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1   

1.1  

╦⅜ ─ ה ⱪꜝfi♩⅔╟┘ ה ⱪꜝfi♩⌐│ 1970 ─

⌐ ↕╣√ ╩ ⌐ 30 ╩ ⅎ≡ ⇔≡™╢╙─⅜ ↄ ─

⌂ ≤ ⌂ ⅜ ≤⌂∫≡™╢ ↓─╟℮⌂ ⇔√ │

╠⅛─ ╩ ╗ ⅜ ↄ ⌐╟╢ ─ ⅔╟┘ ⅜ ─

≢№╢  

↕╣√ ⌐ ⇔≡ ╩ ™ ∕─ ⅛╠ ╙⇔ↄ│ ה

─ ╩ ℮ⱬכ☻≤⌂╢─⅜ FFS Fitness For Service≢№╢

≢│ ╩ ⌐↓─ ─ ⅜ ╪≢™╢⅜[1][2][3][4] ╦⅜ ≢│ ∞

↕╣≡⅔╠∏ ה ⌐⅔™≡ ⅜ ↕╣≡™╢ ≢№╢  

≢│ ─ ⅛╠ ⌐╟╢ ─ ⇔™ ─ ה ╩

℮↓≤ ╕√ ─ ⅛╠ⱪꜝfi♩─ ╩ ≤∆╢ ⌂ ה ─

╩ ℮↓≤⅜ ↕╣╢ ↓╣╠ ⅔╟┘ ╩ ⌐Ᵽꜝfi☻↕∑╢√╘⌐│

⌐ ∆╢ ─ ╩ ⌐ ∆╢↓≤ ∕⇔≡ ⌐ ≠⅝

⌂ ה ─ ╩ ℮↓≤⅜ ≤⌂╢  

 

 

1.2 ─  

─ ⌐│ ⌐ ─ ╩⅛↑╢↓≤≢ ╩ ∆╢

ASD Allowable Stress Design Method⅜ ™╠╣≡⅝√ │

─ ╩ ™╢↓≤⌐╟╡ ⌂ ⅜ ≢№╢ ╛

⌂≥─ ≤│ ⌐ ה ⌐ ╘╠╣╢ ╩ ™≡™╢√╘

⅛╠─ ⅜ ≢№╢ ∕↓≢ ≢│ ╛ ─┌╠≈⅝⅛╠

─ ╩ ∆╢↓≤─≢⅝╢ [5]╩ ™≡ ╩

⌐ ∆╢  

⌂⅔ ╩ ⌐ ∆ ≤⇔≡ ⅔╟┘ ὖ╩ ™╢  

│ ─ ─ ╛ ┼─ ⌂≥╩ ⇔≡ 

╘╠╣╢ φχψω ⅔╟┘ ὖ ╩ ™≡ ≢ ╦╣╢  
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      έὶ    ὖ ὖ  (1.1) 

 

 ╩ ™╢≤™℮ ≢ ≤ ─ ה ≤⇔≡ 

⅜№╢ │ ╩ √∆╟℮⌐ ╘ ↕╣√ 

03&0ÁÒÔÉÁÌ 3ÁÆÅÔÙ &ÁÃÔÏÒ╩ ™≡ ≈╕√│ ─ ⌐╟∫≡ 

⅔╟┘ ╩ ℮ ≢№╢ ⅜ √↕╣╣┌ ⌐  

╩ √∆↓≤≤⌂╢√╘ ≤│ ⌂╡ ⅜ ≢№╢  

PSF╩ ≤≤╙⌐ ⌐ ∆╣┌ ≤ ∂ ≢ ⅔╟┘

⅜ ⌂℮ⅎ ╙ ≢№╡ │ ╣√ ≢№╢  

∕─ ⅛╠ API-579/ASME FFS-1[3]╩│∂╘ ─ ┼─ ⅜

╪≢⅔╡[1][2][4][10] ╦⅜ ⌐⅔™≡╙ ⅜ ↕╣≡™╢[11]  

 

 

1.3 ─  

 ≢│ ─ ≤⇔≡ ⱪꜝfi♩≢ ™╠╣╢ ╩ ∆╢ ⱪ

ꜝfi♩≢ ™╠╣≡™╢ ─ ↄ│ ⌐╟╢ ╩ ⌐ ╩ ⇔≡

↕╣≡™╢ ↓╣╠─ ⌐ ⇔≡ ─ ≢ ╩∆╢ ⌐│ ≤

⌐ ╛ ╩ ∂╢↓≤⌐╟╢ ⌂ ╩ ⌐ ╩ ∫≡

≤ ─ ╩ ╢ ⅜№╢≤ ⅎ╠╣╢ ⇔√⅜∫≡ ≢│

≡⇔≥♪כ⸗ ⌐╟╢ ⌐ ∆╢  

 

 

1.4 ╩ⱪꜝfi♩⌐ ∆╢ ─  

─ │ ⅜ ╕╡╛∆ↄ ⅜ ⅝╛∆™ ⌐ ↄ ∆╢

⌐ ⅜ ⇔√ ─ ╩ Fig.1.1⌐ ∆ ≤│ ─

⅜ ⇔≡™╢ ≢№╡ ≢│ ╛ ⅜ ™⌐ ⌂╢ ─ ╩ ∆

⇔⅛⇔ ─ ─ ≢№╢ API-579/ASME FFS-1[3]≢│

⅛╠ ╣√ ⌐ ∂√ ─╖╩ ≤⇔≡⅔╡ Fig.1.2─╟℮⌐

⅛╠ ╕≢─ , ╩ ╘ , ⅜ ─ ─ ─ ≤⇔≡™╢

≈╕╡ ⌐│№╕╡ ∂⌂™ ╩ ⌐⇔≡™╢ ≤™℮ ⅜ ⇔≡⅔╡

⌐ ∂√ ⌐≈™≡ ∆╢ ╩ ∆╢ ⅜№╢≤ ⅎ╠╣╢  

 



8 
 

 

 

 

 

Fig.1.1. Example of local metal loss at structural  discontinuity  

 

 

 

 

Fig.1.2. Procedure to determine the distance to a major structural  discontinuity  [3]  
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1.5  

 ─ ⌐≈™≡│ ₁⌂ ⅜⌂↕╣≡™╢  

╠[12]│ FEM╩ ™≡ T ─ ≤ ─ ─ ╩ ↕∑√ ─

╛ ─ ⌐≈™≡ ═≡™╢ ↓─ ⌐⅔™≡ ╠│

⌂ ⌐ ⅛∆√╘─ ≤⇔≡ ≤™℮ ─ ╩ ⇔≡™╢

⇔⅛⇔ ⅜ ∂√ ─ ╛ ⌐≈™≡│ ∂╠╣≡™⌂™  

⇔√ ⌐≈™≡─ ≤⇔≡│ ╠[13]⅜ ─ ≤ ↕─ ≤

≤─ ⌐≈™≡ ═ ↕⌐╟∫≡ ⌐♪כ⸗ ™⅜№╢↓≤╩ ╠⅛⌐⇔≡™

╢ ⇔⅛⇔ ╩ ⌐ ∫≡⅔╡ ⅜ ∆╢ ─ ⌐≈™≡

│ ∂╠╣≡™⌂™  

╩ ∆╢ ≤⇔≡│ ╠[14]⅜ ⌐ ⅜ ∆╢ T

─ ╩ ⇔ ╩ ∆╢ ╩ ⇔≡™╢ ⇔⅛⇔ ─ ╩

⌐ ⇔≡™╢╦↑≢│⌂™  

 ≈╕╡ ⌐ ⅜ ∂√ ─ ╩ ⌐ ∆╢ │

∞ ↕╣≡™⌂™─⅜ ≢№╢  

 

 

1.6  

↓℮⇔√ ⅛╠ │ ⌐ ⅜ ∂√ ─ ╩

⌐ ∆╢↓≤╩ ≤∆╢ ⌐ ⌐ ⅜ ∂√ ─

╩ ═╢ ⌐ ∕─ ⅛╠ ─Ɽꜝⱷכ♃≤ ≤─ ╩ ∆╢

⌐ ╩ ⇔ ─ ╩ ℮  

 

 

1.7 ─  

 ─ ╩ ⌐ ∆  

 1 ≢│ ≤ ⌐≈™≡ ═╢  

 2 ≢│ ⌐ ⅜ ∂√ ─ ╩ FEM⌐╟╢◦Ⱶꜙ꜠כ◦

ꜛfi╩ ™≡ ╠⅛⌐∆╢  

 3 ≢│ 2 ≢ ╠╣√ ⅛╠ ─Ɽꜝⱷכ♃≤ ≤─ ╩
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⇔ ⌐ ≠ↄ ⌂ ╩ ℮  

 4 ≢│ ≢ ╠╣√ ⌐≈™≡ ⇔ ⅎ≡ ─ ⌐≈™≡ ═╢  
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2  ⌐ ⅜ ∂√ ─

 

2.1  

 ─ ╩ ℮ ⌐ ⇔√ ⅜ ╩ ↓∆ ∕─╙─╩ ∆

╢ ⅜№╢ ⌐ ⅜ ™ ≤ ⇔≡ ⅜≥─╟℮⌐ ╦∫≡ↄ

╢─⅛⌐ ∆╢  

╕√ ╩ ∆╢√╘⌐│ ─Ɽꜝⱷכ♃≤ ╩ ↑╢

⅜ ≤⌂╢ ─ Svensson─ [15]⌐╟∫≡∕╣╩ ↄ↓≤⅜≢⅝╢⅜

╩ ≈ ─ ⅜ ≢№╢√╘∕─╟℮⌂ │ ∞ ↕╣≡™

⌂™ ∕─√╘ ─Ɽꜝⱷכ♃╩ ↕∑ ∕╣⌐ ∂√ ╩ ╘╢↓≤≢

⌐ ╩ ∆╢ ↓─ ─ │ 4 ≢ ═╢  

 ─ ─ ╩ ═╢√╘⌐ ╩ ╡ ⇔ ℮↓≤│◖☻♩╛ ─

⅛╠ ≡╙ ≢│⌂™ ∕─√╘ ≢│ FEM ⌐╟╢◦Ⱶꜙ꜠כ

◦ꜛfi╩ ℮ ⌐ ⇔√╟℮⌂Ɽꜝⱷכ♃☻♃♦▫╩ ℮ Ɽꜝⱷכ♃╩ ⌐

⇔≡ ╩ ℮↓≤⅜ ⌂ FEM│ ⌂ ≤™ⅎ╢  

 

 

2.2  

2.2.1 ⸗♦ꜟ 

⸗♦ꜟ─ ─ ╩ Fig.2.1 Fig.2.2⌐ ∆ Fig.2.1│ ⌐ ⅜ ∆╢⸗

♦ꜟ Fig.2.2│ ⌐ ⅜ ∆╢⸗♦ꜟ≢№╢ ⸗♦ꜟ│ 90 ⌐ ╦╢ 2≈─

⅛╠ ╡ ∫≡™╢ ≤ │∕╣∙╣ ⌐ⱪꜝfi♩≢╟ↄ ™╠╣╢

8Bsch30≤ 4Bsch40─◘▬☼⌐∕∫≡ ⇔√ │ ⱪꜝfi♩≢─ ≤ ∕─

─ ☻♥fi꜠☻ ≢│ ╩ ∂⌂™≤™℮ ⅛╠ STPG370╩ ⇔√

⸗♦ꜟ─ ╩ Table 2.1⌐╕≤╘╢  
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Fig.2.1. Overall  view of model with FEM  

 

 

 

Fig.2.2. Overall  view of model with FEM  
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Table 2.1. Analytical conditions of a model with FEM  

 
8Bsch30 

( 216.3mm 7.0mm ↕ 1000mm) 

 
4Bsch40 

( 114.3mm 6.0mm ↕ 100mm) 

 STPG370 

  

♁ⱨ♩ ANSYS 13.0  

 3 20 2  

 [mm],[N],[s] 

 

 

 

2.2.2  

⌐ ⇔√ ⌐≈™≡ ═╢ ꜘfi◓ │ςȢρ ρπ-0Áⱳ▪♁fi │ 0.3

≤⇔√ ─ - └∏╖ │ [16]╩ ⌐⇔≡ Fig.2.3─╟℮⌐

╩ ∫√ ↕⌐ ⇔√ │ ⌐⌂╢≤ ⇔√ │ 265MPa

↕│ 540MPa≢№╢  

 │ Fig.2.4⌐ ∆╟℮⌐ 1/2⸗♦ꜟ╩ ⇔ ╩ ⅎ√ ╕√

⅛╠ ⌐ ╣√≤↓╤≢ X,Y ⌐ ╩ ⅎ√  

│ ─╖≤⇔√ ╩◘Ⱪ☻♥♇ⱪ ⌐ ⇔∏≈ ↕∑√  
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Fig.2.3. Stress-Strain curve for FEM  

 

 

 

Fig.2.4. Boundary conditions  
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 ☻כ◔ 2.2.3

 ⇔√ ⌐⅔™≡ ⌐ ╩ ╓∆ │ ∆╢√╘ ∕╣╠ ≡

⌐≈™≡ ⇔ ╩ ℮↓≤│ ⌐ ≡ ≢№╢ ╠[17]│ ─

─ ╩ ™ ─ ┼─ ─ ™╩ ═≡™╢ ∕─

↕─ ⅜ ╙ ⅝ↄ ⌐ ↕─ ⅜ ⅝™≤ ≠↑≡™╢ ╟∫

≡ ≢│ ↓─ 2≈─ ⌐ ⇔≡ ╩ ℮  

Fig.2.5 │ ─ ≢№╢ (a),(b)│ ⌐ ⅜ ∆╢⸗♦ꜟ (c),(d)│

⌐ ⅜ ∆╢⸗♦ꜟ≢№╢ ≢ ⅝╢ │ ⅜ ⇔ↄ ↕ ⌐

≢│⌂™ ⸗♦ꜟ ╩ ⌐∆╢√╘ ⌐ ⌐╦√∫≡ ∆╢

╩ ⇔√ ↓╣│ ⌐╦√╢ ─ ⅜ ─ ⌐⌂╢⅛╠≢№╢

─ ≤ ─ ⌐≈™≡│↓↓≢│ ⇔ ⌐ ╩ ∆ ≤ ─

│ C6─♥כⱤ ─ ≢⸗♦ꜟ ⇔√ ╩ ─☻כ◔√∫ ─ ⌂

⌐≈™≡│ Table 2.2⌐╕≤╘√  
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(a)  

 

(b)  

 

(c)  

 

(d)  

Fig.2.5. Finite element meshes around the intersections  

 

 

 

Table 2.2. Parameters of the Model  

 width[mm] depth[mm] 

Metal loss of the main pipe 10, 20, 30, 40 1.0, 1.5, 2.5, 3.5, 4.5, 5.5 

Metal loss of the branch pipe 10, 20, 30, 40 1.0, 2.0, 3.0, 4.0 

 

  

1

                                                                                

AUG 20 2012
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ELEMENTS



17 
 

 

 

2.3 ◒ꜝ▬♥ꜞ○fi 

2.3.1 ◒ꜝ▬♥ꜞ○fi╩ ∆╢  

 ⌐⅛↑╢ ╩ ↕∑≡™ↄ≤ ⅜ ⇔≡™⅝ №╢ ─└∏╖⅜

╩ ⅎ≡ ⌐ ╢ ≈╕╡ │ ╩ ℮ ⅜ ™ ≤

™ⅎ╢ ⌐ ⅜ ⅝╢ │ ─ ⌂ ⅜ ∂╢√╘ ⌐ ∆╢

↓≤⅜ ⇔™ ∕─√╘ FEM ≢ ╩◦Ⱶꜙ꜠כ◦ꜛfi∆╢ ─

≤ ⌂∆ ╠⅛─◒ꜝ▬♥ꜞ○fi╩ ↑╢ ⅜№╢  

 

 

2.3.2 ≢ ™╢◒ꜝ▬♥ꜞ○fi 

 ≢│ ╩ ⅎ╢√╘ ⸗♦ꜟ─ ≡─ ─ ⌐ ⇔≡ ╩ ∫√

⌂♄♇◦ꜙⱳ♇♩ ╩ ∆╢ ↓─♄♇◦ꜙⱳ♇♩ │ 2≈─ ⅛╠⌂╡

≈│⸗♦ꜟ─ ≢ ╙℮ ≈─ │◓ꜝfi♪⌐ ↕╣≡™╢ ◘Ⱪ☻♥♇ⱪ≢─

╩ ≢ ╢↓≤≢ ↓╣╠ 2 ≈─ ⌐╟╢ ╩ ∆╢↓≤

⅜≢⅝╢ ↓─ │⸗♦ꜟ─ ─ ⌐ ⇔™ ∕─√╘ ⌐ ∆╢

╩⸗♦ꜟ⌐ ⅎ╢↓≤≢ ⌂ ╩ ⅞ ╩ ∆╢↓≤⅜≢⅝╢  

 ♄♇◦ꜙⱳ♇♩ ≢ ∂√ ⌐ ╩ ↑╢↓≤≢ ♄♇◦ꜙⱳ♇♩ ≢ ∂√

◄Ⱡꜟ◑כ╩ ╘╢↓≤⅜≢⅝╢ ↓╣╩ ◄Ⱡꜟ◑כ≤ ┬ ◄Ⱡꜟ◑

─כ ⅝↕│⸗♦ꜟ─ ⅝↕⌐ ∆╢√╘ ⸗♦ꜟ─ ≡⌐ ∂≡™╢└∏╖◄Ⱡ

─כ◑ꜟ ≢ ╢↓≤≢ ╩ ℮ ⇔√ ↓╣╩ ◄Ⱡꜟ◑כ

≤ ┬ │ ⸗♦ꜟ⅜ ⇔≡™╢ │ ─ ↕⌂ ╩≤╢⅜ ⸗♦ꜟ⅜ ⌐⌂╢

≤♄♇◦ꜙⱳ♇♩ ⌐ ⅝⌂ ⅜⅛⅛╡ ⌐ ⅜ ∆╢ ╟∫≡ ◄

Ⱡꜟ◑כ⅜ ╩ ╘√ ╩ ≤ ⌂∆ ≢│ ◄Ⱡꜟ◑כ─

≤ ─ ⅜ ⌐ ⌐⌂∫√ ─ ╩ ≤∆╢  
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2.4 Ᵽכ☻♩ ⌐╟╢◒ꜝ▬♥ꜞ○fi─  

≢ ═√◒ꜝ▬♥ꜞ○fi─ ╩ ∆╢√╘⌐ ─Ᵽכ☻♩ ╩ ™

FEM─ ≤ ╩ ⇔√  

 

2.4.1  

 Fig.2.6⌐ ─ ╩ ∆ ≢ ™√ │ 165.2mm 7.1mm─

STPG370≢№╢ ⌐│ ⌐ 290mm ⌐ 270mm─

⌐ ⅜ ∂≡™√ Table 2.3⌐ ─ ╩ ∆ │ 27 ─

◄♅꜠fi●☻ ≢№╢  

 ╩ ⇔ ⱳfiⱪ╩ ™≡ ⌐ ╩ ⇔√ ╩ ⇔∏≈ ↕

∑ ⅜ ⇔√ ≢ ╩ ⇔√  

 

 

Fig.2.6. Appearance of  specimen 

 

 

Table 2.3. Track of pipe usage  

Design 
Pressure[MPa] 4.2 

Temperature[ϴ] 65 

Normal 
Pressure[MPa] 3.7 

Temperature[ϴ] 21 

Period of service [year] 27 

 



19 
 

 

 

2.4.2  

Fig.2.7⌐ ⌐╟∫≡ ⇔√ ─ ╩ ∆ ⅜ 27.0MPa⌐ ⇔√ ⌐ ⅜

™ ⅛╠ ⇔√  

 

 

 

Fig.2.7. Appearance of burst pipe  

 

 

2.4.3 FEM  

 FEM ⸗♦ꜟ╩ ∆╢√╘⌐ ╩ ∆╢ ⌐ ─ ╩ ∫√

╩ ⌐ ╩ ™≡ ⌐│ ╩ ⇔≡1ɛm ≢ ⇔

⌐│ ⅜ 5mm≤⌂╢╟℮⌐ ╩ ↕∑≡ ╩ ∫√ │

╩ ℮ 300mm ≢№╢  

 FEM ╩ Table 2.4⌐╕≤╘╢ ⇔√ │ 2.2.2 ≤ ∂≢№╢ ⸗♦

ꜟ│♁ꜞ♇♪ ╩ ™≡ ╩ ⌂∫≡⅔╡ │ ⅛╠ 5mm─

⌐ ∆╢ ─ ╩ ⇔≡ ⇔√ ⸗♦ꜟ─ ≤ ╩

Fig.2.8⌐ ∆  

 ╩ Fig.2.9⌐ ∆ Z ⅜ ─ ↕─ ≢№╢ ─℮∟ ⌐№╢

≡╩ Z ⇔ ─ ─ ╩ ⌐ X,Y ⇔√  

│ ─╖≤⇔√ ╩◘Ⱪ☻♥♇ⱪ ⌐ ⇔∏≈ ↕∑√  
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Table 2.4. Analytical conditions of a model with FEM  

♁ⱨ♩ ANSYS 13.0  

 3 20 2  

 [mm],[N],[s] 

 

 

 

  

(a) Overall view (b) Metal loss part 

Fig.2.8. Appearance of model with FEM  

 

 

 

 

Fig.2.9. Constraint condition  

 

  

1

X

Y

Z

                                                                                

JAN 26 2013

14:21:41

ELEMENTS

1

X

Y

Z

                                                                                

JAN 26 2013

14:20:32

ELEMENTS



21 
 

 

 

2.4.4 ─  

 Fig.2.10⌐ ≤ ◄Ⱡꜟ◑כ─ ╩ ∆ ⅜ 22.0MPa⌐ ⇔√ ⌐

◄Ⱡꜟ◑כ─ ≤ ─ ⅜ ⌐ ⌐⌂∫√ ─ │

⅜ ™ ≢№╡ ╕√ ─ ⌐╙ ⇔™√╘ ◦Ⱶꜙ꜠כ◦ꜛfi≢ ≤ ⌐

∆╢ ╩ ∆↓≤│ ⇔™ ╠[19]│ Ᵽכ☻♩ ─ ≤ FEM ─

≤─ ╩ ─ ⌐ ⇔≡ ⇔≡⅔╡ ─ │ ςπϷ ≤ ≠↑≡™╢  

≢─ 27.0MPa≤ FEM≢─ 22.0MPa─ │∕─ ≢№╡ 2.3

≢ ⇔√◒ꜝ▬♥ꜞ○fi⌐╟∫≡ ╩ ⌐ ≢⅝≡™╢≤ ⅎ╠╣╢  

 

 

 

 

Fig.2.10. aaaaa 
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2.5  

 ≤⇔≡ 30mm ↕ 3.5mm─⸗♦ꜟ⌐≈™≡ ∆ Fig.2.11

⌐ ≤ ◄Ⱡꜟ◑כ─ ╩ ∆ ⅜ 21.2MPa╩ ⅎ√№√╡⅛╠

◄Ⱡꜟ◑כ⅜ ⌐ ⇔≡™╢ Fig.2.12⌐ ≤ ─ ─ ╩ ∆ ─

⌐ ™ ⅜ ⇔≡™ↄ ╩ ∆╢↓≤⅜≢⅝╢ Fig.2.13⌐ ⌐⅔↑╢

─ Mises ─ ─ ╩ ∆ (a)╕∏ ⅜ ⇔ (b) ™≡

⅜ ⇔≡™╢ (c)↕╠⌐ ╩ ↕∑╢≤ ⌐⅛⅛╢ ⅜ ↕⌐

⇔ (d)∕─ ⅜ ⅝╢ ⅜ ⅝╢ ≢│ ─ ⌐⅛⅛╢

⅜ ↕⌐ ⇔≡™╢ ╕√ ─ ⌐ ∫≡ ⅜ ⇔≡™╢  

 

 

 

 

Fig.2.11. Relation between normalized 

stabilization energy and internal pressure  

 

Fig.2.12. Relation between outer diameter  

and internal pressure  

 

 


























































































