the design process of
the cylindrical pressurized fuel tanks for representing geometry [16-18] and material details with
multidimensional visualization techniques [19-31] to find an optimal geometrical solution [32-34] at
less cost.

2. Design procedure of the cylindrical pressurized fuel tanks
The cylindrical pressurized fuel tanks has been analyzed considering the following head covers: a)

torospheric type; b) ellipsoidal type; c) for low pressure; d) connected with circular arcs; e) flat; and
f) with back head covers connected with circular arcs. The design data used are:
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= the lateral cover has a diameter of D = 250 mm and length L = 700 mm;

= the tank material is AISI 4340 steel;

» the maximum hydraulic test pressure: pmax = 30 bar;

= the working temperature between the limits: T =-30 °C up to T = 60 °C;

= the duration of the tank exploitation: n, = 20 years;

= the corrosion rate of the material: v, = 0.1 mm/years;

CAD model generation of the cylindrical pressurized fuel tanks with different types of head covers
was done in AutoCAD Autodesk 2017 software [35], (as shown in Figures 1 to 6).

i lateral cover  head coveri

Fig. 1. The tank with torospheric head covers Fig. 2. The tank with ellipsoidal head covers

Fig. 3. The tank with low pressure head covers Fig. 4. The tank with head covers connected

with circular arcs

Fig. 5. The tank with flat head covers Fig. 6. The tank with back head covers
connected with circular arcs

Optimized CAD design of these tanks was imported to SolidWorks 2017 software [36] for analysis
with the: Static, Thermal and Design Study modules.

At first, an optimal design of the lateral cover was made, then has been carried out the optimal
design of head cover and finally the state of stress and deformation of the whole tank was
performed. At the final stage of exploitation the thickness of the cover is minimal due to the
corrosion action and appears the biggest solicitations in the pressurized tank.

2.1. The CAD design of the cylindrical lateral cover

The parameterized model used in calculus is a section of ¥4 from the initial cover (Figure 7) and the
corresponding surfaces to which the constraints and restrictions are applied are shown in Figure 8.

The parametric model V4

=

The initial parametric model

3

RS Y

Fig. 7. The parametric model of lateral covers Fig. 8. The ¥ section of lateral head covers where
is made the marking of the exterior surfaces
The following parameters were applied as input parameters to the parametric model (Figure 8):
- the maximum pressure pmax = 30 N/mm? on the inner surface Se;
- the temperature between the limits: T =-30 °C to T = 60 °C on the surface Sg;
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- the opposing and equal traction forces of value of F = 36800 N on the surfaces: S; and S,
generated by the action of pressure on the inner surfaces of the head covers;

- the surface symmetry on S; and Ss;

- the canceling the displacement of the cover along to the symmetry axis;

- the material of the lateral cover: AISI 4340 steel.

The applied optimization function is intended to achieve a minimum mass. The variable of

optimization is the thickness of the cover with limits in range: s = 0.5...3 mm.

The applied restriction of constraint is that the value of Von Mises effort oy, < 6, = 710 N/mm? (ca -

the admissible value of the traction stress of the material).

Applying the optimization procedure, the obtained values are: the thickness s = 0.59 mm for T

60 °C, with the stress value of the ;. ma= 651.86 N/mm? and linear deformation value Umay

0.316 mm. Distributions of linear deformation and state of stress are shown in Figures 9 and 10.
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Fig. 9. The graph of Von Mises stress of lateral cover  Fig. 10. The graph of linear deformation of lateral cover

The optimized thickness of the cover was corrected taking into account: the corrosion
phenomenon, the tolerance of negative execution of the sheet laminate and the thinning of the
sheet in the embossing process. The formula for calculating the thickness is the following:

Sreal = Sopt + AS¢ + ASt +ASam = Sept + V' Ny + abs(A) + 0.1-s Q)

where: As., loss of thickness by corrosion; Asy, addition of thickness due to the negative tolerance
of the laminate sheet; v., corrosion velocity of the lateral cover, v, = 0.1 mm/year; n,, number of
years of exploitation; A;, lower tolerance of the laminate sheet.

Finally, the minimum value of the sheet thickness is determined as:

Srearmin= 0.59 + 0.1- 20 + abs(-0.6) + 0.1-4 =3.59 mm (2)
A laminate sheet of AISI 4340 steel with a thickness of s = 4*%% ;s mm is chosen for analysis.
2.2. The optimized design of the cylindrical pressurized tank with torospheric head covers

The corresponding graphical representations for the optimization of the head cover sectioned to ¥4
of the initial model, (as shown in Figure 11 b), and for the parameterized models of tanks sectioned
to /s (as shown in Figure 11 c) are given bellow:

parametric model Y4 parametric model /8
b) c)

Fig. 11. a) The % section of lateral head cover with the corresponding marking of the exterior surfaces;
b) The parametric model at ¥ section of head cover; ¢) The parametric model at 1/g section of tank

The sketch and the parametric shaping of the torospheric head cover according to standard DIN
28011 are shown in Figure 12.
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The torospheric head cover 10 % DIN 28011

-r=0.1-D
N -R=D The torospheric head cover
i - h=3.5s —
| ;| HT0us —
D
a) b) c)

Fig. 12. a) The sketch of torospheric head cover; b) The % section of parametric model of the torospheric
head cover; ¢) The front view of parametric model of the torospheric head cover

According to Fig. 11 a) and for all the following head covers, the following algorithm was applied:

- the maximum pressure pmax = 30 N/mm? on inner surface Sy;

- the temperature between the limits: T = -30 °C to T = 60 °C, on the surface Ss;

- the symmetry on the surfaces: S; and S,;

- the canceling the displacement of the cover along to the symmetry axis.

The cover is optimized to obtain a minimum mass and the effort must be: 6 ., < 6, =710 N/mm?.
The sizes to be optimized are: the cover thickness s = 2...4 mm and the height h = 8...12 mm. The
values of dimensions R=D =250 mm and r = 0.1 - D = 25 mm. The obtained values are: s = 2.38
mm and h =8.03 mm at T = -30 °C for the maximum effort 6e,. max = 652.88 N/mm?.

The distribution of the stress and linear deformation of the optimal head cover is shown in Figure 13.
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Fig. 13. The graphs for torospheric head cover: a) The Von Mises stress; b) The resultant linear deformation
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The correction of the optimal thickness of the cover s is made with the following formula:
Srealmin = 2.38 + 0.1- 20 + abs(-0.6) +0.1-5 =5.48 mm (3)

A laminate sheet of AISI 4340 steel with a thickness of s = 5.5'%% ;5 mm it was chosen for the
manufacturing process. Next dimensions were obtained for the head cover: h = 3.5-s = 20 mm and
H =755 mm.

The pressurized tank must resist to n, = 20 years and the calculation shows that at temperature
T =-30 °C is the maximum stress and at T = 60 °C the linear resultant deformation is maximal.

For temperature T = -30 °C the stress and deformation of the tank are shown in Figures 14a and
14b and for T = 60 °C in Figures 14c and 14d.
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Fig. 14. The graphs for pressurized cylindrical tank with torospheric head covers: a) The Von Mises stress at

T=-30°C; b) The resultant linear deformation at T = -30 oc; c) The Von Mises stress at T = 60 oc; b) The
resultant linear deformation at T = 60°C
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2.3. The optimized design of the cylindrical tank with ellipsoidal head covers
The sketch and the parametric model of the ellipsoidal cover are shown in Figure 15.
The ellipsoidal head cover DIN 28013

-1r=0.154-D The ellipsoidal head cover
-R=08-D
-H=026-D+s+h

b) c)

Fig. 15. a) The sketch of ellipsoidal head cover; b) The % section of parametric model of the ellipsoidal head
cover; ¢) The front view of parametric model of the ellipsoidal head cover

The parameters for optimization are: the thickness s = 1...4 mm and the height h = 6...10 mm.

The values of geometric dimensions are: R = 0.8:D = 200 mm and r = 0.154-D = 38.5 mm.

The obtained values are: s = 1.445 mm and h = 6.005 mm With ; max = 594.74 N/mm? at T =
-30 °C. The corresponding distribution of stress and linear deformation is shown in Figure 16.
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Fig. 16. The graphs for elliptical head cover: a) The Von Mises stress; b) The resultant linear deformation
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Finally, the minimum thickness of the cover is:
Srealmin = 1.45 + 0.1- 20 + abs(-0.6) +0.1-4 = 4.45 mm (4)

A laminate sheet of AISI 4340 steel with a thickness of s = 4.5"°% ;s mm is chosen.

For the head cover we have the following dimensions: h = 3.5-s = 16 mm and H = 85.5 mm.

The stress and linear deformation of the tank at T = -30 °C are shown in Figures 17a and 17b, and
at T = 60 °C in Figures 17c and 17d.
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Fig. 17. The graphs for pressurized cylindrical tank with elliptical head covers: a) The Von Mises stress at
T =-30 °C; b) The resultant linear deformation at T = -30 °C; c) The Von Mises stress at T = 60 °C; b) The
resultant linear deformation at T = 60 °C

2.4. The optimized design of the cylindrical tank with low pressure head covers

The sketch and the parametric model of the low pressure head cover are shown in Figure 18.
The variables subjected to optimization are: thickness s = 2...5 mm, height h = 12...16 mm and
radius r = 15...40 mm. The obtained values are: s = 3.336 mm, h = 12.056 mm, r=15mm at T =

10
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-30 °C with a maximum stress Gre, max = 587.68 N/mm? and a linear resultant deformation Uay =
0.481 mm.

The low pressure head cover . _ [15..40]mm

" g

The low pressure head cover
- h =[20.25]mm

_H=013-Dts+h e

b) c)

n |

a)
Fig. 18. a) The sketch of the low pressure head cover; b) The % section of parametric model of the low
pressure head cover; c) The front view of parametric model of the low pressure head cover

The corresponding graphs of the stress and the state of the resulting linear deformation of the
optimal cover head are shown in Figure 19.
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Fig. 19. The graphs for low pressure head cover: a) The Von Mises stress; b) The resultant linear
deformation

The minimum real thickness of the cover is:
Sreal min = 3.34 + 0.1+ 20 + abs(-0.6) +0.1-6 = 6.54 mm (5)

A laminate sheet of AISI 4340 steel with a thickness of s = 6.5'%% ;5 mm was chosen.

For the head cover we have the following dimensions: h = 3.5-s =22 mm and H = 61 mm.

For temperature T = -30 °C the stress and deformation of the tank are shown in Figures 20a and
20b and for T = 60°C in Figures 20c and 20d.
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Fig. 20. The graphs for cylindrical tank with low pressure head covers: a) The Von Mises stress at T = -30°C;
b) The resultant linear deformation at T = -30 °c; c) The Von Mises stress at T = 60 oc; b) The resultant
linear deformation at T = 60 °C;

2.5. The optimized design of the cylindrical tank with caps connected with circular arcs

The sketch and the parametric model of the head cover are shown in Figure 21.

The variables subjected to optimization are: the thickness s = 2...5 mm, the height h = 20...25 mm.
and the radius r = 50 mm. The obtained values are: s = 2 mm and h = 12.056 mm at T = -30 °C,
with @ maximum Stress e, max = 659.01 N/mm? and a linear deformation Uma, = 0.999 mm.

11
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The head covers connected
with arcs of circle

The head cover connected
with arcs of circle - — S0mm

. 4_/ T ‘- h =[20.25]mm
$

-H=0.13-D+s+h

c)

Fig. 21. a) The sketch of head cover connected with circular arcs; b) The % section of model with the head
cover connected with circular arcs; c¢) The front view model of the head cover connected with circular arcs

The corresponding graphs of the stress and the state of the resulting linear deformation of the
optimal cover head are shown in Figure 22.
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Fig. 22. The graphs for low pressure head cover connected with circular arcs: a) The Von Mises stress; b) The
resultant linear deformation.
The minimum thickness of the cover connected with circular arcs is:

Sicaimin = 2 + 0.1 20 + abs(-0.6) +0.1-55 = 5.15 mm 6)

A laminate sheet of AISI 4340 steel with a thickness of s = 5.5%%° 5 mm is chosen. The head
cover has the size H = 75 mm. The stress and linear deformation of the tank at T = -30 °C are
shown in Figures 23a and 23b and at T = 60 °C in Figures 23c and 23d.
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Fig. 23. The graphs for pressurized cylindrical tank with head covers connected with circular arcs: a) The
Von Mises stress at T = -30 °C; b) The resultant linear deformation at T = -30 oc; c) The Von Mises stress at
T =60 °C; d) The resultant linear deformation at T = 60 °C

2.6. The optimized design of the cylindrical tank with flat head covers

The sketch and the parametric modeling of the flat head cover are shown in Figure 24.

h=[20..60lmm; H=h+r+s

The flat head cover The flat head cover

¢)
Fig. 24. a) The sketch of the flat head cover; b) The % section of parametric model of the flat head cover;
¢) The front view of parametric model of the flat head cover
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The variables subjected to optimization are: thickness s = 3...5 mm, the heights: h = 20...60 mm.
and H = 30...70 mm. The obtained values are: s =5 mm, h =15 mm, H = 70 mm and radius r = 50
mm at T = -30 °C, with a maximum Stress G, max = 659.01 N/mm? and a linear resultant
deformation umax = 1.395 mm. The corresponding graphs of the stress and the state of the resulting
linear deformation of the optimal cover head are shown in Figures 25a and 25b.
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Fig. 25. The graphs for flat head cover a) The Von Mises stress; b) The resultant linear deformation

The minimum thickness of the flat cover is:
Sreaimin = 5 + 0.1- 20 + abs(-0.6) +0.1-8.5 = 8.45 mm (7

A laminate sheet of AISI 4340 steel with a thickness of s = 8.5"%% , ; mm is chosen.
The graphs of stress and linear deformation of tank at T = -30 °C are shown in Figures 26a and
26b and for T = 60 °C in Figures 26¢ and 26d.
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Fig. 26. The graphs for cylindrical tank with flat head covers: a) The Von Mises stress at T = -30 °C; b) The
linear deformation at T = -30 °C; ¢) The Von Mises stress at T = 60 °c; b) The linear deformation at T = 60 °c

2.7. The optimized design of the cylindrical tank with back head covers connected with
circular arcs

The sketch and the parametric model of the back head cover connected with circular arcs are
shown in Figure 27.

The back head cover  p _ 1y

connected toicircular arcs
SOULECEN e h =[20..50]mm

n |

The back head cover
connected to circular arcs

IlJ

- ‘

2) b) c)

Fig. 27. a) The sketch of the back head cover connected with circular arcs; b) The % section of parametric
model of the back head cover connected with circular arcs; c) The front view of parametric model of the back
head cover connected with circular arcs

The variables subjected to optimization are: s = 3...6 mm, h =12...20 mm and H = 30...35 mm.
The obtained values are: s = 4.5 mm, r = 22.5 mm, h =12 mm and H = 34.5 mm at T = -30 °C with
a maximum Stress Gre; max = 628.27 N/mm? and a linear resultant deformation Uz, = 1.873 mm.
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The corresponding graphs of the stress and the state of the resulting linear deformation of the
optimal back head cover are shown in Figures 28a and 28b.
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Fig. 28. The graphs for back head cover connected with circular arcs: a) The stress; b) The linear
deformation
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The minimum real thickness of the back head covers connected with circular arcs is:
Srealmin = 4.5 + 0.1- 20 + abs(-0.6) +0.1-8 =7.9 mm (8)

A laminate sheet of AISI 4340 steel with a thickness of s =8'%%° , ; mm was chosen.
The corresponding graphs of the stress and the state of the resulting linear deformation of the tank
at T = -30 °C are shown in Figures 29a and 29b and at T = 60 °C in Figures 29c and 29d.
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Fig. 29. The graphs for pressurized cylindrical tank with back head covers connected with circular arcs: a)

The Von Mises stress at T = -30 °C; b) The resultant linear deformation at T = -30 °c; ¢) The Von Mises
stress at T = 60 °C; b) The resultant linear deformation at T = 60 °C

The numerical values of state of stress and linear resultant deformation of the tanks are given in
Table 1.

Table 1: The Von Misses stress and deformation of pressurized cylindrical tanks

T=-30°C T=60"C

No. | The type of pressurized cylindrical tank o [MPa] |u[mm] | c[MPa] | u[mm]
1 Tank with torospheric head covers 658.312 | 0.604 592.657 | 0.695
2 Tank with ellipsoidal head covers 560.74 | 0.458 520.484 | 0.613
3 Tank with low pressure head covers 690.67 | 0.649 656.07 0.797
4 Tank with head covers connected with circular arcs 599.53 | 1.426 557.57 1.58

5 Tank with flat head covers 694.11 | 1.405 547.38 1.521
6 Tank with back head covers connected with circular arcs | 686.185 | 1.855 634.268 | 1.964

The graphical representations of the Von Mises stress and the resulting linear deformation for T =
-30 °C and T = 60 °C depending on the number’s tank as specified in Table 1, computed for the
end of the exploitation period (where n, = 20 years) are shown in Figures 30 and 31.

14




ISSN 1453 — 7303 “HIDRAULICA” (No. 4/2017)
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics

800 - 2.5
690.67 694.11 | 586.185
700 4 638.312 T=-30°C 1.855
599,53 7 |
600 560.74
656.07 634.268 1.964
500 +-592.657 55757 1.5 4
E 520.484 ’ 547.38 'E'
400 - E — 60° 158 1.521
2 T= 60°C s T=60°C
300 1 0.604
na = 20 years na =20 years
200 4 05 -
o - 0.695 0.797
100 - 0613  T=. 300
no. of tank T=-30°C no. of tank
0 | I I I ; 0 T
1 2 3 4 5 6 1 ? 3 4 5 6

Fig. 30. The graphs for Von Mises stress at n, = 20 years Fig. 31. The linear deformation at n, = 20 years

In Figure 32 is shown the percentage variation of the Von Mises stress computed in respect to the
admissible stress of material 6, = 710 [MPa] at the temperatures of T = -30 °C and T = 60 °C,
depending on the number of tank (as specified in Table 1) at n, = 20 years of exploitation.
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Fig. 32. The graphs for percentage variation of Von Mises stress at n, = 20 years
3. Discussion

From these analyses shown in tables and graphical representations we can say that:

= The tank with ellipsoidal cover is the least loaded at both extreme temperatures, at T = -30 °C,
Gmax = 560.74 MPa and T = 60 °C, 6. = 520.48 MPa, according Figures 30 and 31.

= The flat cap tank has the highest stress value 6. = 694.11 MPa at T = -30 °C and shows the
greatest variation of stress between extreme temperatures, Ac = 146.73 MPa, according Figure
30.

= The tank with the low pressure head covers best accomplish for both extreme temperatures the
conditions since the difference in admissible value is lower. It results that this tank is optimally
dimensioned.

» The tank with head covers connected with circular arcs has the highest linear strain
deformation u = 1.855 mm for T = 60 °C and the lowest value is found for the ellipsoidal head
cover tank, as shown in Figure 31.

= The tank with low pressure head covers shows the minimum value of the percentage stress
deviation Ac = 7.6 % at T = -30 °C and Ac = 2.72 % for T = 60 °C, that means it is the optimally
dimensioned. At the opposite pole, the tank with ellipsoidal head covers has the greatest
deviation of Ac = 26.69 % at T = -30 °C and Ac = 21.02 % for T = 60 °C, as shown in Figure 32.

= At the end of the exploitation period, the tank with the ellipsoidal head covers shows the largest
reserve of resistance of stress Ac = 21.02 %, while the tank with flat head covers has the
lowest resistance capacity Ac = 2.24 %, as shown in Figure 32.
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4. Conclusions

According to the findings of the present study the following conclusions can be drawn:

- the Von Mises stress state and linear deformation of the tanks is directly influenced by:
temperature variation, operating period, loading pressure and tank shape;

- at identical design input dates, for the end of the exploitation period, the tank with ellipsoidal
head covers is the least subject to stress, followed in order by: tank with torospheric head
covers, tank with low pressure head covers, tank with flat head covers and tank with back head
covers connected with circular arcs which is subject to highest stress;

- the state of stress is lower at the maximum positive temperature than at the negative
temperature for any type of tank, the stress variation curves for extreme operating temperature
have about the same variation, except for this made the curve deviation at the tank with circular
arcs;

- the resulting linear deformation is higher at the extreme positive and lower at the negative
temperature for all tank types, and the order of increase the deformation is as follows: tank with
ellipsoidal head caps, tank with low pressure head covers , tank with head covers connected
with circular arcs, tank with flat head covers and the tank with back covers connected with
circular arcs;

- from the point of view of stress and deformation, the tank with ellipsoidal head covers has the
best shape and the most stressed is the tank with flat head covers;

- it is mentioned the fact that all the studied forms are optimized dimensionally in respect with the
stress and deformation for which they were designed and work adequate.
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