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ABSTRACT: This study aimed to analyze the nonlinear buckling of ring-stiffened circular cylinders under uniform external pressure, e.g.
hydrostatic pressure, considering material nonlinearity and initial imperfection. In the present study, we analyzed the collapse pressure of pressure
vessels using ANSYS Workbench, which is a framework of finite element methods. First, linear buckling analysis is performed to find collapse
modes of the model. Second, scaling the first mode shape with small factor, geometric model is pre-deformed. And then, by analyzing the nonlinear
buckling of the pre-deformed shape, the collapse pressure is estimated. To verify the validity of the analyses, we compared the results with Ross’
experimental results. Finally, we applied it to ring-stiffened circular cylindrical shell of the pressure hull of a small submarine.
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Fig. 4 Geometrical details of Ross’ circular cylinders

Table 1 Geometrical details of Ross’ circular cylinders

Cylinder L; (mm) L (mm) L, (mm) br (mm) by (mm) d (mm) N
1 8890 11430 676.28 8.26 8.26 1575 5
2 9525 9525 61659 1016 8.26 1575 5
3 63.50 5715  400.69 10.16 8.26 1575 5
4 4064 5080 50595 203 2.03 203 9
5 4064 5080 50595 203 2.03 305 9
6 4064 5080 50595 @ 203 2.03 406 9

ez HdY B2 54 81

A

Table 2 Material data of HE9-WP aluminium alloy

Isotropic elasticity Bilinear isotropic

. hardening
Material - -
Young’s  Poisson’s Yield Tangent
modulus ratio” strength  modulus
HE9-WP 71 GPa 0.32 155.82 MPa 0

? Poisson’s ratio is assumed.
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Table 3 Mesh convergence test of simply supported single bay

model
Mesh statistics  Eigen buckling Nonhr}ear
Solution Mesh buckling
number  size” Pressure Change Pressure Change
Nodes Elements o o
MPa) (%) (MPa) (%)
1 L/6 308 264 351 2162
2 L/8 506 448 3.24 8.3 2.138 11
3 L/10 792 720 3.09 49 2120 0.8
4 L/12 1144 1,056 3.02 23 2112 04

* L is unsupported length of shell between stiffeners.
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Fig. 5 Convergence history: eigen buckling (left) and nonlinear
buckling (right; out-of-roundness is 0.076mm)
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Table 4 Buckling pressures of single bay model

Eigen buckling pressure Nonlinear buckling pressure

Ross a (MPa) (MPa)
model . Clamped/ simply . Clamped/ simply
Fixed fixed supported Fixed fixed supported
1 1143034309 3298) 3.0208) 213(9) 21608) 211(8)
2 9525 431(9) 4.0509) 36109 22609) 22409) 216(9)
3 63.50865(11) 7.63(11) 5.70(10) 2.69(11) 2.58(11) 2.28(10)

* L is unsupported length of shell between stiffeners.
® The numbers in parentheses represent the number of lobes (n).
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Fig. 6 Buckling pressures of single bay model: Eigen buckling
(left) and nonlinear buckling (right; out-of-roundness is
0.076mm)
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Table 5 Comparison of buckling pressures

Cylinder Experimental Finite element solution (MPa)
number (MPa) Single bay model Full model
1 2.31(8)° 2.16(8) 2.02(8)

2 2.41(9) 2.24(9) 2.17(9)

3 2.77(12) 2.58(11) 2.53(10)

4 0.827(4) 0.762(5)

5 1.020(4) 0.879(5)

6 1.296(4) 1.065(4)

* The numbers in parentheses represent the number of lobes ().
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Fig. 7 Comparison of buckling pressures: Asymmetric buckling
(left) and overall buckling (right)
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Fig. 8 Maximum deformation shape of cylinder model no. 1 (left
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Fig. 9 Geometrical details of the ring-stiffened circular cylinder
of a submarine pressure hull

Table 6 Geometrical details of submarine pressure hull
R (mm)L (mm) L (mm)h (mm)b (mm)w (mm)d (mm){ (mm) N
2,200 4,400 440 185 12 120 18 18 9

Table 7 Material data of HY-100 high tensile steel

Isotropic elasticity  Bilinear isotropic hardening

Material  Young’s  Poisson’s Yield Tangent
modulus ratio strength modulus
HY-100 205 GPa 0.28 689 MPa 0
Table 8 Mesh model of the pressure hull
Element type Mesh type Mesh size® Nodes Elements
Shell181  Uniform quad L/5 18,240 15,200

* L is unsupported length of shell between stiffeners.
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Table 9 Results of nonlinear buckling analyses
Out-of-roundness

Buckling pressure(MPa)

0.001R" 5.73
0.002R 5.27
0.003R 5.01
0.004R 485
0.005R 475

* R is mean radius of pressure hull. 2,200mm
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5.4
5.2
5.0

4.8

Nonlinear buckling pressure (MPa)

4.6 ]
1 2 3 4 5 6 7 8 9 100 11 12
Out-of-roundness (mm)

Fig. 10 Maximum deformation of cylinder no. 1 (left) and cylin
der no. 6 (right)
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Fig. 11 Von Mises stress (left) and radial deformation (right) of
0.005R out-of-roundness model of the pressure hull

(o) o~

A 9H49] 01% ~ 05% Atol=

ERIEE BIEIDI SRS
o e A HE AAE A

R EER LT
mol 05%2) ALEE §ekow 47 SHlo] e E 2

#olH, B8 02% o5 A, a4 Z3}= Table 991
AEstaRen Fig 100] 2g8=2 Jepldch Je=e] AR
gl H=F FHo] A e AS & 5 Utk AL}
0.005RQ1 2 H 9] von Mises stress?} WAME] W& 7S Fig. 11
o o] yepdth Aaks v B ZhErE 0.005RY E-F-ol
= AEE 5(2012)°] 7 A 4E 4.8MPa o] 57}
dojdtt. gt AF W e FE gtEo] 564MPac|EE,
A LAE ARtelEEtE, A5 & ool v FH=o]
A 7540 g Ae=E HRlth

=]

¢

52 &

£ ATelnE Jlseke MAgAe selse] A8ng
g 2xol U@ N0Y H2 AN Sk 71z
Ane Fustel AAF A9 279 F L] T4 =



84 ouol-.ﬂ_/':og./\/ﬂ

AR5 o8 WY Y HAY T
o H8s) Hok olZRE thee) FEL A% & Ak

(1) S)ge] Hl)H Hzo) Wlsl AA AL Tha B ORE
wolng A #2o o 2 48 H8F Bast Yok
2) A Wt 22 o] Jolrk ANDE AW PET ¥
Aol ke AAle] ARl BRA we] B & Ak

A

o]

nr a8

7|

o

o] =E-2

TE A

B AR SEATEIR) Slatel @

alle

i

A7 9%
o HFwe] B 4P ¥ o] A7, SAS: FSAL

S| SRR BIEERAE)
W3 AEA A7, dREAsE =R, A7, AN, pp

ALE, A&7, Ar9, A9E, AR, 243}, HdSF (2012).
“2F A GEAAY FRAA, ST =ES,
499, A2, In Press.

HEX] &, o]FE (2001). “FEATEY OIS o] &3 YFRTY A%
o] HFHEAA(”, Sl Fsets|=], A154d, AL, pp
120-123.

HER| R, o]FE (2002). “FEAZES OIS o83 USET AT

9 %I’T:%“:fsﬂ**(n) ol F et A, A6, Als
36-40.
AL, F4 (199). “AE kg1 Wi

3| FFstE) =), A3, A4, pp 82-97.

B, @

¢

239, AsH (2000). “LERG A5 HFAE AFAT, o
21818 2000 % FASHEM S =23, pp 314-19.
23, A8, 78, 2T, 9338, S (2007). ‘T

l:l

b= Bk 95 HEn A8 A7, ez,
A214, A3, pp 52-57.

Bryan, G.H. (1888). “Application of the Energy Test to the
Collapse of a Long Thin Pipe under External Pressure”,
Proc. Camb. Phil. Soc. 6, pp 287-292.

Bryant, A.R. (1954). “Hydrostatic Pressure Buckling of a Ring-
stiffened Tube”, NCRE Report No 306.

Burcher, R. and Rydill, L]. (1995). Concepts in Submarine
Design, Cambridge University Press, Cambridge.

EDR MEDESO ANSYS-bloggen (posted April 13, 2010).
“ANSYS Tutorial: Non
http://www. edr.no/blogg/ansys_bloggen/ansys_tutorial
non_linear_buckling  (accessed  April 4,  2012).

Faulkner, D. (1983). “The Collapse Strength and Design of
Submarines”, RINA Symposium on Naval Submarine.

Kendrick, S. (1953). The Buckling under External Pressure of
Circular Cylindrical Shells with Evenly Spaced, Equal St
rength, Circular Ring-frames: Part III, NCRE Report No
R244.

Ross, CT.F. (2011). Pressure vessels: External pressure tech
nology, 2nd ed., Woodhead publishing, Philadelphia.
Von Mises, R. (1929). “Der Kritische Aussendruck fiir Allseits
Belastete Zylindrische Rohre”, Fest Zum 70 Geburstag von

Prof. Dr A. Stodola, pp 418-430.

Von Sanden, K. and Giinther, K. (1920). The Strength of
Cylindrical Shells, Stiffened by Frames and Bulkheads,
under Uniform External Pressure on All Sides, David
Taylor Model Basin Translation 38.

Windenburg, D.F. and Trilling, C. (1934). “Collapse by insta-
bility of thin cylindrical shells under external pressure”,
Trans. ASME 11, pp 819-825.

Linear Buckling”,

20129 3¢ 2¢ A3 He
2012 49 169 AA} 9=
2012 49 19¢ AA 24



