
145                  Copyright © 2005 by SMiRT18 

18th International Conference on Structural Mechanics in Reactor Technology (SMiRT 18) 
Beijing, China, August 7-12, 2005 

SMiRT 18-B02-4 
 

NUMERICAL CALCULATION AND ANALYSIS OF 
SINGLE-CURVATURE POLYHEDRON HYDRO-BULGING PROCESS 

FOR MANUFACTURING SPHERICAL VESSELS 
 

Jianling Dong, Fengke Zhang, Dejian Yin 
Institute of Nuclear Energy Technology, Tsinghua University, Beijing 100084, P.R. China 

Phone: 8610-62784809-401, Fax: 8610-62771150 
E-mail: jianling@inet.tsinghua.edu.cn 

 
ABSTRACT 

Single-curvature polyhedron hydro-bulging technology is a new technology for manufacturing 
spherical vessels and it has a good application foreground. This technology has been used in practice. But 
the designing and manufacturing of polyhedron is based on experiences, and the final quality of spherical 
vessels cannot be forecast quantitatively. In the paper, the FEM code, MARC, is used to simulate the 
hydrobulging process of a single-curvature polyhedron, including loading and offloading. And the 
distributions of stress and strain are acquired as well as other important data. Comparing with the 
experimental results, it shows that single-curvature polyhedron hydro-bulging process can be simulated 
well by the FEM code. 
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1. Introduction  
Comparing with cylindrical vessels, spherical vessels have advantages as follows: 

1) Comparing with the cylindrical vessel with the same volume, the surface area of the spherical 
vessel is the smallest. Therefore, material can be saved. 

2) Stress distribution in the spherical vessel is even. With the same diameter and working pressure, 
its membrane stress is only half of the hoop stress of the cylindrical vessel. So the shell thickness 
is half of the cylindrical vessel. This makes spherical vessels have the advantages of saving 
material and reducing cost. 

3) The wind factor of a spherical vessel is about 0.3, while the wind factor of a cylindrical vessel is 
about 0.7, so comparing with the cylindrical vessel with the same volume, the wind affected area 
of the spherical vessel is small. Therefore, for wind load, spherical vessel is safer than the 
cylindrical vessel. 

4) The area that a spherical vessel occupies is smaller, and its height can be greater. This is 
favorable to the effective utilization of the land. For example, for a 100,000 m3 oil storage tank, 
when a cylindrical tank is used, its diameter is ∅ 87m; while when a spherical vessel is used, its 
diameter is only ∅ 57.6m. 

From the advantages of the spherical vessel, it can be seen that the greater the spherical vessel, the 
greater the advantage manifested. Although spherical vessel has some disadvantages, such as the size of 
shell plates is largely restricted by the size of sheet plates supplied; manufacturing and installation are 
difficult; construction condition bad, technique requirements high; size of shell plate small and weld length 
on the great side; inspection workload greater etc. These disadvantages restrict its development to larger 
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volume. Although it has these disadvantages, the spherical vessel has found wider and wider application. 

1.1 Application in nuclear industry 
Nuclear industry is one of the important users. As early as metaphase of 50s of the last century, 

spherical vessels had been used as reactor pressure vessel of gas cooled reactor. In the reactors, there are 
reactor core containing crude uranium rods and graphite moderator. CO2 was used as coolant. Heated gas 
produced high temperature steam in steam generator, which drove steam turbine and electricity generator to 
produce electricity (China Metallurgy & Architecture Newsroom, 1981). For example, spherical 
pressure vessel was used as reactor pressure vessels (RPVs) in Tokai Nuclear Power Plant in Japan and in 
Magnox reactor diameter of which are ∅ 18.34m and ∅ 17.0m, thickness 80-92mm and 76.2mm, 
respectively, as shown in figure 1 and figure 2. 

After the appearance of light water reactor, spherical vessels were used as reactor containment vessel 
(The reactor containment vessel contained RPV, steam generator and other equipments of primary loop and 
was a security barrier). In the metaphase of 1960s, light water reactor once used cylindrical vessels instead 
of spherical vessels. After 1970s, with the power of  nuclear reactor became larger and larger, importance 
was attached to spherical vessel once more because of their advantages of even stress distribution, larger 
volume and relatively small thickness. As early as 1976, the spherical vessel with volume of 118,800m3 and 
diameter of ∅ 61m had been built as reactor containment vessel in the United States of America. The 
design pressure was 0.79－0.24MPa, thickness was less than 38mm, which has been the largest spherical 
vessel up to now. 

In China, there is no spherical reactor containment vessel. But in 1990, a semi-spherical container 
head type reactor containment with diameter of ∅ 36m and thickness of 38mm was built in Qinshan 
Nuclear Power Plant in Zhejing Province, which is the largest semi-shpere construction in China. Whereas 
the need of China nuclear power exploitation and development, fabrication of nuclear power plant spherical 
pressure vessel and containment will become more and more important. 

In the present time, the generation IV nuclear system is open to all technology. But accordant 
consciousness is that high temperature gas cooled reactor is one of the most hopeful nuclear systems to 
satisfy the requirements of the generation IV nuclear system. High temperature gas cooled reactor was 
developed from low temperature gas cooled reactor that used crude uranium as fuel, graphite as moderator 
and CO2 as coolant. The low temperature gas cooled reactor is one of the earliest reactor models. At its 
early days, the type of reactor was used to produce plutonium. After 50s of last century, it has used as 
commercial power reactor to generate electricity. The development of gas cooled reactor can be divided 
into four stages, early gas cooled reactor, improved gas cooled reactor, high temperature gas cooled reactor 
and module gas cooled reactor （Zhao，2001）. In gas cooled reactor, spherical vessel will probably find 
more application because the high temperature gas cooled reactor used gas as coolant, relative to liquid, it 
needs more gas as coolant to bring same amount of heat out of the reactor, and adopting spherical vessel 
and new technology probably reduces the cost, which can remarkably increase the economics of high 
temperature gas cooled reactor power plant and increase its market competition. 
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Figure 1 Spherical reactor pressure vessel structure of Tokai Nuclear Plant in Japan 

1-Refuelling stand pipes; 2－Stand pipes for damaged fuel inspection; 3－Sleeve pipes for 
stand pipe cooling; 4－Cooling catheters; 5－Stand pipes for seismic detection; 6－Stand 

pipe of thermocouples; 7－Outer thermal insulation pipe; 8－Stand pipe for seismic 
displacement inspection; 9－Platform of elevation 8.3meters; 10－Sensor of skirt 

displacement; 11－Catheter for shield cooling; 12－Reactor pressure vessel; 13－Support 
plate; 14－Boron steel shield cover; 15－Beam for moderator seismic absorber; 16－Core 

support grid; 17－Eyewinker collector; 18－Inner thermal insulation layer; 19－Core 
anti-seismic cylinder; 20－Air tight cylinder; 21－Eyewinker collector inside reactor; 22－

Upper anti-seismic device; 23－Guiding pipe of high temperature gas; 24—Primary gas 
sealing cover; 25－Secondary gas sealing cover; 26－Guiding pipe of low temperature gas; 

27－Internal support; 28－External support; 29－Air inlet 
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Figure 2 Typical Magnox reactor construction  

1-Movable guiding pipe; 2-pressure vessel; 3-shield cooling air inlet; 4-bioshield; 5-thermal 
shield; 6-control rod; 7-stand pipe; 8-fuel charger; 9-fuel charger pipe 

Early gas cooled reactor used uranium as fuel, graphite as moderator and CO2 as coolant. Magnox 
alloy was used as envelope material of fuel rods, so this kind of reactor was called Magnox reactor. Up to 
70s of the last century, 38 Magnox had been constructed in the world. Figure 2 is the structure layout of the 
typical Magnox reactor (Zhao, 2001). 

Compared with civilian spherical vessels in other fields, spherical vessels used in nuclear power field 
have characteristics as follows:  

1) High design parameters. The design temperature is as high as 370-410°C, vessel wall 
temperature is 260-370°C, and design pressure of pressure vessel 1.03-1.96MPa, containment 
vessel 0.19-0.24MPa. 

2) Large size. Diameter of the pressure vessel is∅ 18-21m, but the wall temperature high, so 
design thickness can be great as 76-105mm; diameter of containment vessel is about 
∅ 40-60m，thickness is controlled smaller than 38mm. 

3) Under the effect of neutron radiation, after long term operation, steel will become brittle, shock 
strength declines, brittle transition temperature goes up. 

4) Structure complicated and has large number of openings and nozzles with different size. For 
example, RPV has nozzles for assembling and unassembling control rods, nozzles for coolant in 
and out of the RPV, the containment vessel has manhole, safety gate, equipment loading and 
unloading openings etc. Supports can be tubular columns and partly buried supports. Besides, in 
order to increase safety, some containment vessels have concrete shell outside to prevent 
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airplanes from damaging the reactor. 
Because RPVs and containment vessels have different functions from the civilian spherical vessel, the 

material, design, structure, construction and inspection are different as well. But in general, the 
characteristics and requirements of spherical containment vessels are similar to civilian spherical tanks 

(China Metallurgy & Architecture Newsroom, 1981). As the safety barrier of the primary loop, when 
the pressure vessel and pipe of the primary loop break, in order to prevent the fission radioactivity materials 
from sudden leakage to the environment, some single layer containment vessel have concrete shell outside, 
there is gap between the steel shell and concrete shell in order to increase its safety. Diameter of the 
containment vessel is great and constructed on site. In order to avoid the post-weld treatment, the thickness 
is controlled smaller than 38mm.  

Materials used in manufacturing RPV should satisfy the basic requirements as follows:  
1) During its lifetime, it can keep the given strength and toughness, and higher resistant capacity to 

neutron radiation; 
2) During the operation, metallographic structure stable; 
3) Engineering experiences have been accumulated; 
4) Under the design thickness, the welding properties good; 
5) Smaller brittlement during its lifetime. 

For the containment vessel, because there is no neutron radiation and high temperature problem, 
usually carbon steel or boiler steel of ASTM is used. Because normally the containment is exposed to the 
environment temperature, ASME Code III requires that shock test should be conducted under the 
temperature 16.6℃ lower than the lowest working temperature. In order to guarantee low temperature 
toughness, steel plate of the containment vessel must undergo aluminum solid treatment, normalizing 
treatment to get fine grain.  

The weld requirements are: total fusion, no harmful defects inside the weld (air hole, slags, cracks and 
faulty fusion etc.), 100% radiographic inspection for the weld and small post-weld deformation (China 
Metallurgy & Architecture Newsroom, 1981). 
 
1.2 Traditional technology for manufacturing spherical vessels 
    Traditional technology for manufacturing spherical vessel uses heavy press and dies to form steel sheet 
blanks into double curvature petals, then assemble and weld them into a spherical vessel. Therefore, heavy 
press and large dies are needed, and cost is high. 
 
1.3 Single-curvature polyhedron hydro-bulging technology for manufacturing spherical vessels 

The main principle of the single-curvature polyhedron hydro-bulging technology for manufacturing 
spherical vessels can be described as follows: When an enclosed single-curvature polyhedron, as shown in 
Figure 1, into which air, liquid or other pressure medium has been pumped, is bulged, the shell, including its 
weld seams, will deform plastically because of the effect of circularity force moment, and gradually become 
a spherical vessel with the increase of the inside pressure if rupture of the polyhedron does not occur (Dong, 
1997). The technology has been adopted to build spherical vessels without using large dies and heavy 
presses. It has been proved that the cost and production period is reduced greatly. The main steps to 
manufacture the bulging polyhedron are as follows:  

1) Nondistructive examination  
Each steel sheet plate has to be inspected by ultrasonic examination in order to assure that no 
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unacceptable defects exist in the sheet plates; 
2) Cutting of sheet blanks and grooves 

Using fire-cutting method to cut sheet plates into sheet blanks with certain shapes, and 
adopting mechanical cutting method, such as using pneumatic shovels, to get X-type grooves;  

3) Forming of single-curvature orange petals  
A single-curvature orange petal is a developable shell plate, which can be formed by common 

rolling machines with three rollers or four rollers; 
4) Assembling and welding single curvature petals into polyhedron;  
5) Prebulging nondistructive examination  

Generally, the bulging pressure under which the polyhedron is formed into a spherical vessel 
is higher than the design pressure of the spherical tank.  For the spherical vessel, the bulging 
process is overloading hydrostatic test, but for the polyhedron, it means that angular welded joints 
of the polyhedron will withstand large plastic deformation under high pressure. If there are defects 
in welded joints, such as crack, slag inclusions, undercut, arc crater and pinhole etc., fracture may 
occur during bulging. So it is necessary to conduct nondistructive examination of polyhedron 
welded joints and to repair the welded joints before bulging if defects are found. 

6) Bulging of the polyhedron; 
7) Postbulging nondestructive examination.  

      
Figure 3 200M3 LPG spherical tank  Figure 4 250M3 spherical water tank 

Up to now, many spherical vessels have been manufactured including large water tank and LPG 
spherical vessels, as shown in figure 3 and figure 4. When this technology is adopted, the main concerns 
are whether the safety of bulging process is guaranteed and the quality of the final spherical vessels 
satisfies the requirements of the relevant codes. 

FEM program is an important tool of CAD/CAE and is useful during the process of design and 
manufacture. It can shorten the design period and reduce the experimental cost. The series commercial 
FEM programs of MSC are used widely. To get more information about the distributions of stress and strain, 
critical zone during a single-curvature polyhedron being bulged, in this paper the whole bulging process of 
a single-curvature polyhedron without cracks is simulated by using MSC/MARC. 
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2. Single-curvature polyhedron structure 

Figure 5 is the schematic of the experimental 
polyhedron. The original model includes three parts 
assembled and welded, which includes two polar plates and 
the orange petals (Dong, 1994). There is a manhole in a 
polar plate, which is used for the welding worker to 
conduct welding and inspect the welds in order to ensure 
the quality of weld. The weld seam around the hole is in the 
same plane with the base material, so the single-side 
welding can ensure the quality of welding enough. In the 
FEM model of the paper, the effect of manhole is ignored 
for the convenience of calculation. 

 

3. Model of FEM for calculating  
The FEM model of the polyhedron is built by the 

preprocessor MENTAT and is calculated by the 
advanced nonlinear FEM processor MARC. 

Diameter of the sphere that circumscribes 
the polyhedron is ∅ 1000mm, wall thickness 4 
mm, number of orange petals 12, that is, the 
equatorial zone consists of 12 cylindrical shell 
plates. Angle β is 60°, the meaning of which is 
shown in Figure 5. In a horizontal section of the 
polyhedron, the circular center angle that every 
polygon side is against is 30°. Two polar plates 
are equilateral polygon plates with 12 sides. The 
diameter of the circle a polar plate inscribes is 
∅ 500mm. Welded joints are distributed on crest 
lines of the polyhedron. A longitudinal welded 
joint is a convex fillet welded joint, but a latitudinal welded joint AB is a straight fillet welded joint.   

Though 1/24 of the whole structure is enough for the FEM calculation according to the symmetry of 
the structure, the FEM model is 1/12 in order that the model can keep uniform during the calculation taking 
welding flaw into account and that the result can be compared easily. The inside pressure is increased from 
0 to 5MPa and then offloaded completely. The stage of loading is dealt with the method of the fix step 
(total 10) while the stage of offloading is calculated based on adaptive loading procedure. In this way the 
information corresponding with each pressure point can be gotten. During the calculation the 8-node shell 
element that is numbered as element 72 is adopted (MSC, 2000). 

The geometry of welded joint is built by the ruled surface and swept surface in order to ensure the 
smoothness property of the model. And it is taken into account that welded joint is thicker than base 

 Figure 5 Schematic of orange petal 
polyhedron construction（1）
longitudinal fillet welded joint;  
2）latitudinal fillet welded joint  

Figure 6 the scheme of welded joint on equator 
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material. The scheme of welded joint on equator is showed in Figure 6. The thickness of base material is 
4mm while the welded joint 4.5mm. And the width of the welded joint is 8mm. 

 
Figure 7 Curve of the stress versus strain for base metal 

   
 a) Base material                 b) Material of welded joint 

Figure 8 Material curve of true stress versus log plastic strain of base and welded joint 
The material of the polyhedron is JISG3131 SPEC. Yield strength σs=240.0MPa, tensile strengthσ

b=382.0MPa, percentage elongation δ=45.0%, modulus of elasticity E=2.0×105MPa，Poisson’s ratio μ
=0.3. Figure 7 is the curve of the stress versus strain for base metal. Because large displacement occurs 
during the bulging process, so the curve of the true stress versus log plastic strain is needed when using 
MARC. Figure 8 a) is the true stress versus log plastic strain material curve of base metal. For welded joint 
material, the modulus of elasticity is considered as same as the base metal’s while the yield strength is 1.5 
times that of the base metal’s, modulus of hardworking 1.2 times that of base material’s (Chen, 1991). 
Figure 8 b) is the true stress versus log plastic strain material curve of welded joints. 

  
Figure 9 The FEM model of the polyhedron 



153                  Copyright © 2005 by SMiRT18 

There are some approximate treatments in model building, such as smoothness treatments of the 
welded joint geometry and approximate treatment of the welding joint material curve, neglect of the effect 
of the manhole. 

In the analytic option, large displacement, follower force and update Lagrange procedure is chosen. 
And the shell is divided into five layers across the shell wall.  

4. Calculation process and analysis of the results 
There are two problems that should be always considered during hydrobulging. One is hydrobulging 

security, that is, whether the largest stress and strain are less than the loading capacity of material, the other 
is the quality of the spherical vessel hydrobulged from the polyhedron, that is, whether the ovality of the 
spherical vessel can meet the requirements of the spherical pressure codes. 
      
4.1 Loading 

Pressure loading process is divided into ten steps. The calculation results are shown in Figure 10. 
The main parameters to be noticed are maximal equivalent Von Mises stress, maximal equivalent total 

strain and wall thinning rate. 
There is much difference between the inner layer and the outer layer of the shell in the numerical 

value of maximal equivalent Von Mises stress. Figure 10 shows that the maximum stress of the inner layer 
is higher than that of the outer layer. And the maximal equivalent Von Mises stress of inner layer is located 
at the T-welded joint while that of the outer layer is located at the polar zone near the welded joint. But the 
maximal equivalent Von Mises stress of the inner layer does not exceed the carrying capacity of material. 
There is little difference between the inner layer and the outer layer of shell in the numerical value of 
equivalent total strain and its level is low. 
 

  
a)                             b) 

Figure 10 The distributions of equivalent Von Mises stress of inner and outer layer 
a)- Equivalent Von Mises stress of inner layer; b)- Equivalent Von Mises stress of outer layer 

At the end of the loading process, the minimal thickness of the shell is 3.511mm, so the 
wall-thinning rate is 12.22%, which is located at the center of the poles.  

 
4.2 Offloading 

The offloading process is divided into five steps. The main parameters to be concerned are maximal 
equivalent plastic strain, residual stress and ovality of the spherical vessel after offloading. 
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a)                                 b) 

Figure 11 The distribution of equivalent Von Mises stress of inner and outer layer after 
offloading,  a) Inner layer; b) Outer layer  

Figure 11 shows the distribution of the inner layer and the outer layer’s equivalent stress after 
offloading. There is much difference between the inner layer and the outer layer of shell in the numerical 
values and the distributions of residual equivalent Von Mises stress. The maximal residual equivalent Von 
Mises stress of the inner layer is located at the welded joint near the equator, which is 292.5MPa. The 
maximal residual equivalent Von Mises stress of the outer layer is located at the middle of longitudinal 
welded joint, which is 438.8MPa. From the result it can be concluded that the maximal residual stress is 
compress stress and the residual tensile stress is below the yield stress of material. 

 

  
a)                                 b) 

Figure 12 Distribution of equivalent plastic strain of inner and outer layer after offloading 
a) Equivalent plastic strain of inner layer; b) Equivalent plastic strain of outer layer 
There are much difference between the inner layer and the outer layer of shell in the numerical value 

and the distribution of equivalent plastic strain. Figure 12 shows that the maximal strain is located in the 
polar zone near welded joint and the level of strain is higher in the polar zone. The minimal strain is located 
in the welding joint. 

The minimal thickness of shell after offloading is 3.52mm, so the wall thinning rate is 11.97%. 
The whole deformation process of the FEM model is restored. The final ovality of the spherical 

vessel is 2.35%. The ovality of the polyhedron in other increment steps are calculated, 2.3% in the tenth 
increment step, 2.17% in the ninth increment step, and 2.65% in the eighth 8 increment step. It show that 
the ovality does not always decrease as the load increases. In practice the requirements for ovality is less 
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than 0.7%, so the number of cylindrical shell plates has to be increased in order to obtain a smaller ovality. 
As a result, the wall thinning rate will decrease. 

5. Conclusions 

It can be concluded from the analysis above: 
1) During the process of loading, the maximal equivalent Von Mises stress is located at the welded 

joint of inner layer and it is below the yield strength of material while the maximal equivalent 
total strain is below the prolongation rate of material. So that the safety requirement is satisfied.  

2) The final maximal well thinning rate is 11.97% and the ovality is 2.35%. The requirement of the 
pressure vessel codes for ovality is not satisfied. So the number of cylindrical shell plates should 
be increased. 

3) The T-welded joint and the polar zone part near the welded joint are critical zone, and should be 
observed carefully.  
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