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∆╢  

  
Fig.1-1 Relationship between ship construction cost and resistance/propulsion performance as operating cost 

when ship length is a parameter. 
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Fig.1-2 Relationship between construction cost and operating cost when actual sea performance is taken into 

account. 
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Fig.1-3 A calculation example between ship length and the Carrying Cost Factor (CCF) 3). 
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Fig.1-4 Nominal speed loss of container ship in a seaway according to the engine characteristics. 
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∆╣┌∕─ ╩ ≤⇔√ ≤⌂╢ ≢│ ה╡⌡℮ ─

╩ ⇔√ů─ ─ ╩ ═ ∕─ ⌂ ╩ ∆ ╕√ ⌐

╦╢ ⌐ ⇔≡│ ∆╢ ⅜ ≤⌂╢─≢ ─

╩ ╘╢ ╩ ∆╢ ∕─ ⌐⅔™≡1/n ╩ ╘╢√╘─ Ŭ⅜

≢№╢⅜ ∕╣│ ☻Ɑ◒♩ꜝⱶ─Ᵽfi♪ Ɽꜝⱷכ♃Ů⌐ ∆╢√╘ ─ ☻Ɑ

◒♩ꜝⱶ─Ů⌐ ⇔≡ ╩ ℮ ↕╠⌐ ⌐⅔↑╢ů─ │ ☻Ɑ◒♩ꜝⱶ⅔╟

┘ ─ ⌐⅔↑╢Ⱨכ◒─ ⌐ ⅝ↄ ╩ ↑╢↓≤╩ ∆  

5 ≢│ ─ ⌐ ⅜≥─╟℮⌐ ∆╢⅛╩ ═╢≤≤╙⌐

╩ ╘√ ─ ⌂ ╩ ∆ ─√╘⌐│ ⌐⅔™≡ ⌐

∆╢ ה ╩ ∆ ⅜ ≢ ∕╣│

≤⇔≡ ₁ ה ↕╣≡™╢ ≢│ ⌂ ─∕╣∙╣─ ╩

═ ∑≡ ⌐∕╣╠╩ ∆╢ ─ ╩ ∆ ↕╠⌐ ⅜ ⇔√

─ ┼─ ⌐≈™≡ ╩ ™ ⌐♃כ♦ ⅜ ⇔√ ─ ╩

∆╢ ⌐≈™≡ ∆╢ ─ ⌐ ∆╢ ╩ ╕ⅎ≡ ⌐≡

⇔√ ╩ ⇔√ ≤ ─ ╩ ⇔⌂⅜╠ ⇔√ ⌐≡≥─╟℮

⌂ ⅜ ╠╣╢⅛╩ ⌐ ≠⅝ ⌐∆╢ ⌐ ╩ ™≡

─ ╩ ⇔√ ╩ ∆ ╩ ∆╢≤ ⅜ ∂╢⅜ ∕╣⌐ ™

⅜ ∆╢ ─ │ ⌐ ⅝ↄ ╩ ╓∆─≢ ─ ⌐

╩ ╖ ╗ ⅜№╢ ≢│ ╩ ⇔√ ─ ⌐≈™≡ ═≡
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╩ ∆  

6 ≢│ ⌐⅔™≡ ⅜ ⌐ ╓∆ ⌐≈™≡ ═╢

─ ⌐│ ⌐╟╢ ⅜ ≢№╢ ⇔⅛⇔

│ ⌐ ═≡ ╛ ─ ⅜ ⇔ↄ ℮╟℮⌂ ⅜ ╠╣

⌂™ ─ ⌐a ≥─ ─ ╩ ╣┌ ™⅛ ≤e™℮↓≤╩ ∆╢

↓≤│ ─ ╩ ↕∑╢ ╩♃כ♦ ╢√╘⌐ ⌂↓≤≢№╢⅜ ╩ ╕ⅎ

≡≢│№╢╙──₈ ⌂ ≢ ⌐ ╘≡™╢₉─⅜ ≢№╢ ≢│

◦Ⱶꜙ꜠כ◦ꜛfi⌐╟∫≡ ╛ ─ ⅜ ⌐╟∫≡ ⇔≡™ↄ ╩

∆╢ ◦Ⱶꜙ꜠כ◦ꜛfi≢ √ ─ ╩ ™≡ ≤ ─ ╩ ⌐

∆╢ ╩ ═╢ │ ≤ ☻Ɑ◒♩ꜝⱶ╩ ┘≈↑╢ ⌂

≢ ↓╣╩ ™╣┌ ≤ ─ ⅜◦Ⱶꜙ꜠כ◦ꜛfi╩ ╦⌂ↄ≡╙ ⌐

⅜ ⌂↓≤╩ ∆ ╕√ ─ ≤ ─ ╩ ⌐⇔ ─ ╩

∆╢ ≢ ─ ─ ⅜ ≢№╢↓≤╩ ∆  

7 │ ─ ≢№╢  

1│ 2 ≢ ⇔√(2-2)╩ ™√ ◦Ⱶꜙ꜠כ◦ꜛfi─ ⌐≈™≡ ═╢  

2│ 3 ⌐⅔™≡ ═√ⱪ꜡Ɑꜝ ─ ─ ≤ ╩╕≤╘

╢  

3│ 3 ≢ ⌐⅔↑╢ⱪ꜡Ɑꜝ ─ ╩ ∆╢⌐│ ⱪ꜡Ɑꜝ ⌐⅔↑

╢ ─ ⅜♃כ♦ ≢ ∕─ ♃כ♦ ─ ≤ ╩╕≤╘

╢  

4│ 4 ≢ ═√ ≈─ ☻Ɑ◒♩ꜝⱶ⅜ ⌂╡ ∫√ ─ ☻Ɑ◒♩ꜝⱶ─

⌐≈™≡ ☻Ɑ◒♩ꜝⱶ─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮↓≤≢ ∕─ ─ ╩ ∆╢  

5│ 4 ≢ ⇔√ ☻Ɑ◒♩ꜝⱶὛ ─‫ ─ ─ ╩

═╢  

6│ 5 ≢ ™√ ™≈⌐Global Seaway Statistics (GSS)─∟℮─♃כ♦

≡─ ╩ ═╢  

7│ 5 ≢ ⇔√Walden♦כ♃ ⌐№╢ ─ ⅜

─ ⌐ ╓∆ ╩ ∆╢√╘⌐ IACS⅜ ⇔≡™╢ ╩♃כ♦ ™≡

∫√ ≤─ ╩ ∆  

8│ ☻Ɑ◒♩ꜝⱶ─ ─ ╩ ╘╢√╘⌐ ⌂ ─ ─

─ ╩ ═╢  

9│ ☻Ɑ◒♩ꜝⱶ─ ─ ╩ ∆╢√╘⌐ ⌂₈●►☻ ─ⱨ

◄ꜞכ │●►☻ ≤⌂╢ ₉↓≤╩ ═╢  

10│ ╩ ™≡ ⌐⅔↑╢ ╩ ∆╢ ⌐≈™≡ ═╢  
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 ╩ ⇔√  

≤│ ─ ה ⌐ ה ╩ ⅎ√ ╩ ∆╢ ─

─ ≤ ≢⅝╢ ∆⌂╦∟ │ ⌂ ≢ ─ ⌐≡ ╕≢

≢⅝╢ ╩ ⇔ ⅛≈ ה ⌐ ⅎ≡ ⌐ ⇔⌂⅜╠ ─ ⌐ ⇔≡│

⌂ ⅜≢⅝╢ ╩ ∆╢√╘⌐ ⌂ ≢№╢  

─ ≈─ │ ה ─ ⌐⅔↑╢ ─ ⅔╟┘

⌐⅔™≡ ∂╢ ╛ⱪ꜡Ɑꜝ ─ ╩ ⇔√ ─ ≢№╢ ↓╣│ ─

fi☺כⱴכ◦ ─ ⌐ ⌂ ≢№╢ ╕√ ↓─ ─ ה

─ ⌐ ⅎ≡ ⌐⅔™≡ ∂╢ ─ ⅜ ⌐ ╓∆ ╩ ∆╢

√╘─ ╩ ∆╢↓≤⅜ ─╙℮ ≈─ ≢№╢ ↓╣│ ⌐ ∆╢

⅛╠ ╩ ∫≡ ╩ ∆╢≤™℮ ⅛╠ ≢№╢ ↕╠⌐ │ ⌐

∆╢ ₁─ ⌂ ⌐ ⇔≡ ⌂ ╩ ™⌂⅜╠╙ ⇔√ ╩ ⇔

⌂↑╣┌⌂╠⌂™  

│ ─ ⅝─ ↕╩ ∆ ≤ ─ ╩ ∆

╢√╘─ ≤™℮ ─ ⌐ ∆╢ ⌂ ⌐ ∆╢ ╕√ ⌐≡

╩ ∆╢↓≤╩ ⇔≡ ╩ ↄ≤ ╛ ─ ⌐ ⇔√ ה ⅜

≢⅝╢ ↓℮⇔≡ √ ⌐╟∫≡ ╕╢ ה ─ │ ⌐

╩ ╓∆ ─ ה ⌐ ⌐ ╦╢ ≤ ╩ ⅎ√

╩ ≤ ∆╢  

⅛╠─ ─ ─ ╣│ ᵑ ╩ ™√ ⌐≡ ⇔√

≤ ⌐ ≠⅝ ⌐╟∫≡ ⌐ ∆╢ ─ ╩

℮ ᵒ ⇔√ ⌐ ─ ⌐ ╩fi☺כⱴכ◦╢∆ ⌐ ≠™≡

∆╢ ↓≤≢ ⌐≡ ∆╢√╘⌐ ⌂ ≤ ∆ ╩

╘╢ ≤™℮╙─≢№╢ ⌂⅔ ≢│ ⸗♬♃ꜞfi◓♦כ♃ ─ ╙№╡ ─

⌐ ⅎ≡ ─⸗♬♃ꜞfi◓♦כ♃ ⌐≡ √ ╙ ╕ⅎ≡◦כⱴכ☺fi⅜

↕╣╢╕≢⌐│⌂∫≡™╢ ↓─╟℮⌐⇔≡ ╘√ ⌐ ⅜⌂™ ☻◔

─ꜟכꜙ☺ ╛ ⌐ ╩ ∆ ╕√ ⌐ ╩ ⅎ∆⅞√ ≢│

│ ⌐ ≢⅝╢⅜ ⅝⌂ ╩ ⇔⌂↑╣┌⌂╠∏ ⅜ ↄ⌂╢∞↑≢⌂ↄ

╖ ☻Ɑכ☻⅜ ↕╣ ╕√ ⅜ ™≤™℮ ─ ⅜ ⅝™ ↕╠⌐ EEDI⌐╟╢

┼─ ─√╘⌐ ⅜ ╟╡╙ ↕ↄ⌂╢ ⌐№╡ ⌐╠↕⅜fi☺כⱴכ◦

╩ ∆ ╟∫≡ ╩fi☺כⱴכ◦⌂ ╢√╘⌐│ ⌂ ↑─№╢ ─ כ◦™

ⱴכ☺fi ╩ ─ ─ ╣⌐ ╖ ╗↓≤⅜ ╕╣╢  

╩ ⇔≡ ↕╣√ ≤⇔≡ ╩ ∆╢ ─
6)╛ ╩ ╘√ 7),8)⅔╟┘ ╩ ∆╢ 9)─ ⌂≥⅜№╢

∕╣╠─™ↄ≈⅛│ ⌐≡ ↕╣ ─ ╣≢ ↕╣√ ⌐ ═≡
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⅜ ≢⅝√↓≤⅜ ↕╣≡™╢ ∕─╟℮⌂ ⌐╟∫≡ ⅛╠

╩ ⇔≡ ∆╢↓≤⅜ ─ ⌐≤∫≡ ≢№╢↓≤⅜ ↕╣√ ↓─

─ ╣╩ ⌂ ≤⇔≡ ⇔≡™⅛⌡┌⌂╠⌂™ │ ╩

─ ⌐ ∆╢√╘ ─ ⌐ ∆╢ ─ ╩ ™ ⇔ ⇔

√ ⌐ ⇔≡ ₁─ ⅛╠ ⅔╟┘ ╩ ⅎ╢ ↕╠⌐ ╛ ⌐╟∫≡ √ ╩

╕ⅎ≡ ─ ╩ ╘√ ─ ╩ ∆  

 

2.1 ⌐≈™≡ 

2.1.1 ─  

 ─ ╩ ∆╢≤ ⌐⅔↑╢ ─ ≤ ╩ ⌐

⇔√ ⌐⅔↑╢ ─ ─ ⌐ ↑╠╣╢ │ ≢№╡ │

≢№╢ │ 30 ↕╣╢ ⌐⅔↑╢ ─ ╛ ─

╩ ∆╢ ≢№╢ ↓─ ≢│ 4 ⌐≡ ∆╢⅜ ╩ ∆╢ ☻Ɑ◒♩ꜝⱶ≤

╩ ™≡ ─ ╩ ╘╢ ↓─ ⌐╟∫≡ ⌐

⅔↑╢ ─ ⌂≥╩ ∆╢ ≢│ ≢ ╠╣√ ─

≤ ╩ ™≡ ⇔√ ─ ⌐╟∫≡ ─

⌐⅔™≡↔ↄ╦∏⅛⌂ ⇔⅛ ⇔⌂™╟℮⌂ ─ ╩ ∆╢ ⌂⅔

│ ≤⇔≡ ↄ─ ⅛╠ ↕╣≡™╢  

─ ─℮∟─ 6 ─ ╛∕╣⌐ ⇔≡ ∂╢ ╛

│ ─ ╩ ∆╢ ⌂ ≢№╢ ↕╠⌐ ⌐╟∫≡ ∂╢☻ꜝⱵ

fi◓╛ ∟ ╖─╟℮⌂ ╩ ℮ │∕─ ⅜ ─ ⌐⌂╢┌⅛╡≢

⌂ↄ ─ ≤⇔≡ ™⌐ ↕╣╢═⅝ ≢№╢ ╕√ ⱪ꜡Ɑꜝ꜠כ◦fi◓│ⱪ

꜡Ɑꜝ─ ─ ⅜ ─ ─ ≤⌂╡ ↕╠⌐ⱪ꜡Ɑꜝ꜠כ◦fi◓│ ⅜

∆╢ ─ ≈≢╙№╢ ∆⌂╦∟ ↓╣╠│ ─ ⌐ ⅝ↄ ╩ ╓∆ ≢№╡

∕─ ─ │ ─ ─ ⌐ ⅝ↄ ≢⅝╢  

⌐╟∫≡ ↕╣╢ │♩ⱷfiכ⸗ה ─ ≢№╡ ─

ה ⌐╙≥≥♃כ♦ ⅔╟┘ ⌐ ⌂ ≢№╢ ↓─

╛ │ ⌐ ⇔≡⅔╡ ∕╣╠│ ◖☻♩╩ ∆╢√╘⌐ ↕╣╢

≢№╢ ─ ╩ ∂╢√╘⌐│ ה ה

─ ─ ⅜ ╕╣╢ ⌐ ⇔≡│ ₁─ ⅜ ↕╣≡⅔╡ ∕╣∙╣

⅜№╡ ↕╣√ ╩♃כ♦ ∫≡ ╩ ╘╢↓≤⅜ ≢№╢ ∕╣╠

─ ─√╘⌐│ ─ ה ╩ ⌐∆╢↓≤≢ ⌐ ∆╢ ╩

⇔≡ ≈ ≈ ⇔≡™⅛⌂↑╣┌⌂╠⌂™  

↓℮⇔≡ │ ≢─ ─ ─√╘┌⅛╡≢│⌂ↄ

─ ≤⌂╡ ↓╣╠─ ╩ ⇔≡ ╕∫√ ⅜ ≢│ ─

╩ ≤⇔≡™╢EEDIweather─ 4),5)1.1─(1-2)⌐╙ ╖ ╕╣≡™╢  
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╩ ℮√╘⌐│ ה ה ⅝ ╩ ∆╢ ⅜№╡ ≢│

☻Ɑ◒♩ꜝⱶה ⅜ ™╠╣╢ ∕─╟℮⌐ ⇔√ ⅜ ─ ╩

⌐ ⇔≡™╢≤™℮ ⅜ ─ ╩ ℮ ≢│℮⌡╡ ≤ ─

⅜ ⇔≡™╢√╘ ∕╣╠╩ ⌂ ⌐≡ ⇔⌂↑╣┌⌂╠⌂™⅜ │

╩ ⌐ ⇔≡ ⇔≡™╢⌐ ⅞⌂™ ╟∫≡ ∕─ ─ ─ ╛℮⌡╡≤ ⅜

⇔≡™╢ ⌐⅔↑╢ ─ ─ ⅜ ≢№╢  

 ≤⇔≡ ⅎ┌20 ⌐⅔™≡ ∂╢ ─♩ⱷfiכ⸗→ ⅜ ↕

╣╢⅜ ↓╣│ ─ ⅛╠ ⌂ ≢№╢ ⌐ ⌂ ≤ ⌐╟

╡ ─ ⅜ ≢⅝╢ │ ⌐≤∫≡ ⌐⅔™≡

╩ ∆╢√╘─ ⌂ ≤⇔≡ ™╠╣≡™╢ ⇔⅛⇔⌂⅜╠ ⌐ ™╠╣╢

╩ ∆ │ ∞ ⌂ ⅜ ↄ ╕╣≡™╢ ⌐⅔™≡ ∕─

⌐│ ⅜ ™ │ ↄ─ ⅛╠ ↕╣≡™╢⅜ ∕╣∙╣│

♃כ♦ ♃כ♦╛ ⅜ ⌂╢√╘ ™√ ⌐╟∫≡ ⌐ ⅝

⌂ ⅜ ∂╢↓≤⅜ ╠╣≡™╢ ∕─ ╩ ⌐ ⇔≡⅔ↄ↓≤⅜ ─ ─

╩ ↕∑╢ ⌐ ⅜♃כ♦ ⌂™ ─ ⅜ ⌐ ⅝⌂

╩ ╓∆√╘ ⌐ ↕╣√ ─ │ ╙ ↑≡™⅛⌂↑╣┌

⌂╠⌂™  

⌂⅔ ◓fi▫♥כꜟכ◙▼►│ ⅜ ⇔ↄ ⇔≡ ─ ⅜ ↕╣ ─

⅔╟┘ ⌐⅔↑╢ ⌐⅔™≡ ╩ ⅜♩כꜟ╢∆ ↕╣╢ ∕─√╘

⅜ ⌐ ∆╢ ─◓fi▫♥כꜟכ◙▼►│ ⌐ ═≡ ⌂ↄ⌂∫≡™╢ ↓─╟

℮⌐ ╢╟⌐◓fi▫♥כꜟכ◙▼►│≢ │ ─ ⌐ ⌂ ≤⌂

╡ ∕─ │ ╛ ה ─ ⌐ ∫≡╕∆╕∆ ∆╢≤

╦╣╢ ╟∫≡ ◓fi▫♥כꜟכ◙▼► ≤ ⇔√ ⅜ ≤ ⅎ╠╣ ⌐│

╩ ∆╢↓≤╩ ≢⅝╢ ⌐≈™≡─ ⅜ ≢№╢  

 Fig.2-1│ ─ ≤ ─ ╣╩╕≤╘√╙─≢№╢  
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Fig.2-1 Estimation flow of seakeeping performance using existing estimation techniques. 

 

-
1
2
-
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2.1.2 ─  

 ─≤⅔╡ ─ ⅝⌂ ≤⇔≡ ─ ─ ⅜№╢ ∆

⌂╦∟ ╩ ⇔≡ №√╡─ ╩ ∆╢↓≤≢№╢ 10),11)╠⌐

╟╢≤ №√╡─ ─ F│ ≢ ↕╣╢  

 

Ὂ Ὢ ɾὖȟὔ 0 ὸέὲὬέόὶϳ  (2-1) 

 

↓↓≢ f0 ה╡√№ №√╡─ (ton/hour/ps)ɔ(P,N) P(ps)≤

◄fi☺fi N(rpm)─ ≤⇔≡ ⅎ╠╣╢ (Fig.2-2 ─% ↕╣√

⅜ɔ(P,N)≢№╢) ≢№╢  

(2-1)─ ה╡√№ №√╡─ f0≤ ɔ(P,N)│ ─ ≤

⇔≡◄fi☺fiⱷכ◌כ⅛╠ ⅎ╠╣╢─≢ ─ P≤ N⅔╟┘ ⅜ ╕╣┌

ⅎ┌ ⌐⅔↑╢ ⅜ ≢⅝╢ Fig.2-2╩ ⌐≤╣┌ P=10,000psN=350rpm─

│ɔ(P,N)=100.8%101.5%─ ─× ⌐№╡ ⌐╟∫≡ ⌂ɾὖȟὔ ╩ ∆

╢ ∕─ ╩(2-1)⌐ ∆╣┌ F⅜ ≢⅝╢ ╕√ ↓℮⇔≡ F⅜ ╕╣┌

─ ╩ ⅎ╢↓≤≢ ─ ⅜ ≢⅝╢ ↓─ ─ ╩ →

╢√╘⌐│ ─ P≤ ─ ─ ⅜ ≢№╢  

⌂⅔ Fig.2-2─ALC│ Automatic Load Control11)─↓≤≢ Ⱨ♇♅

ⱪ꜡Ɑꜝ╩ ⇔√ ⌐⅔™≡ ↕╣√ ⌐ ⇔≡ ⅜ ≤⌂╢ ≢

⅜ ∆╢╟℮⌐ ╩ ⌐ ∆╢ ≢№╢  

 
Fig.2-2 Example of fuel oil consumptionôs rate10),11). 

 

↓↓≢ (2-1)╩ 1 ⌐≡ ⇔√EEDI╩ ∆╢(1-1)⌐ ↕∑≡ ∆╢≤ (1-1)

⅜(2-1)╩ⱬכ☻≤⇔≡ ↕╣≡™╢↓≤⅜ ⌐⌂╢ ∆⌂╦∟ (2-1)⅜1 №√╡─

× 
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╩ ∆╢ ≢№╢─⌐ ⇔≡ (1-1)│(2-1)⌐╟╢ ╩ ≤ ≢ ∫≡

╘√ 1♩fi─ ╩ 1ⱴ▬ꜟ ┬√╘─ ╩ CO2 ⌐ ∆╢╙─≢№╢ ↓─

↓≤⅛╠╙ ─ ─ ─√╘─ ⅜ ≢№╢  

─ ─ │ ⌐⅔↑╢ ≤ ─ ⌐

╟∫≡ ↕╣╢ ∆⌂╦∟ ╩ ∆╢ │ ה ⌂≥─ ╩ ↑≡ ╛

ה ╩ ™⌂⅜╠ ∆╢ ⇔√⅜∫≡ ╩ ⇔√ ─ ⌐│ ה

⌐╟╢ ⌐ ⅎ≡ ∕╣╠ ⌐⅔↑╢ ⌐╟∫≡ ∂╢ ─

( ה ה ⌂≥)╙ ⇔⌂↑╣┌⌂╠⌂™ ↓╣╠─ │SR208 12)⌐≡

↕╣√⅜ ∕─ ─ ⅜ ≢⌂™ ⅜ ≢№╢ ─≤⅔╡ ─

⌐│ ─ ⅜ ≢№╡ ∕╣⌐ ⇔≡│ ─≤⅔╡ ⌐⅔↑╢

╛ⱪ꜡Ɑꜝ ─ ╩ ∆╢↓≤⅜ ≢№╢  

─ ⌐ ⌂ │ ╙ ⌂ ≤⇔≡ L≤ ─

Vm⌐╟∫≡ ╕╢ ⇔⅛⇔ ∕─ │ ─ ─ ≤ ─ ⌐ ∆

╢ ↕╠⌐ ∆╢ ─ │ ─ ⌐⅔™≡ ↕╣╢√╘ ─ ≢

⌐ ∆╢↓≤│ ⇔ↄ ⌐⅔™≡ │№╠⅛∂╘ ╕∫≡™╢≤⇔≡ ℮ ⌐

─ ⌐≈™≡ ═╢  

 

(1) ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟∫≡ ╩ ∆╢  

─ ╩ ∆╢√╘⌐│ ─ ≢─ ⌐ ⅎ≡

─ ⅜ ≢№╢ ╩ ⇔√ ╛ ╩ ∆╢ ≈≤⇔≡

◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢ ◦Ⱶꜙ꜠כ◦ꜛfi ≤ ∆ ⅜№╢ ↓─

│ ⅛╠ ╕≢─ ה ⌐╟╢ ╩ ╘≡ ⌐ ∆╢ ─ ╡ ™

╩ ⅝⌂⅜╠ ⇔√ ╩ ↕∑≡ ─ ╩◦Ⱶꜙ꜠כ◦ꜛfi∆╢ ≢№

╢  

╩ ⇔≡™╢ ⌐ ∆╢ ≤⇔≡ ⱪ꜡Ɑꜝ (XP) ♩ⱷfiכ⸗ה

(XR,YR,NR) (XH,YH,NH)⅔╟┘ ה ⌐╟╢ (XA,YA,NA,XW,YW,NW)⅜№╡ │∕

╣╠─ ⅜♩ⱷfiכ⸗≥ ╡ ∫√ ≢ ∆╢ ↓─ ⌐⅔↑╢ ⌐

∆╢ ─♩ⱷfiכ⸗ה ╡ ™ │ 1⌐ ╩ ⇔√≤⅔╡ 13)≢ ↕╣╢  

 

ὢ ὢ ὢ ὢ ὢ π 

ὣ ὣ ὣ ὣ              π 

ὔ ὔ ὔ ὔ           π 

(2-2) 

 

 (2-2)─ ─♩ⱷfiכ⸗ה │ ה ה ה ⅔╟┘ ( ה ה(

( ה ה ⅝)╩ ≤⇔≡ ↕╣≡⅔╡ ⅔╟┘ ה ╩ ─ ≤⇔

√ ⌐ ה ה ─3 ╩ ≤⇔≡ ↄ ⅎ┌ ╩ ⇔
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─ ⌐⅔™≡ ה ╩ ⅎ╢↓≤≢(2-2)╩ ↄ≤ (2-2)─ ≢№╢

ה ה ⅜ ╕╢ ╕√ ⌐ ╠╣√ ⅛╠ⱪ꜡Ɑꜝ ─ ⅜ ≢⅝╢

∕╣⌐ ∫≡ ─ ⅜ ╕╢─≢ ∕─ ─ ≤ ⅛╠ ─

─ ⌐ ⌂ ─ ╙ ≢⅝╢ ╕√ ─ ╩ ⅎ╢≤ ╕∫√ ⅛

╠ ⅜ ≢⅝╢ ↓℮⇔≡ (2-1)─ ⌐ ⌂ ה ≤ ⅜ ╕╢  

↓℮⇔≡ ◦Ⱶꜙ꜠כ◦ꜛfi│ / ה ה ─ ╩

⇔√╙─≢ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮⌐│ ⌐╦√╢ ─ ⅜ ≢№╢ ╠ 14)│

╩ ™≡ ≤ ─ ╩ ∫√ ╩ ⇔√ ⌂⅔ ◓fi▫♥כꜟכ◙▼► 15)│

◦Ⱶꜙ꜠כ◦ꜛfi╩ ⇔√╙─≢ ⅛╠ ─ ⌐ ─ ╩ ⇔≡

ה ─ ⌐ ™ ⅎ√ ⱳ▬fi♩ ⌐(2-2)╩ ™≡ ─ ╩ ╘╢↓≤≢ ╗═

⅝ ⌂ ╩ ⇔⌂⅜╠ ⌐ ⅛℮ ↓─ ╘╢ ╩ ∆╢√╘─ ⅜

≢ ╛ ⅜№╢ ╩◓fi▫♥כꜟכ◙▼►⌐℮╟─↓

℮↓≤≢ ה ─ ⌐ ⇔⌂⅜╠ ⇔√ ─ ⌂ ╛ ⅜ ≢

⅝╢ ⇔⅛⇔ ─fi◓◦☻♥ⱶ▫♥כꜟכ◙▼►─≢ │ ♃כ♦ ⌐ ─

╩ ╛↕⌂↑╣┌⌂╠⌂™≤™℮ ⌐⅔™≡ ≢│ ≤ ╦╣╢ ≢│ ╟

╡ ⌂ ≢ ╩ ╘╢ ⅜ ≤ ⅎ╢  

 

(2) ╩ ™≡ ╩ ∆╢  

◦Ⱶꜙ꜠כ◦ꜛfi ╩ ™∏⌐ ─ ╩ ∆╢ ─ ≤⇔≡ 3.2

⌐ ∆ ≤ ─ ╩ ™≡ ╩ ╘╢ ⅜ ⅎ╠╣╢ ↓╣│ ⌐⅔

↑╢ H, T ⌐ ╠╣╢ ╩ ⇔√ Vsl(H,T)╩

⇔≡ ─ ╩ ╘╢ ≢№╢ ⅜╦⅛∫≡™╢─≢ ╘√ ⌐╟

╡ ⅜ ≢⅝╢ ≢│ ⌐⅔↑╢ ─ ⌐ ⌐ ↕╣

╢ p(H,T)╩ ™╢ ∆⌂╦∟ ─ ⌐ ™ ─╟℮⌐

p(H,T)╩ ╖ ≤⇔≡ ₁⌐ ╘√Vsl(H,T)≤ ↑ ╦∑╢↓≤≢ №╠╝╢

⌐ ∆╢↓≤╩ ⇔√ ─ ─ Vm╩ ∆╢  

ὠ
᷿ ᷿ ὠ ὌȟὝϽὴὌȟὝὨὌὨὝ

᷿ ᷿ ὴὌȟὝὨὌὨὝ
 (2-3) 

 ↕╠⌐ ╩i ⌐ ⇔≡ i 6─Fig.A6-1╩ ─↓≤ ⌐pi(H,T)╩

⇔≡⅔ↄ↓≤⅜ ≢№╢ ∕─ │ ─ Vmi╩ ╘√ ⌐ ∕╣╠╩

⇔≡ ⌐⅔↑╢Vm╩ ∆╢ ∕─ ─Vm│ ≤⌂╢  

ὠ
ρ
ὲ

ὠ
ρ
ὲ

Ḁ ὠ ὌȟὝϽὴὌȟὝὨὌὨὝ

Ḁ ὴὌȟὝὨὌὨὝ
   ȟ É ρȟỄȟÎ (2-4) 
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 (2-4)│ ∆╢ ─ ™╩ ≢⅝╢ ⅜(2-3)≤ ⌂╢ (2-3)⅔╟┘(2-4)│

─ ◦Ⱶꜙ꜠כ◦ꜛfi ⌐ ═≡ ⌐ ≢│№╢⅜ ─ ╩

⌐╟∫≡ ∆╢↓≤≢ ─ ╩ ≢⅝╢ ↓─ │ ⌐ ≢⅝

╢ ⌐⅔™≡ ┼ ⇔╛∆™ ⌂⅔ ╩ ╘╢√╘⌐(2-3)№╢™│(2-4)

╩ ∆╢ ⌐│ ⌐ ⇔≡ 2.3.5⌐ ═╢≤⅔╡─ ⅜№╢ (2-

3)⌐╟╢ │ 10⌐ ∆  

 

2.2 ╩ ⇔√ ─ ╣ 

⌐⅔↑╢ │ ⅛╠─ ה ≤ ⌐⅔↑╢

─ ⅔╟┘ ─ ≤ ∆╢  

─ ⌐⅔↑╢ ─ │ ⌐╟∫≡ ╦╣╢─⅜ ≢

№╢ ╩ ⇔√ ─ⱨ꜡כ│ 2.1.2≢ ═√ ╙ ╘≡Fig.2-3─╟

℮⌐⌂╢ ה ╩ ⇔√ ⌐ ⇔≡ ─ ⅜ ╦∫≡™╢ Fig2-3

─╟℮⌐ BHPrealsea⅜ ⇔√ BHPtrg╩ ∆╢╕≢ ⅜

╡ ↕╣╢ ╩ ⇔√ ⌐╟╡ ─ ╩ ⇔√ ╩

╘√ ─ ╩ ⇔≡ ≤ ╩ ℮ ⇔√ ⅜ ╠

╣⌂™ │ ◖☻♩≤ ◖☻♩─ ╩ ℮═⅝≢ ─ ⇔⅜ ≢№╢ ⅎ

┌ ╩ ↄ∆╢≤ ◖☻♩│▪♇ⱪ∆╢⅜ ⌐⅔↑╢ ─ ⌐╟∫≡ ─

◖☻♩╩ ≢⅝╢ ⅜№╡ ◖☻♩─ ⌡ ™⌐╟∫≡ ⌐│ ⅜ ℮  

 ─ │ ─≤⅔╡ ╛ ─ ╩ ≤⇔√

⌐ ↕╣≡™╢╟℮⌐ ⇔™ ≢│⌂™⅜ ∕╣╠─ ╩ ∆╢↓≤⌐╟

∫≡╕∆╕∆ ╩ ╘⌂↑╣┌⌂╠⌂™  

Ᵽꜝ☻♩ ─╟℮⌐ ⅜ ™ ≢─ ≢│ ⌐ⱪ꜡Ɑꜝ꜠כ◦fi◓╛☻ꜝⱵfi

◓⅜ ∂╢ ⅜№╢ ─ ⱨ꜡כ⌐⅔™≡╙ ∆╢ ╩ ⇔≡ⱪ꜡Ɑꜝ꜠כ◦fi

◓⅜ ↓╠⌂™╟℮⌂ⱪ꜡Ɑꜝ ╩ ∆╢ │ ╕╣≡™╢ ⱪ꜡Ɑꜝ꜠כ◦fi◓

⅜ ⅝⌂™ ≢╙ⱪ꜡Ɑꜝ ⅜ ∆╢↓≤≢ⱪ꜡Ɑꜝ (KT,KQ)⅜ ∆╢√╘ ∕─

╩ ⇔≡ ╩ ╘╢↓≤⅜ ─ ⌐ ≢№╢ ╕√ ⌐⅔

↑╢ ⌐╟∫≡ ⅜ ∆╢⅜ ∕─ ⌐╟╡ⱪ꜡Ɑꜝ ⅜ ─ ⌐

═≡ ∆╢↓≤╙ ⅎ⌂↑╣┌⌂╠⌂™ ↓℮⇔≡ ╩ ╘╢√╘⌐│

─ ─ ╙ ⌐ ╖ ╗ ⅜№╢  
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Fig.2-3 Flow of ship design considering propulsive performance in actual seas. 
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2.3 ╩ ⌐ ∆╢≤⅝─  

 ─ ≈─ ⅝⌂ │ ─≤⅔╡ ─ ≢№╢ ╕≢⌐

↕╣√ ╩♃כ♦ ⇔⌂⅜╠ ─ ╩ ∆╢ ⅜ ₁ ↕╣

≡™╢ │∕╣∙╣⌐ ⅜№╡ ⌐№√∫≡│ ™ ↑⅜ ≢№╢ ∕─

√╘⌐│ ∕╣∙╣─ ─ ה ╩ ⌐ ⇔≡⅔⅛⌡┌⌂╠⌂™ ↕╠⌐ ∕─ ╩

╢↓≤≢ ╩ ≢⅝╢ ₁ ↕╣≡™╢ ─ ─ ⅜

─ ─ ≤⇔≡ ↄ ↕╣≡™╢  

 │ ─ ⌐ ∆╢ ─ ╩ ⇔ ∆═⅝ ╩ ╡ ╗ ⌐

⌐ ⇔⌂⅜╠ ╩ ⅎ╢  

 

2.3.1 ─  

 ⇔™ ╩ ∆╢ ≢│ ⅜ ─ ⌐╟∫≡ ─ ⌐ ═≡ ⅝

ↄ ⌂╢↓≤⅛╠ⱪ꜡Ɑꜝ ⅜ ∆╢ ∕─√╘⌐ ─ ╛ⱪ꜡Ɑꜝ ─ ⅜

↓╡ ⅜ ∆╢↓≤⅜ ╠ 16)─ ⌐╟╡ ╠╣≡™╢ ⇔⅛⇔ ─

⌐↓─╟℮⌂ ⌐⅔↑╢ ─ │ ↕╣∏ ≤ ∂ ╩ ∫≡™╢─⅜

≢№╢ ≢│ ⌐╟╢ⱪ꜡Ɑꜝ ⌐ ⇔≡ ⱪ꜡Ɑꜝ ⅜

ⱪ꜡Ɑꜝ ⌐ ╓∆ ⌐≈™≡ ∆╢  

 

2.3.2 ─ⱪ꜡Ɑꜝ  

 ≢│ ⱪ꜡Ɑꜝ ⅜ ∆╢ ─ ⌐ ™ ⅜◒ꜟ♩ה♩☻ꜝ☻ ∆

╢↓≤⅜ ╠ 16)─ ⌐╟∫≡ ╠╣≡™╢ ∆⌂╦∟ ⅜ ↄ⌂╢≤ⱪ꜡Ɑꜝ ⅜

⅝ↄ ∆╢ ↕╠⌐ ⅜ ⇔ↄ⌂╢≤ⱪ꜡Ɑꜝ ⅜ ∂ ⱪ꜡Ɑꜝ │↕╠⌐ ∆

╢  

ה ─ ─√╘⌐│↓─ ╩⸗♦ꜟ ⇔≡ ⌐ ╖ ╗↓

≤⅜ ≢№╢⅜ ─ ↕ ⌐ ╩ ⇔√ ─ │ ↕╣≡™⌂™

≢│ ≢─ⱪ꜡Ɑꜝ ─ ⌐ ∆╢ ⸗♦ꜟ╩ ⌐ ╖ ╪≢ ∕

─ ─ ╩ ∆╢  

 

2.3.3 ⌐⅔↑╢  

(1)  

 │ ─ ⌐╟╢ ⌐≤∫≡ ╙ ⌂ ≢№

╢ ⌐╟∫≡ ─ ╩ ∆╢ ⌐ ה ⌐╟╢

╩ ⅎ√ ⌐╟∫≡ ╩ ∆╢ ⇔√⅜∫≡ ╩

™≡ ↕╣╢ ⌐╟╢ │ ⌐ ╩ ╓∆ ─

│ ₐ ≢─ │ ⌡ ™⅜ Ᵽꜝ☻♩ ╩ ╗

⌐⅔↑╢ ≤─ │ ∞ ≢№╢ ₑ≤─ ⅜ ≢№╢ ≢
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│ EUT(Enhanced Unified Theory)17)╛ 18)⌐╟╢ ╛ ⌐ ⇔√◖♅fi

╩ ™≡ ∆╢ 19)⌂≥ ⌂ ⅜ ↕╣≡ ↕╣≈≈№╢  

 ⌐≡ ╩ ╘╢√╘⌐│ ─ ⌐≡

╩ ⇔≡⅔ↄ ⅜№╢ ⇔⅛⇔ ⱪ꜡◓ꜝⱶ─ ⌐╟╡ ⌂ ⌐≡

≢⅝⌂™↓≤⅜ ™─≢ ∕─╟℮⌂ ⌐ ─ ╩ ∆╢√╘⌐│

─ ≢─ ╩ ⇔≡⅔ↄ╟℮⌂ ╛⅛⌂ ⅜ ≢№╢ ⌐ ─

─ ⅜ ≤⌂╢≤ ⅎ╢ ≢│ ─ ─ ╩

⇔ ⌐ ∆╢ ─ ╩ ∆╢  

 

(2) ₁─  

 ⅜ ╩ ∆╢≤ ה ─ ⌐╟∫≡ ⅜ ∂╢ Fig.2-4│ ה ה

ה ╣( )─ ╩ⱦꜙכⱨ◊כ♩ (BNO)⌐ ⇔√ ≢№╢ ⌂⅔

│ ╩BNO=8⌐⅔↑╢ ≢ ∫√ ╩ⱪ꜡♇♩⇔√ ↓─ ⌐╟╢≤

⅜ ⇔ↄ⌂╢╒≥ ⌐╟╢ ⅜ ∆╢⅜ ∕─ ─ ╙ ∆╢↓

≤│≢⅝⌂™ ─ ─ │ ─≤⅔╡ SR208 ≢ ↕╣≡™╢

⅜ ↓─ ─ │ ∞ ≢№╢ ╕∏│ ≤─ ⌐≡

╩ ∫√ ─ ⌐ ⌂ ╩ ⅎ╢↓≤╛ ⇔™ ─ ⅜ ≢№╢  

 

Fig.2-4 An example which calculated the ratio of added resistance components according to Beaufort wind 

force scale. 

 

2.3.4 ☻Ɑ◒♩ꜝⱶ≤  
20)│ ⌐│ ╩ ∆╢ ☻Ɑ◒♩ꜝⱶ≤ ╩ ™

≡ ╦╣╢ ∕─ ℮⌡╡⅜ ∆╢ ⌐ ⇔≡│JONSWAP☻Ɑ◒♩ꜝⱶ╩ ⅜

/ƻƳǇƻƴŜƴǘ
ƻŦwŀǿ
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∆╢ ⌐ ⇔≡│ISSC☻Ɑ◒♩ꜝⱶ╩ ™╢↓≤⅜ ™  

℮⌡╡≤ ⅜ ∆╢ ─ │ ─ ≢│ ≈─ ─ ⌐

∫√ ╩ ⌐ ⇔ ⇔≡ ╘╢↓≤⅜ ⅛╠ ╦╣≡™╢ ↓─ │ ℮⌡╡

≤ ─ ☻Ɑ◒♩ꜝⱶ⅜ ⌐ ≢№╢ │ ⇔™ ⇔⅛⇔⌂⅜╠ ℮⌡╡≤ ─

☻Ɑ◒♩ꜝⱶ─ ⅜ ⌂╡ ℮ │╙│╛ ⌂ ⇔ ≢│ ∆↓≤⅜≢⅝⌂

™ ∕─√╘ ↓─╟℮⌂ ⌐⅔↑╢ ⌐⅔™≡ ─ ⌐ ∆╢

↕⅜ ╢ ≢│ ℮⌡╡≤ ⅜ ∆╢ ⌐⅔↑╢ ─ ⌐≈™≡ ─

⅜ ∆╢ ╩ ⌐⇔⌂⅜╠ ∆╢  

 

2.3.5  

 20)│ ⅔╟┘ ⌐ ⇔√ ⌐ ╩

ⅎ√ ≢№╢ 20)│ ↓─ ─ ╩ ≤⇔≡ ™╢

⌐⅔™≡ ↕╣≡™╢ ─ │ ♃כ♦ ╛ ─♃כ♦

⌐ ∆╢ ⌐ ⌐ ╩ ╓∆ ─ ♃כ♦ │ ⌐ ⇔™√╘

─ ─ ⌐│ ⅛↕⅜ ∫≡™╢ ∆⌂╦∟ ⌐ ∆╢

⅜ ≢№╢  

╕√ ╠ 21)⌐╟╡ ≤ ─ ⅜ ↕╣≡™╢╟℮⌐

╩ ⌐≡ ∆╢↓≤≢ ─♃כ♦ ⅛↕╩ ℮↓≤⅜ ≤ ⅎ╢  

≢│ ⅛╠ ↕╣≡™╢ ─ᵑ≥─ ⅜ ᵒ≥─

─ ⌐ ╩ ╓∆⅛⌐≈™≡ ⌐∆╢  

 

2.3.6  

 20)│ ≤ ─ ╩ ™≡ ╦╣╢ ─

│ ⌐ ↕╣╢∆═≡─ ⌐ ⇔≡ ≢ ∆╢╙─≤⇔≡ ╦╣

╢─⅜ ≢№╢  

⇔™ ⌐ ∆╢≤ ⅜ ⇔ ╙ ↕ↄ⌂╢√╘⌐ ╙ ⌐

≡ ∫√ ⌐ ═≡ ↕ↄ⌂╢↓≤│ ╠ 22)╛ ╠ 23)─ ⌐╟∫≡ ╠╣≡™╢ ∆

⌂╦∟ ⌐╟╢ │ ╟╡╙ ⅝⌂ ≤⌂╢ ∕─ ╩ ∫≡ ∆╢≤

⌐⌂╢ ╣⅜№╡ ⌐≤∫≡ ─ ™│ ≢│⌂™─⅜ ≢№╢ ⅜

™╛∆™ ─ ™ ╩ ╢√╘⌐│ ╛ ⌂≥─ ╩ ∆╢ №╢™

│ ⇔⌂↑╣┌⌂╠⌂™ ╩ ∆╢↓≤⌂≥≢ ─ ╩ ⇔√ ╩

╦⌡┌⌂╠⌂™ ≢│ ╩ ⇔√ ─ ⌐≈™≡ ∆╢  

 

2.4 ₒ ╩ ⇔√ ₓ ─√╘─  

 ≢│ ─ ≤∕─ ⌐≈™≡ ═√ ∕╣╠ ╩ ≤

⇔√ ╩↕╠⌐ ↕∑ ─ ┼─ ╩ ה ↕∑╢√
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╘⌐│ ⌐╦√╢ ╩ ≈ ≈ ⇔≡™⅛⌡┌⌂╠⌂™ ∕─√╘⌐ ≢│ ⌐ ∆

╩ ≤ ⅎ ∕↓⌐ ╩ ∫≡ ╩ ℮  

 

⌐⅔↑╢ ─ ⌐ ∆╢  

 ⌐⅔↑╢ ⌂ ─ ≈│ ─ ≢№╢ ה ─ ╩

⌐⇔≡ ⌐ ↄ ╩ ∆╢⅛⌐≈™≡─ ⅜ ╕∫≡⅝≡™╢ ∕

─ ⌐ ∂≡ ≢│ ╩♃כ♦ ™≡ ╩ ∆╢ ⌂ ╩ ⇔ ∕

╣╠─ ╛ ╩╕≤╘╢ ╕√ ╩ ∆╢⌐№√∫≡ ≤⌂╢ ⌐

⅔↑╢ ╛ ─ ™ ⌂≥ ─ ⌐≈™≡ ∆╢  

 ⌐ ⅎ≡ ╛ ⌐╟╢ ⌐╟╡ ∂╢ⱪ꜡Ɑꜝ ╛ ─ ⅜ ⌐

╓∆ ⌐≈™≡ ∆╢  

 

℮⌡╡≤ ⅜ ⇔≡™╢ ⌐⅔↑╢ ─  

╛ ─ ─ ╩ ∆╢√╘⌐

≤ ↕╣√ ☻Ɑ◒♩ꜝⱶ╩ ™√ 20),24)⅜ ™╠╣╢ ↓─ ≢

│ ℮⌡╡≤ ⅜ ∆╢ ה╡⌡℮ ≢│ ☻Ɑ◒♩ꜝⱶ─ ⅜ ≤⌂

╢ ↓─╟℮⌂ ≢│ ≤ ⅜ ⌂╢ ⌐ ─ ℮⌡╡≤ ⅜ ⌂╡

∫≡ ☻Ɑ◒♩ꜝⱶ⅜ ↕╣╢⅜ ─ ≢│℮⌡╡╩nominal JONSWAP╩

Pierson-Moskowitz─ ☻Ɑ◒♩ꜝⱶ 25),26)≢ ⇔ ∕╣╠╩ ⇔ ╦∑≡ ─

≤∆╢↓≤≢ ⅜ ╦╣≡™╢ ⇔⅛⇔ │ ≢№╢ ╩ ☻Ɑ◒

♩ꜝⱶ─ ⌂ ⇔ ⌐╟∫≡ ∆╢─│ ∕─ ⌂╡ ∫√ ─ ╡ ™⌐ ⅜ ╢ ∕

╣│ ↕╣√ ☻Ɑ◒♩ꜝⱶ─ ⌐╟∫≡ ─ ⅜ ⇔≡ↄ╢⅛╠≢№╢  

≢│ ☻Ɑ◒♩ꜝⱶ⅜ ⌂╡ ℮ ─☻Ɑ◒♩ꜝⱶ─ ╩ ⇔ ה╡⌡℮

⌐⅔↑╢ │ ⌐≡ ∆═⅝≢№╢↓≤╩ ∆ ╕√ ∕─ ⌐

ה╡⌡℮⅝≠ ─ ─ ⌐ ⅜ ⌂ ─

─ ╩ ∆ ↕╠⌐ ─ ─ 27)⅛╠ ⌐ ⅝⌂ ╩ ╓∆

≢│∕─ ⅜ ≤⌂╢√╘ ─ ╩ ™≡ ─ ╩ ╘╢

╩ ∆ ∑≡ ⌐≡1/n ╩ ∆╢ ⌐ ⌐ ↑

╦∑╢ Ŭ│ ☻Ɑ◒♩ꜝⱶ─ ─ ⅜╡╩ ∆╢Ᵽfi♪ Ɽꜝⱷכ♃Ů⌐

↕╣╢√╘ ─ ─ ☻Ɑ◒♩ꜝⱶ─Ů≤Ŭ─ ⌐≈™≡ ∆╢  

─ ⌐⅔™≡ ☻Ɑ◒♩ꜝⱶ─ ⌂╡ ℮ ─ │ ☻Ɑ◒♩ꜝⱶ─

Ⱨכ◒ ⌐╟∫≡ ∆╢√╘ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒⌐ ─Ⱨכ◒╩ ⅎ√3

≈─Ⱨכ◒─ ⌐╟╢ ┼─ ╩ ∆╢  

 

╩ ∆╢ ─ ─  

≤ ╩ ™√ ─ ⌐│ ─
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─ ™⅜ ∆╢↓≤⅜ ╠╣≡™╢ ⌐ ™╢ │ ≤

╩ ⇔√ ≤⇔≡ ↄ─ ⌐╟╡ ⌐ ↕╣≡™╢ ₁─

⌐│ ♃כ♦ ╛ ⌐ ⅜№╡ ∕─ ─ ⅜ ⌐ ⅝ↄ

╩ ╓∆√╘ ™╢ ⌐╟╡ ⅜ ⌂╢ ⌐ ∕╣∙╣─

─ ─ ─ ⅜ ⌐ ↄ ∆╢≤ ⅎ╢  

╕√ ⅜ ⇔™ ⌐ ⇔√ │ ( )⅜ ∂╢⅜ ↕╠⌐ ⅜ ⇔ↄ

⌂╢≤ ⌐╟╡ ⌂ ╛ ≤™∫√ ╩ ℮ ∆⌂╦∟ ─ ─

╩ ∆╢√╘⌐│ ⌐ ─ ─ ╩ ⌐ ╡ ╗↓≤⅜ ≢

⌐⅔↑╢ ╩ ∆╢↓≤⅜ ⌂ ╩ ╢√╘⌐ ≢№╢  

≢│ ( )╩ ─ ≤ ≠↑≡ ∆╢↓≤≢

⌐⅔↑╢ ─ ╩ ⌐⇔ ⌂ ≢ ╩ ∆╢ ╩ ∆

╢ ╕√ ─ ⅜ ⅝™ ⌐⅔™≡ ∕─ ⅜ ⌐ ╓∆ ╩

─ ⌐≈™≡ ∑≡ ∆╢ ᵑ ⌂ ─ ─ ╩ ∆╢

ᵒ ─ ╩ ↕∑√ ─ ─ ─ ┼─ ╩ ╘╢ ᵓ

╩ ⇔√ ╩ ™≡ ╩ ∆╢ ᵔ ╩ ⇔√ ─

╩ ∆╢  

 

⌐⅔↑╢ ─  

 ─ ╩ ╘≡ ─ ─ ⌐≤∫≡ ≤─ │

≢№╢ ─√╘⌐│ ─ ™ ⅜ ≢ ∕╣ ⌐

╩ ∆╢ ⌐│ ⌐≈™≡ ─ ╩ ∫≡ ╛ ⌂≥─

╩ ╘⌂↑╣┌⌂╠⌂™ ⇔⅛⇔ ╠╣√ ─ꜟכꜙ☺◔☻ ≢│ ⌂ ╛

╩ ∆╢↓≤│ ⇔™√╘ ⌐ ∆╢↓≤⌂ↄ ⌐ ╩ ╘≡™╢⌐ ⅞⌂

™─⅜ ≢№╢ ⅎ┌ ─ │ ≤ ⌐ ⇔≡™╢↓≤⅜ ╠╣≡™

╢ 28)⅜ ≢∕╣╠─ ╩ ⌐ ≢⅝╣┌ ─√╘─ ⅜

≤⌂╢  

≢│ ⌐ ∆╢ ─ ⌂ ╩ ╘╢ ╩ ∆╢ ╩ ⌐⇔

√ ⌐╟╡ ─ ╛∕─ ─ ╩ ™≡ ≤ ─ ╩

∆╢ ╕√ ∕╣╠─ ⌂ ╩ ╘╢ ≢ ╛ ─ ה ─ ─

⅔╟┘ ⅜ ≈↓≤╩ ∆ ⅜ ⌐ ≢⅝╢↓≤╩ ∆↓≤≢

┼─ ─ ╩ ⌐∆╢ ∑≡ ╛⅛⌂ ≢ ↕╣╢ ⌐

⅔™≡ │ ⌐ ⇔≡ ⌐ ─ ⌐ ∆╢↓≤⌐⌂╡ ─ ⅜

─ ─ ⌐ ⅝ↄ ╩ ╓∆√╘ ♃כ♦ ─ ⌐≤∫

≡ ⌐ ╩ ℮═⅝≢№╢↓≤╩ ∆  
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 ⌐⅔↑╢ ─  

3.1 │∂╘⌐ 

₈ ╩ ∆╢ ─ ╩≥─╟℮⌐ ∆╢⅛ ₉≤™℮ ⅜ ╪⌐⌂╡

╘√ │ ─ ⌐ ∆╢ ⅜ ⇔≡⅝√↓≤⌐№╢ ↓─↓≤│ ─

∞↑≢⌂ↄ ⌐⅔↑╢ ─ ⌂ ╩ ∆╢ ⅝⅜ ╕∫≡⅝√ ╣≢

↓─ ⅝│ ╕╢↓≤│⌂™ ∕╣│ ₈ ╩ ⌐ ⇔≡ ∆╢₉↓≤⅜ ⌐

⌂∫√ ה ─ ╩ ≤⇔≡™╢⅛╠≢№╢ ↓─ ─ │ ≢

╙ ↕╣≡⅝≡ ◦fiⱳ☺►ⱶ 4 ₈ ─ ₉29⌐ ₁─ ⌂

↓≤⅜ ╠⅛⌐↕╣≡™╢⅜ ∕─ ─ ╩ ⌐⇔≡⅔ↄ ⅜№╢ ─

◦fiⱳ☺►ⱶ≢↓╣╠─ ⌐ ⇔≡ ╡╕≤╘╠╣≡™╢⅜ Ɑכ☺ ⅛╠ ⌐ ↕╣

≡™⌂™ ↓─ ─ ⌐ ∟ ≢│ ─ ⌂ ─ ╩ ⇔ ∕─

⌐≈™≡ ═╢ ╕√ ╩♃כ♦ ™√ ╩ ∆≤≤╙⌐

╛ ☻Ɑ◒♩ꜝⱶ⅔╟┘ ─ ™ ⌂≥─ ⌐ ∆═⅝ ⌐≈™

≡ ═╢  

↓↓≢─ ≤│ ₈ ─ ╩ ≢ ∆╢√╘⌐ ⌂ ₉≤™℮

≢№╢ ↓─√╘⌐│ Ɫfi♪ꜟⱡ♇♅╩ ⅎ ╩ ⇔⌂↑╣┌⌂╠⌂™ ╩

∆╢≤ ⅜ ∆╢⅜ ∕─ ⇔√ ≢─ ≢│⌂™ │ ₈

─ ≤ ∕─ ─ Ɫfi♪ꜟⱡ♇♅≤ ⌐⅔↑╢ ─ ≤─ ₉≢№╢

∟ ≤ │ ⌐ ∆╢⅜ ℮  

↓╣╠─ ⅜ ≢№╢─│ ─ ⌂≥⅜ ∆╢∞↑≢⌂ↄ

╩ ∆╢↓≤╩ ⇔√ │ ⅎ≡ ☻Ɑ◒♩ꜝⱶ─ ≤∕─ ⅜ ≤⇔

≡ ╦╢⅛╠≢№╢ ╩ ⌐ ∆╢ ⅜ ⇔™ ⌐ ⌐⅔↑╢

╛ ─ ╩ ─ ⌐⅔™≡ ╠╣√ ≤ ⇔≡ ∆╢↓≤⌐⌂╢

≤ ⇔™─≢№╢ ⅜ ↄ ⌐ ↕╣√ ה ≤ ─

╩☻כⱬ♃כ♦√╣↕ ∫√ ⅛╠ ╢≤ │ ⅜ ∟╢─≢

∕╣╠─ ╙ ─ ╩ ⌐ ∆╢ ⅜≢⅝⌂™ ⌐⇔≡™╢ ≤ ⅎ╢  

│ ⌐⅔↑╢ ─ ™⌐ ∆╢ ⅜ ≢№╢

─√╘⌐│ ∞↑≢⌂ↄ ⌐ ∆╢ ╙ ≢№╢ ╛⅛⌐ ∆╢

╩ ∆╢ ≤│ ⌂╡ ╛⅛⌂ ⅜ ∂╢↓≤⌐╟╡ ₁─ ⅜

∆╢ ≢│ ⌂ ⌐╟╡ ⅜ ⌐ ∆╢↓≤│ ╠╣≡™╢

─ ⌐╟╡ ╙ ∆╢√╘ ⱪ꜡Ɑꜝ ⅜ ∆╢ ∕─ │ ≢№╡

1 ⌐⅔↑╢ⱪ꜡Ɑꜝ ─ │ ─ ≤│ ⌂╢ ∕─√╘ ╩ ⇔√

─ ⌐│ⱪ꜡Ɑꜝ ─ ╩ ∆╢↓≤⅜ ≢ ∕─ ≤⇔≡

⌐╟╢ⱪ꜡Ɑꜝ ─ ─ ╩ ∆  

╕√ ⱪ꜡Ɑꜝ ⅜ ™ │ ⅜ ⌂ ⌐ ═≡ⱪ꜡Ɑꜝ ⅜ ∆╢↓
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≤⅜ ╠╣≡™╢ ⅜ ⇔ↄ⌂╢≤ ⱪ꜡Ɑꜝ ⌐⅔↑╢ ⅜ ⅝ↄ⌂╡ ⱪ꜡Ɑꜝ

⅜ ⅝ↄ ∆╢ ∕─√╘⌐ⱪ꜡Ɑꜝ ⅜◒ꜟ♩ה ⅝ↄ ⇔ ∕╣⌐ ↕╣≡

₁─ ⅜ ∂╢ ↓↓≢│ ⱪ꜡Ɑꜝ ≤ⱪ꜡Ɑꜝ ⅜ ∆╢ ╩ ⇔√

╩ ⇔ ∕╣╠─ ⌐╟╢ ─ ╩ ⇔√ ╩ ∆  

⌐ ⅎ≡ ∆═⅝│ ⱪ꜡Ɑꜝ ─ ⅜ ⌐ ⇔√ ≢│ⱪ꜡Ɑꜝ

⅜ ⌐ ∆╢√╘ ⅜ ╩ ╢↓≤⅜№╢≤™℮↓≤≢№╢ ╙│╛ ─

≢─ ≢│ ⌂√╘ ⱪ꜡Ɑꜝ ╩ ⇔√ⱪ꜡Ɑꜝ ─ ⅜

≢ ≢│∕─ ╩ ∆  

 

3.2 ≤ ─  

Fig.3-1⌐ ╩ ⌐ ╩ ⇔√ Ɽ꞉כ◌כⱩ Ⱪ│₈in Still water₉כ◌─

Ὄϳ Ὕ ™ …─ ╩fiὛὓ☺כⱴכ◦≢  Ⱪ╩₈inכ◌√⇔

Sea₉≤⇔≡ ╩ ∆ V2╩ ⇔√ ≢─ᵑќᵒ╩ ∆ ⅜ ≢№╢

↓─ ╩ ∆╢ ╩₈ ─ ₉≤ ℮ ⌐ ↓─ │ ─ ╩ ↑╢  

 
Fig.3-1 Explanation of power increase and speed loss on BHP-V diagram. 

 

↕≡ ↓╣│ ╛ ⌂ ─ ⌐│№╡ ╢↓≤≢№╢⅜ ≢│ ─

⅜↓─ ⌐ ↄ↓≤│ ≥№╡ ⌂™ │ ∆╢√╘ ─ ⅜ᵑ⅛╠ᵓ⌐

⇔√╡ᵔ⌐ ⇔√╡∆╢ ⅜ᵓ⌐ ⇔√ ∕╣⌐ ∆╢ V2-V1⅜

≢№╢ ↓─ ừ─ ╘ ⅜ ⌐⌂╢ ↓─ ừ╩ ⌐ ╘╢⌐│

╩ ╘╢ ⌐₈ ─ ╩ ∆╢₉≤™℮ ╩ ⇔√╟℮⌐ ⌐ ≈─ ⅜

≢№╢ ∕─ ⅜₈ ₉≢№╢ ∟ ⌐╟∫≡ ừ│ ℮─≢№╢

V

BHP

V1 V2

ᵑ

ᵒ

ᵔ
in Still water

in Sea(H1/3, T0, ɬ0, SM)

ᵓ
Ⱥ
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₈ ᵓ⌐ ™│ᵔ⌐ ∆╢₉│ ─ ╩ ↑╢ ᵔ⌐ ⅜ ⇔√

─Ⱥ╩ ∫≡ ─ ≤ ⇔≡™╢ ⅜№╢ ↓╣│ ⇔√ ⌐⅔↑

╢ ─ ≢№╢ ↓─ ─ ⅜ ≢№╢⅜ ↕╣≡™╢ ─ │

℮ ≤ ─ ⅜ ⌐ ↕╣╢ ⌐│ ⇔⌂™╟℮⌐ ⅜

≢№╢ 16  

 

3.3 ⌐⅔↑╢ ─  

₁─ ╩ ╘╢⌐ √∫≡ ─╟℮⌂ ─ ╩ ╘≡⅔ↄ │‏ ⅛╠─

Ⱥ│ ↕╣√ ⅝Ᵽכ│ ⅎ 0│ ─

w│ ╩ sea│ ╩ ⇔√ ╩ ⅎ mod│ ≢─

ⅎ ship│ ≢─ ⅎ m│ SFCSkin Friction Correction⇔─

ⅎ s │SFC ⅝─ P,R,T,Q,N │∕╣∙╣ ♩ꜟ◒

ɤ│ S(ɤ)│ ☻Ɑ◒♩ꜝⱶ ɘ│☻◔כꜟ Lship/Lmodel╩ ∆ ↓╣╠╩ ╘≡ Øɿ!ÙȟÚ

≤™℮ ⌐≡ ∆ ⇔ ↓─ ╩ ⇔⌂ↄ≡╙ ╩ ⅎ╢↓≤⅜⌂™ │ ∆╢↓

≤⅜№╢  

─ │ ╩ɛa ╩L ╩B ⱪ꜡Ɑꜝ ╩D ╩V≤∆╢≤

≢ ↕╣╢  

ЎὙ‫
‫Ὑ‏

”Ὣ‒ὄ ὒϳ
 ȟ ЎὝ‫

‫Ὕ‏
”Ὣ‒ὄ ὒϳ

 

Ўὗ‫
‫ὗ‏

”Ὣ‒ὄ ὒϳ Ὀ
 ȟ Ўὔ‫

‫ὔ‏
Ὣ‒ὄ ὒϳ ὠὈϳ

 

↕≡ │ ₁⌂ ⅜ ↕╣≡™╢ 30⅜ ⌂ │ (1) Direct 

Power Method (DPM) (2)♩ꜟ◒ה Torque and Revolution Number Method (QNM) (3)

ה Thrust and Revolution Number Method (TNM) (4) Thrust Identity Method 

(TIM) (5) Over Load Test Method (OLTM) ─5 ≢№╢ ⌂⅔ ─ ⌐

╟╡(4)─ ─ │Resistance/Thrust Identity Method─ ⅜ ™≤ ⅎ≡⅔╡ /

RTIM≤ ∆╢  

⌂⅔ ≢ ↕╣╢ │ /50─ ⅜ITTC─ ≢№╢ 4m

─ ≢│ 8cm≢№╢ ⌐⅔↑╢ ─ ╛ ╩ ═╢⅜

⅜ ⌐ ╘╢ ╩ ∆  

 

3.3.1 (DPM) 

↕╣╢ ≤ │ ─≤⅔╡≢№╢  

1 №╢ V≢ ─SFC⇔─ ╩ ⇔≡ ♩ꜟ◒ mQ0 , mN0 ╩ ╘╢  

2 ─ V╩ ⇔≡ ♩ꜟ◒ ─ mŭQ(ɤ)w mŭN(ɤ)w

╩ ╘╢   
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3 ─ mŭ (ɤ)mod ╩ ⌐≡ ╘╢  

‫ὖ‏
ς“
χυ

ὗ ‫ὗ‏ ὔ ‫ὔ‏ ὗ Ͻὔ  (3-1) 

4 ⅎ╠╣√ ☻Ɑ◒♩ꜝⱶὛ‫ ╩ ™ ὖ‏ ╩ ⌐╟╡ ╘╢  

ὖ‏ ς
‫ὖ‏
‒

Ὓ‫ Ὠ(3-2) ‫ 

5 ╘╠╣√ ╩ ╢∆ⱪ♇▪ꜟכ◔☻╡╟⌐ ↓╣╩ 3.5 ≤ ℮↓≤⌐∆╢  

ὖ‏ ‎ ȢϽ‏ὖ  (3-3) 

↓─ │ ⌂≥─ │ ⌂ ─ⱪ꜡Ɑꜝ╙☻♩♇◒ⱪ꜡Ɑꜝ╩ ℮

↓≤⅜≢⅝╢ │ (3-2)≢ ⅜ ─ ⌐ ∆╢ ╩ ⇔≡™╢↓≤≢№╢

↓─↓≤│ ↕╣≡™╢  

1)─ ≢ SFC╩ ⇔≡ ╩ ∆╢ ⅜ ⅎ╠╣╢ SFC⅝ ≢

↕╣√♩ꜟ◒ ╩sQo, sNo ≤⇔ SFC⇔≤─ ╩Ўή Ўὲ ↓╣╠─ │ ≤∆╢

≤ mQo, mNo│ ≢ ≢⅝╢  

ὗ ὗ Ўή   ȟ ὔ ὔ Ўὲ (3-4) 

∆╢≤ (3-1)(3-2)(3-3)─ ≤∕╣∙╣ ⌐ ∆∞↑─ ⅜≢╢  

‫ὖ‏‏
ς“
χυ
ЎὲϽ‏ὗ‫ ЎήϽ‏ὔ‫  (3-5) 

ὖ‏‏ ς
‫ὖ‏‏
‒

Ὓ‫Ὠ(3-6) ‫ 

ὖ‏‏ ‎ ȢϽ‏‏ὖ (3-7) 

⌂⅔ DPM│ ⌂ ≢ ה ∆╢↓≤≤⇔≡ SFC⇔─ ╩

≤⇔≡™╢  

 

ה◒ꜟ♩ 3.3.2 (QNM) 

↕╣╢ ≤ │ ─≤⅔╡≢№╢  

1 №╢ V≢ ─SFC⅝─ ╩ ⇔≡ ♩ꜟ◒sQ0 sN0╩ ╘╢  

2 ─ V ╩ ⇔≡ ♩ꜟ◒ ─ sŭQ(ɤ)w

sŭN(ɤ)w ╩ ╘╢   

3 ⅎ╠╣√ ⌐⅔↑╢ ♩ꜟ◒ ὗ‏) )≤ ὔ‏) )╩ ⌐

╟╡ ╘╢  
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ὗ‏ ς
‫ὗ‏
‒

Ὓ‫ Ὠ‫

ὔ‏ ς
‫ὔ‏
‒

Ὓ‫ Ὠ‫
ữ
Ử
Ữ

Ử
ử

 (3-8) 

4 ─ mods Pd ╩ ≢ ╘╢  

ὖ‏
ς“
χυ

ὗ ὗ‏ ὔ ὔ‏ ὗ Ͻὔ  (3-9) 

5 ∕─ ╩3.5 ╢∆ⱪ♇▪ꜟכ◔☻╡╟⌐  

ὖ‏ ‎ ȢϽ‏ὖ  (3-10) 

↓─ ╙ ╩ ∆╢∞↑≢ ™ DPM≤ ∫≡ SFC─ ╩ ≤

∆╢ ↓─ │ ♩ꜟ◒ ╙ ╙ ⌐ ─ ⌐ ∆╢ ╩ ⇔≡™╢ (3-

9)╩ ─ ≢ ╢≤  

ὖ‏
‒

ς“
χυ

ὔ
ὗ‏
‒

ὗ
ὔ‏
‒

ὗ‏
‒

ὔ‏
‒

‒  (3-11) 

≤⌂╡ ─ὔ‏ὗȟ‏ὖȟ‏≡∫╟⌐ ⌐ ─ ⌐ ∆╢ │ ⇔⌂™29

⌐(3-8)≢ ↕╣√ ╩ ╘╢≤ DPM─(3-2)≢ ↕╣√ ≤│ ∆╢ ∟ DPM≤

QNM│ ∕╣∙╣ ∫√ ╩ ─ ⌐ ∆╢≤™℮ ╩ ∫≡⅔╡ ⇔⌂™

ⅎ≢№╢ ⇔⅛⇔ Murdey│ ─ │ ↕™ 5%╩ ⅎ⌂™ ≤ ∫≡™╢ ⌐

│♩ꜟ◒ Q ≤ N ─ ╩ ⌐⇔√ QNM │ ⌂ ─ ⅜

Q,N⌐ ∆╢╙─≢№╢≤ ℮ ≢ ⇔≡™╢ 30  

 

ה 3.3.3 (TNM) 

↕╣╢ ≤ │ ─≤⅔╡≢№╢  

1 №╢ V≢ ─SFC⅝─ ╩ ⇔≡ sT0,mod, sN0,mod╩ ╘╢ ↓─

≤ⱪ꜡Ɑꜝ○כⱪfi ╩ ™ w-1 ≤– ὑ ὑϳ ╩ ╘╢ KQo ⱪ꜡Ɑꜝ

⌐⅔↑╢♩ꜟ◒ ⁸KQB ⌐⅔↑╢♩ꜟ◒  

2 ─ V ╩ ⇔≡ ─ səT(ɮ)mod≤

səN(ɮ)mod─ ╩ ╘╢   

3 ⅎ╠╣√ ⌐⅔↑╢ Ὕ‏) )≤ ὔ‏) )╩ ⌐≡ ╘╢  

Ὕ‏ ς
‫Ὕ‏
‒

Ὓ‫ Ὠ‫

ὔ‏ ς
‫ὔ‏
‒

Ὓ‫ Ὠ‫
ữ
Ử
Ữ

Ử
ử

 (3-12) 
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4 ↓─ ─ ─ (Ὕȟ )≤ (ὔ ȟ )╩ ╘╢  

Ὕȟ Ὕȟ Ὕ‏
ὔ ȟ ὔȟ ὔ‏

 (3-13) 

5 ⱪ꜡Ɑꜝ○כⱪfi ╩ ™ ─ ☻♥♇ⱪ─ ╩ ℮ ⌐ ⇔√ ☻♥♇ⱪ≤ⱪ

꜡Ɑꜝ○כⱪfi ─ ╩ Fig.3-2⌐ ᵑ ᵔ≢ ∆ ↓─ ─ᵕ─☻♥♇ⱪ ⌐⅔

↑╢V,N,D⌂≥│ ─ ╩ ℮  

Ὕȟ  ȟὔ ȟ
ᵑ
ᴼὑ

Ὕȟ
” ὔ ȟ Ὀ

ᵒ
ᴼὐ

ὔὈ
ὠ
ᵓȟᴖ
ự ὑ

ὑ
ὐ

ὑ –
ὐ
 

ᵕ
ᴼὖȟ

ς“
χυ
ὔ ὗ

ς“
χυ
”Ὀ ὠ ρ ύ ὑ 

(3-14) 

 

Fig.3-2 Propeller open characteristics and Kp curve. 

 

6 ─ (Ὕȟ  )≤ (ὔȟ  )╩ ™≡ ☻♥♇ⱪ 5)≤ ∂ ≢ ─

(ὖȟ )╩ ⇔√ ⌐≡ ╩ ╘╢  

ὖȟ‏ ὖȟ ὖȟ  (3-15) 

↓─ ╙ ╩ ∆╢∞↑≢ ™⅜ ⌐ ∆╢ⱪ꜡Ɑꜝ○כⱪfi ╩

∫≡⅔ↄ ⅜№╢ ↓─ ₈ ─ⱪ꜡Ɑꜝ─ │ ─ ≤ ∂≢№

╢ ₉≤ ∆╢↓≤⌐⌂╢  
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3.3.4 / (RTIM) 

↕╣╢ ≤ │ ─≤⅔╡≢№╢  

1 №╢ V≢ ╩ ⇔≡ Ὑȟ ╩ ╘╢ ⌐ V

╩ ⇔≡ ⱪ꜡Ɑꜝ○כⱪfi ╟╡ρ ύ ȟρὸ ȟ– ─ ╩ ╘╢ ↓─ ─ⱪ꜡

Ɑꜝ│ ╩ ╘╢∞↑⌐ ⌂√╘☻♩♇◒ⱪ꜡Ɑꜝ≢╙ ™  

2 ─ V ╩ ⇔≡ ─ ‫Ὑ‏ ȟ ╩ ╘

ЎὙ╩‫ ∆╢  

3 ⅎ╠╣√ ⌐⅔↑╢ ─ Ὑȟ‏ ╩ ⌐╟╡ ╘╢  

Ὑȟ‏ ς
‫Ὑ‏ ȟ

‒
Ὓ‫ Ὠ(3-16) ‫ 

↓─ ‫Ὑ‏ ȟ ‒ȟ ”Ὣὄ ὒϳ ЎὙ╩‫ ℮ ◘ⱨ▫♇◒☻ ship│ ─ ≢№╢  

4 ⌐ Ὑ‏ ȟ Ὑ‏ ȟ ╩ ∆╢ │ ≢ ─

╩ ╘╢  

Ὑ‏ ȟ Ὑȟ‏ Ὑ‏ ȟ Ὑ‏ ȟ Ễ (3-17) 

↓─╟℮⌐ ⌂ ╩ ∆╢↓≤≢ RTIM│ ─ ╩ ⌐ ╡ ╗

↓≤⅜≢⅝╢  

5 ↓╣╠─ ≤ⱪ꜡Ɑꜝ○כⱪfi ╩ ∫≡ ⌐ ≢ ∆ ╩ ℮  

ὙίὩὥȟίὬὭὴ ὙπȟίὬὭὴ  ὙίὩὥȟίὬὭὴ‏

                                                                                                         ὐȟ–ÏᴼὈὌὖȟὔ 

ὙίὩὥȟίὬὭὴ
ρ ὸπ

ᴼὝ ᴼ
ὑὝ
ὐς

Ὕ

”Ὀςὠς ρ ύπς
ᴼὑὖ 

ᴼὖύȟίὬὭὴ
ς“
χυ
”ὈίὬὭὴ
ς ὠίὬὭὴ

σ ρ ύπσὑὖ 

(3-18) 

≢│ 3)─ ≢ ⇔√⅜ 5)─ ╕≢│ ꜠ⱬꜟ≢ ╩ ╘ ⱪ꜡Ɑꜝ○כⱪ

fi ⌐ ─ ╩ ∫≡ ⇔≡╙ ™ ↓─ │ ╩ ∆╢

⅜№╢ №╠⅛∂╘ KT/J2≤KQ/J3╩ ╘≡⅔ↄ≤ ⌐ ≢№╢  

↓─╟℮⌐ ⌐│TNM╙RTIM╙ⱪ꜡Ɑꜝ○כⱪfi ╩ ℮─│ ∂≢№╢⅜

NM│ ≤ ╩ ℮√╘⌐ │ ≢ ⌐ ╘╠╣╢─≢ ≢№╢─

⌐ ⇔ RTIM│ ╩ ℮√╘⌐ ⅜ ⌐⌂╢ ↓╣⅜ ─ ⌐

⅔↑╢ ⅝⌂ ™≢№╢  

 

3.3.5 ⅎ╠╣√ ⌐⅔↑╢  

↕╣√ ⌐⅔↑╢ ╩ ∆╢ ╙№╡ ∕╣│ ⌐⅔↑

╢ ὗ‏ ὔ‏ ╩ ╘╢ ≢№╢ DPM(3-2)QNM(3-9)⌐ ∆╢
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ὖ‏ ╩ ╘╢ ≢ ⅎ╠╣√ ⌐⅔↑╢ ─ ╩ ∆╢

∞↑⌐⌂╢  

↓╣│ ─₈ ₉31╩ ⇔≡ ─ ╩ ∆╢ ⅎ ≤ ∂≢№╢ ↄ─

╩ ∆╢ ╩ №╢ ≢ ∆╢≤™℮ ⅎ│ ─ ╩

∆╢ ─ ≈─ ≤ ⅎ╠╣╢ ↓─ ⅎ√ ╩ ≥─ ⅜ ≢№╣┌ ─

≤ ∆╢⅛─ ⅜ ⌐⌂╢  

 

3.3.6 (OLTM) 

⌐⅔™≡│ ─ ⌐╟∫≡ ₁─ ⅜ ∂╢√╘ │ ─ ╟╡

╙ ⅝ↄ⌂╢ ╕√ ╛fiꜛ◦כ⸗ꜟ♃ⱦכ○─ ⌐╟∫≡ ⅜ ╩ ↑≡

│ ─ ⅛╠ ∆╢ ─ ─√╘⌐ ⅜ ↕╣╢

─ │ ╩ ⌐ ≤⇔≡ ⅎ√₈ ₉≢

≢⅝╢≤™℮ ⅎ≢№╢ √∞⇔ ↓─ ⅎ⌐│ ─ ┼─ ≤ ─ ⅜

╕╣⌂™√╘ ≢│⌂™ ⇔⅛⇔ ↓─╟℮⌂ ─ ≢│№╢⅜ №╠⅛∂╘ ╩

⇔≡⅔↑┌ ─ ╠⅛↑∞♃כ♦ ╩ ≢⅝╢

(OLTM)─ ╩ ∆  

OLTM⌐⅔™≡ ↕╣╢ ≤ │ ─≤⅔╡≢№╢  

1 №╢ V≢ ─SFC⇔─ ╩ ⇔≡ ♩ꜟ◒ mQ0 , mN0 ╩ ╘╢ ↓

─ ╩ ≤ ♩ꜟ◒≤ ─ ─ ≤ ⅎ╢  

2 ╩ ⅎ≡ V ╩ ℮ ≢ ╠╣√ ─♩ꜟ

◒≤ ╩ ⅜ Load(Newton)─◓ꜝⱨ⌐ⱪ꜡♇♩∆╢  

3 ⅎ╠╣√ ⌐⅔↑╢ Ὑ‏  Ȣ ╩ ⌐≡ ∆╢  

4 ∕─ ╩ ≤ ⅎ≡ ∕─ ⌐⅔↑╢♩ꜟ◒≤ ─ ŭQ,ŭN╩2)─

╟╡ ╘╢  

5 ⌐╟╡  ╩ ╘╢  

ὖ‏
ς“
χυ

ὔ‏ὗ ὗ‏ὔ  ὔ (3-19)‏ὗ‏

6 ↓╣╩3.5 ⇔ⱪ♇▪ꜟכ◔☻≢ ─ ╩ ╘╢  

Fig.3-3⌐ ╠⅛♃כ♦ ╩ ╘╢ ╣╩ ∆ ↓↓⌐⅔↑╢♩ꜟ◒(ừ)≤

˷)♃כ♦ )│ SFC⅝≤ SFC⇔≢ ∫√ ╩♃כ♦ ∫≡ ⇔√ ≢♃כ♦

№╢ Ὑ‏ Ȣ ╟╡ŭQ≤ŭN⅜ ╕╢─≢ mQ0≤ mN0≤≤╙⌐(3-19)⌐ ∆╣

┌ ⅜ ≢⅝╢  
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Fig.3-3 An example of the procedure by over load test. 

 

3.4 ⌐ ∆╢  

3.4.1 ─ ⌐ ∆╢ ⌐≈™≡ 

↓╣╕≢─ ≢ ₁─ ⌐≤∫≡a ≥─ ⅜ ─ ⌐ ∆╢≤ ⇔≡™╢⅛ ₑ

⅜ ≢№╢↓≤⅜╦⅛╢ ⅜ ─ ⌐ ∆╢ │ ⌂ 32),24)╩ ≈⅛╠

─ ╩Ὑ‏ ∆╢(3-16)│ (3-2)(3-8)(3-12)⌐ ═≡ ⅛⌂

╩ ∆╢ ↓─↓≤│ ─ ─ ╩ ╘╢ ⌐│ ⌐ ⌂↓≤≢№╢

∆⌂╦∟ ⅜ ⇔√ ╩ ⅎ╢≤ ↓╣│(3-2)(3-8)(3-12)⅔╟┘(3-16)─ ─S(ɤ)

╩ ↕∑╢↓≤⌐ ∆╢⅜ ≥─ ╙ ─ ⌐ ∆╢↓≤╩ ⌐⇔≡™╢⅛╠≢№

╢  

 

3.4.2 ─  

DPM ה◒ꜟ♩ QNM ה TNM│ ≢ ↕

╣√ ╩ ⌐⇔≡ ╩ ∆╢─⌐ ⇔ / RTIM│ ↕╣√
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╩ ⌐⇔≡™╢ ⌐ ╩ ↕∑≡ ╩ ╘╢ RTIM│ ≤

╩ ∆╢≤↓╤⅜ ─ ≤─ ≢№╢ ↓─╟℮⌐ ≡ ─ ─ ≤ ∆╢

≤ ╦╣≡⅝√ │ / ≤ ℮ ⅜ ⇔╛∆™  

RTIM│ ≢№╢⅜ │ ─ ╩ ℮ ⌐№╢ ─ │

≤ ∂≢⌂™⅛╠≢№╢ ⌐ ⅜ ⇔ↄ⌂╢≤ ⅜ ⌂ ╩ ↑≡ ⌂

≤ ⅝ↄ ∫≡ↄ╢ ─ ⅛╠ ╢≤ ⌐ⱪ꜡Ɑꜝ ─ ⌐ ℮ⱪ꜡Ɑ

ꜝ ─ ≤ ─ ⅜ ≤⇔≡ ╣≡ↄ╢  

≤ ≢ ⅜ ⅎ╢≤ð ─ ⅜ ∂╢≤ðⱪ꜡Ɑꜝ ⅜ ⇔

ⱪ꜡Ɑꜝ ⅜ ∆╢ ⌐ ⌐ ╣⅜ ⅝ↄ⌂╢≤ ─ ⌐≈⌂

⅜╡ ⅜ ∆╢ ↓─╟℮⌐ ╩ ⇔√ ⌐⅔™≡ ≤ │ⱪ꜡Ɑ

ꜝ ⌐ ⇔≡│ ─ ⅝╩∆╢ ↓╣╠─↓≤⅜ ≤ ≤─

⌐╟∫≡ ₁⌐ ∆╢ ⌐⅔↑╢ ⅜ ≤≥─╟℮⌐ ℮⅛⅜│∫⅝╡

∆╢ ⅜ ≡ↄ╣┌RTIM⅜ ≢№╢⅜ ⌐ ⇔≡ ╩ ∫√ ╩

╢↓≤│ ─ ≢│ ⇔™ ≢│ ◄Ⱡꜟ◑כ ─ ─ ⅛╠

⌐ ⇔√ 336)╙ ╦╣≈≈№╡ ∕╣╠─ ─ ⅜ ╕╣╢  

╕≢─ ╩ ∆╢≤ ₈ ⇔™ ≢│ │ ╦╢⅜ ╛⅛⌂

≢│╒╓ ∂≢№╢₉≤ ⅎ╢─⅜ ≢№╢ 34 ∕─ ╩ ╘╢─│ ⇔™⅜ ⱪ꜡Ɑꜝ

─ ⅜ ─ ≈≤ ⅎ ₈ⱪ꜡Ɑꜝ♅♇ⱪ─ ⅜ A%≢№╢ ⌂╠┌ ─

╩ ≢⅝╢₉≤ A╩ ≢⅝╣┌ ⌐⌂╢  

 

3.4.3 ─ⱪ꜡Ɑꜝ  

RTIM≢─ ⌐│ ⱪ꜡Ɑꜝ○כⱪfi ╩ ∆╢ ↓─ ⅜ ≢ ╦╢≤

↓─ ⅜ ╡ √⌂ↄ⌂╢⅜ McCarthy35,Ilyin36, 37╠─ ─ ⌐ ╢≤₈ ⇔™

≢⌂↑╣┌ ⌐│ ≢ ╠╣√ⱪ꜡Ɑꜝ○כⱪfi ≤ ∂≢№╢ ₉≤

⇔≡™╢ ⇔⅛⇔⌂⅜╠ ─ ⌐│ ─ ╩ ╘≡ⱪ꜡Ɑꜝ ⅜

⌐⅔™≡≥─╟℮⌐ ∆╢─⅛╩╙℮ ╘≡⅔ↄ ⅜№╢  

 

3.5 ─  

3.5.1 ─ ⌂ ™  

OLTM╩ ↄ 4 ─ │ ─ ≢ ≤ ☻Ɑ◒♩

ꜝⱶ╩ ↑ ╦∑√ ⌐(3-2)(3-8)(3-12)⅔╟┘(3-16)⌐╟╡ ɤmin ɤmax─ ≢ ∆╢

⌂ │ ╠╣≡™╢─≢ │ ☻Ɑ◒♩ꜝⱶ─ ⌐ ═≡

™ ⌐⇔⅛ ⅜ ⇔⌂™  

∕↓≢ ─ ╩ ℮↓≤⌐⌂╢⅜ ↓─ │ ≢№╢ ↓↓≢│ ↄ

™╠╣╢ ─ ╩ ⇔√ ∆⌂╦∟ Fig.3-4⌐ ∆╟℮⌐ ─ │ ™∏╣─

╙ ⌐╟∫≡♀꜡⌐ ↕∑ (ɤmin)╩ ╘╢ │ ⅜♀꜡⌐
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│ ⇔⌂™─≢ ╩ ∫√ ≢─ ⅜∕─╕╕ ɤmax╕≢ ∆╢↓≤╩ ≤⇔

√  

─ ⌐ ™ ↓℮⇔≡ ↕╣√ ⌐≡ ☻Ɑ◒♩ꜝⱶ≤

╩ ↑ ╦∑╢ ⌂⅔ ─ │♩ꜟ◒ ╛ ─ ≤ ™

╩ ™╢↓≤≢ ∆╢ ╩ ℮↓≤⅜≢⅝╢  

 

Fig.3-4 Treatment of response function on experiment data. 

 

3.5.2 ─ ≤ ⌂  

(1) ─  

♩ꜟ◒ ⅔╟┘ │ ≢ ╘╢ ⅜⌂™√╘ ╕√│ ─ ≢

∆╢⇔⅛⌂™ ⌐≈™≡│ ╩ ╘≡ ↕╣√ ⅜ ∆╢─≢

/ RTIM─ │ ╩ ™╢↓≤⅜ ≢№╢ ↓↓≢│ 3.5.1≢ ⇔√

─℮∟─ ─ ⌐ ╩ ℮ ≤ ╖ ╦∑╢↓≤≢ ≢№∫√

─ ⅜ ⌐⌂╡ ⌂ ╩ ⇔√ ─ ™ ⅜ ≤⌂╢

≤⇔≡ SR243 ⌐≡ 38↕╣√ ╩ ™╢ ↓╣│

╩ ╪∞ ה 39─ ╩ │Faltinsen40─ ⌐≡ │ ─

╩ὪὨ ὄϳ ≢ ⇔√ ⌐≡ ∕╣∙╣ ⅝ ⅎ√ ≢№╢  

 

„ὃὡ‫ ρ
ς‫ὠ
Ὣ
Ὢ
Ὠ
ὄ
ÓąÎς‍ (3-20) 

 

↓↓≢ d g B ɤ V ÓąÎ‍ Ⱪꜝfi♩Ⱡ☻

≢№╢  

↓─ │ ⌐⅔↑╢ ─ ⌐╟∫≡ ∂╢ ╩ ⇔√╙─≢№╡ ⌂
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⅛╠ ─ ╩ ≢⅝╢ ⅜ ∆╢⌐≈╣≡ ↓─ ⌐⅔↑╢

⅜╕∆╕∆ ≤⌂╢  

 

(2) ◄fi♩ꜝfi☻ ↕(LE)╩ ™√  

(3-20)╩ ™╢≤ ─ ╩ ╘╢↓≤⅜≢⅝╢⅜ ∕─ │ɚ/L⅜ ↕ↄ ɤ⅜

⅝ↄ ⌂╣┌ ⌐ ⅝ↄ⌂╢ ↓─ (3-20)⅜≥↓╕≢─ ⌐ ⇔≡ ≢№╢⅛⅜

≤⌂╢ ↓─ │ ≢№╢ ≈─ ≤⇔≡ ◄fi♩ꜝfi☻ ↕(LE)╩ ™≡

╩ ╘╢↓≤≤⇔√  

╩ ⅎ╢≤ ─ │ ⅛╠∞↑≢ ≢│ ∂⌂™ ∕↓≢

LE╩ ≈─ ≤ ⅎ ɚ/L⅜LE/L≤ ⇔ↄ⌂╢╕≢─ ╩(3-20)≢ ╘ ∕─ ╩

⌂ ≤⇔√ ∆⌂╦∟ ∕╣╟╡ ™ ≢│ ─ ⌂ ╩ ∆╢ ⅜№╡ (3-

20)│ ⌐│ ≢⅝⌂™  

Fig.3-5│ ⌐♃כ♦ ∆╢ ╩ ∆╙─≢№╢ ╕√ Fig.3-5│

─ɠ/L=00.8╩ ⇔≡ⱪ꜡♇♩⇔√ ─ủ │ ╩ ⇔≡™╢⅜ ɚ/L=0.5(ɤԇ0.55)

╕≢⇔⅛ ⅜⌂™ ∕─√╘ ɤmax⅜ɠ/L=0.5╟╡╙↕╠⌐ ⌐№╢ │ ─ ≈─

⌂ ╩ ™╢  

ᵑ ╙ ≢─ ─ │ ɚ/L=0.5─ ╩ ⇔≡ ™╢  

ᵒ(3-20)⌐╟∫≡ ⇔√ ╩ ™╢ × ≢ ⇔ ɚ/L=0.1(ɤԇ12.41)╕≢ ⇔≡

™╢⅜ ⅜ ↄ⌂╢ ɤ⅜ ⅝ↄ⌂╢ ⌐ ™ ⅝ↄ⌂╢  

ᵓ │LE/L⌐╟╡ ╩ ⇔√ ≢ ↓─ ≢│ ─ ⅜ɚ/L=0.3(ɤԇ7.17)≢№

╢  

ᵑ─ ≤ᵓ─ ╩ ═╢≤ Fig.3-5─ ─ ⅜№╢ ᵑ─ │ ╙

≢─ ⅜ ≢ ∕─ ⅜ ↕╣╢ ⌐⌂╢  

Fig.3-6│ ☻Ɑ◒♩ꜝⱶ≤ ╩ ↑ ╦∑≡ ☻Ɑ◒♩ꜝⱶ╩ ∆

╢ ⌐ ⌐ LE/L⌐╟∫≡ ─ ─ ╩ ⇔≡ ╘√ ─

ᵓ ╩ ⅎ√ ≤ ∞↑╩ ™√ ╩ ⇔√╙─≢№╢ T0 ⌐ ∆

⅜ ─ ☻Ɑ◒♩ꜝⱶ│ ⌐◄Ⱡꜟ◑כ╩ ≈√╘⌐ ─ ⅜ ⅝™ ⌐

T0=0.8⌐⅔↑╢ ─ ⅜ ≢№╡ ↓╣│ ≢⅝⌂™  
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Fig.3-5 Added resistance in short wave length (head sea). 

 

Fig.3-6 Comparison with response spectrum of added resistance in head sea condition (model scale). 

 

3.5.3 ⇔√ ☻Ɑ◒♩ꜝⱶ⌐╟╢ ─ ─  

 ⌐ ═√ ⌐╟╣┌ ╩ ∆╢ ╩ ⅎ╢≤ ☻Ɑ◒♩ꜝⱶ

⅜ ∆╢ │ ⌂╢ Fig.3-7╩ ∕─√╘ ─ ─

╙ ⌐ ∂≡∕─ ⅎ⌂↑╣┌⌂╠⌂™ ☻Ɑ◒♩ꜝⱶ─

⅜ ⌐ ╠∏ ≢№╣┌ ─ ╩ ℮═⅝

⅜ ⌐⌂╡ ⇔╛∆™  
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1 ╩ ™√ ☻Ɑ◒♩ꜝⱶ─  

 ISSC(1964)☻Ɑ◒♩ꜝⱶ│ Ὄϳ Ὕ⅔╟┘ ≡∫╟⌐‫ ≢
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Ὓ‫ πȢρρὌρ σϳ
ς Ὕπ
ς“
‫Ὕπ
ς“

ÅØÐπȢττ
‫Ὕπ
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 (3-21) 

 Fig.3-7│(3-21)⌐╟∫≡4≈─Ὕ⌐≡ ☻Ɑ◒♩ꜝⱶ╩ ⇔√ ≢ Ὕ ⌐ ☻Ɑ◒♩ꜝ

ⱶ─ ⅜ ⌂╢  

 

Fig.3-7 Wave spectrum by mean wave period. 
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Ὓ ‚ Ὓ‫
Ὠ‫
Ὠ‚

πȢρρὌϳ‚ ÅØÐπȢττ‚  (3-24) 

 (3-24)╩(3-22)⌐ ∆╣┌ ╩ ╢  

Ὑ ς
Ὑ ‚
‒

πȢρρὌϳ‚ ÅØÐπȢττ‚ Ὠ‚ (3-25) 

(3-21)─ ☻Ɑ◒♩ꜝⱶ│ Fig.3-7─╟℮⌐Ὕ⌐ ⇔≡ ⅜ ╦╢⅜ (3-24)─

─ ☻Ɑ◒♩ꜝⱶ│ Fig.3-8─╟℮⌐Ὕ⌐ ⇔≡™⌂™─≢ɣ╩ ╘╣┌ ⅜ ⌐ ╕╢

⌂⅔ ↓─╟℮⌐ ⇔≡ ⇔√ │ ɝ=1⅜Ὕ≤⌂╢  

 

Fig.3-8 Wave spectrum normalized by non-dimensional frequency. 
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≡ ⅜ ™⅜ ∆⅞╢≤ ⅜ ⅝™ Table 3-1⌐╟╣┌ ɣ─ ╩0.453⌐ ╣┌

⌐ ⇔≡ 0.5%─ ⌐ ╘╢↓≤⅜≢⅝╢ ⇔√⅜∫≡ ɣ=0.453╩ ─

≈─ ⌐∆╢↓≤⅜≢⅝╢ ↓─ Ὓ ‚ πȢτυḙπȢπππρὛ σḙπȢπππυ≢ Ὓ ‚⅜Ⱨכ◒

≤⌂╢‚ πȢχυ⌐⅔↑╢ Ὓ πȢχυḙπȢρρυσ⌐ ⇔≡∕╣∙╣0.1%0.4%≤ ↕⌂ ≢ ⌂

☻Ɑ◒♩ꜝⱶ ⅜ɣ=0.453⌐ ↕╣≡™╢  

 

Table 3-1 Comparison of wave spectrum variance values for different ranges of ɝ to be integrated. 

 

3 ─ ╩ ℮ɠ/L─  
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╢ ∆⌂╦∟ ⌐≡ ⇔√ ☻Ɑ◒♩ꜝⱶὛ ‚╩ ™╢ │ ⌐ ⌂

─ ╩L≤T0╩ ™≡ ╘╢≤↓╤⅜ ≢№╢  
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2.0─ ⌐≡ ↕╣╢─⅜ ≢№╢ ⅜ ⇔√ ɝ=0.45
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ⅎ⌂↑╣┌⌂╠⌂™⅜ ╩ ≤∆╢ ≢ ≢│

RAW─ ╩ ⅎ╢ ⌂⅔ RAW─ ─ │ 3.5.2≢ ═√  

 

 

Fig.3-9 Relationship between the response function of RAW in regular waves and normalized wave spectrum 

for non-dimensional frequencies. 
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Table 3-2 Approximate upper and lower bounds for ɚ/L to set the response function of RAW in regular waves. 

Ship Length (m) Lower Limitation of ɠ/L Upper Limitation of ɠ/L 

150 0.07  

4.0 200 0.05 

300 0.03 

400 0.03 

 

4 ☻Ɑ◒♩ꜝⱶ≤ ─ ⅛╠ ⇔√  

 Fig.3-10│(3-27)⌐╟∫≡ ⇔√ɠ/L≤ɣ─ ╩ ∆ Ὕ=6 ─ ≢ ─

Lpp=150m Lpp=300m⅜ɠ/L=0.22.0─ ≢ №╢™│ ╩ ∫√

╙─≤⇔≡ɣ╩ ╘√ ≢№╢ ─ɣ=0.45≤ɣ=3.0⌐№╢ │ Table 3-1⌐≡ ╘

√ ☻Ɑ◒♩ꜝⱶ╩ ≤⇔≡ ╘√ɣ─ ᵓ─ɣ=0.453.0≢№╢ ╕√

│ / ─ɠ/L≢│(3-26)⌐⅔↑╢ ⅜ ∆╢ɣ╩ ∆  

 
Fig.3-10 An example of the relationship between ɚ/L and ɝ calculated by eq. (3-26). 
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╘√(3-26)─ │‚ ‚ͯ πȢτυͯςȢσ≢ ↓─ ⌐≡Table 3-1≤ ∂ ╩

℮≤Ὄϳ πȢωωυ≤⌂╡ ‚ σȢπ≤⇔⌂ↄ≡╙ ⌐ ∆╢ │ ≢⅝╢  

╕√ Fig.3-10─ ™ ≢ ⇔√Lpp=300m─ ≢│Lpp=150m⌐ ═≡↕╠⌐ ™

─ɠ/L=0.2ќ0.03⌐≡ ╩ ╦⌂↑╣┌⌂╠⌂™↓≤⅜↓─ ⅛╠╦⅛╢ Lpp=300m─

─(3-26)─ │ ‚ ‚ͯ πȢτυͯςȢυ≢№╢  

 ↓℮⇔≡Ὓ ‚─ ─ ⅛╠ ╘√‚ ‚ͯ πȢτυͯσȢπ╩ ≤⇔⌂⅜╠

⌐⅔™≡ 0⌐ ∆╢Ὑ ‚─ ≤ ≢│ ⅜ ∂╢≤™℮ ─ ╩ ⇔

≡ ⌂ɣ─ ╩ ╘╢ ⅎ ─ ⅜ ≢⅝√  

 

3.6 ─  

 ♃כ♦─ 3.6.1

Table 3-1│ ⌐ ™√◖fi♥♫ ⱬכ☻ ⅔╟┘♃fi◌כ ⱬכ☻ ─

╩ ∆ ↓─ ⌐ ⌂ ≤⇔≡ ⱪ꜡Ɑꜝ ♩ꜟ◒ ☻ꜝ☻♩⅔╟┘ ─

≤∆╢ ה ♃כ♦ H1/3 T

⅜№╢ ⌂⅔ ™√ ☻Ɑ◒♩ꜝⱶ│ ISSC(1964)≢ ↕╣√ ≢№╢  

Ὓ‫ πȢρρὌϳ
Ὕ
ς“
‫Ὕ
ς“

ÅØÐπȢττ
‫Ὕ
ς“

 (3-28) 

Table 3-3 Principal dimensions. 

 

 

╕√ ≢│ ╩♃כ♦ ™≡ ─ ╩ ∆╢ ◖fi

♥♫ ─ │♃כ♦ 41⅜ ⌐ ⇔√ ⌐ ↕╣≡™╢ ╩ ™√ ♃fi

כ◌ ─ SR208│≡™≈⌐♃כ♦ 42⌐⅔™≡ ↕╣√ ╩ ™√ ╕√ ♃fi◌כ
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─ │♃כ♦ SR208 ≢ ↕╣√ ╩ ≡⇔≥♃כ♦

⇔√  

 

3.6.2 ─  

(1) ─ ─  

Fig.3-11│ ⌐╟╡◖fi♥♫ ─ ╩ ⇔√ ─ ≢№╢

/ RTIM⌐≈™≡│ ─ ╩Fig.3-5≢ ⇔√ ≈─ ≢

⇔√ ╩ ∆ ∆⌂╦∟ ᵑ ─╖╩ ™≡ ⇔√ ╩× ─‫ │ ☻

Ɑ◒♩ꜝⱶ⅜ ♀꜡≤⌂╢ ≤⇔√ ᵒ(3-20)╩ ∫√ ╩ ≢│ ɠ/L=0.1

╕≢(3-20)≢ ⇔√ ᵓLE/L≢ ⇔√ ⅜ẽ ≢│ ɠ/L=0.3╕≢(3-20)≢

⇔√ ≢№╢ ↓─ ⌐╟╡ ─ ™ ≢ ⅜ ≢№╡ ↓─ ─

│ ∞↑╩ ™╢≤ ─ ⌐ ═≡ ⅜ ⅝ↄ⌂╢ ∆⌂╦∟ ↄ ╦╣╢╟℮⌐

⅜⌂™ ⌐⅔™≡│ ─ ⅜ ⌂↓≤╩ ⇔≡™╢  

⅜ ⇔™ │ (3-20)⌐ ⇔√ ⌐╟∫≡ ∆╢ ─ ╩ ∆═⅝≢

№╢ √∞⇔ │ ⌐⅔™≡│ ⌂ ╩ ⅎ╢↓≤⅜№╢─≢

─LE/L╩ ™√ ─ ─ ⅜ ≢№╢  

 
Fig.3-11 Relation between power increase and mean wave period (head sea, H1/3=2.3cm). 
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Fig.3-12 Relation between power increase and significant wave height (head sea, T0=10.6s). 
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⌐≡ ↕╣√ 43╩ ™√   

 
Fig.3-13 Power increase for tanker in actual seas that several added resistance components (wave, wind and 

helm) are considered (LPP=320m, head sea). 

⌐╟╢ ─ ⌐ ⌂ │ ╛ ⅝≤ ™ ⅜№╢

╩ ⇔≡™╢ ≢╙ ─ ╩ ⅎ╢≤ ⅜ ⌐⌂╢≤ ↕╣╢ 1─

(A1-14)⌐╟╣┌ ⌐⅔↑╢ │ ⅔╟┘ ─ ⅝↕≢ ╕╢⅜

⅜ ─ ⌐ ∆╢↓≤╩ ⅎ╢≤ ⌐╟╢ │ ─ ⌐

∆╢≤⇔≡ ⅎ╢ ∕↓≢↓↓≢│a ⌐⅔↑╢ │‏ ─ ⌐ ⇔

⅛≈ ‏ │5° ↓↓≢│ 4mBNO=7⌐≡ ≤⇔√ ≢№╢ ╕

√ ⱪ꜡Ɑꜝ ─ ⌐╟╢ ─ │ 1°≢№╢ ₑ≤ ∆╢↓≤≤⇔ ⌐

╟╡ ⅎ√  

‏ πȢςυὌρσϳ
ς ρȢπ ȟ ‏ υЈ (3-30) 

(4) ⅛╠ ╠╣╢  fi☺כⱴכ◦

↓℮⇔≡ ⅜ ╕╢≤ ╩ ⇔√ ─ ╛

⌂≥ ─ ⅜ ≤⌂╢ ≤⇔≡ Fig.3-14⌐ ─ ╩ ∆

ⅎ┌ ה ה ─ ╩ ⇔≡ ⇔√ ╩ ™√ ỏ BNO =4≢

15%≢№∫√ ⅜ ⇔™ ⌐⌂╢≤ ⇔≡╝ↄ ⅜╦⅛╢  

fi☺כⱴכ◦ SM │№╢ ≢│ ⌐ ╕╣≡™╢╟℮⌂ ≢№╢⅜ ≢ ↕

╣≡™╢  

Ὓὓ
ὖ ὖ
ὖ

    Ϸ  (3-31) 

↓↓≢ P0 ─ Pw ≢ ╩ ∆╢√╘─ ≢№╢  

4 5 6 7
0.0

5.0

10.0

15.0
Power Increase(Tanker by RTIM

ə
P
w
,
s
h
i
p

Beaufort No.

×103kw

  experiment data
  with estimation values on short wave length
 × with RAW due to wind

  × with RAW due to wind and weather helm



- 45 - 
 

↓─ │ ≢№╢⅜ ∕╣ ⌐ ₁─ ⅜⌂↕╣ ╩ ↄ ╙№╢ ↓╣│ ─

≢ ⅎ┌ ≢№╢ ↓─ ╩ ∆╢ ─ │ ─∕╣≤ ⇔™ ↓

─ ╩ ∫≡ №╢ ≢₈SM⅜ A ≢№╢₉≤∆╢ ⅜№╢⅜ ≢│₈

⅜A ≢№╢₉≤ ℮═⅝≤ ⅎ╢ │fi☺כⱴכ◦ №╢ ─ ⌂ ╩

∫√ ─ ≢№╢⅛╠≢№╢ ↓─ ⅛╠ Fig.3-13≢│◦כⱴכ☺fi≢⌂ↄ

≤™℮ ╩ ™√ ─↓≤⌂⅜╠ ─ ⌐↓↓≢ ╠╣√ ─ ╩

ⅎ┌ ₁─ ─fi☺כⱴכ◦─≢ │ ≢№╢  

 
Fig.3-14 Relation between ratio of power increase and sea conditions. 

Table 3-4 Estimation example for increase of FOC. 
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FOC ─ ╩ ™√  

 

 
Fig.3-15 Relation between BHP and FOC. 

 

(5) ℮⌡╡≤ ⅜ ∆╢ ╩ ⇔√ ─  
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3.7 ⱪ꜡Ɑꜝ ╩ ⇔√ ─ ┼─  
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─√╘⌐ ≢№╢ ╕√ 3.4.3⌐ₐ ─ⱪ꜡Ɑꜝ │ ⇔™ ≢⌂↑╣┌

─ ╩ ™≡ ™⅜ ─ ⅛╠ ≢ⱪ꜡Ɑꜝ ⅜≥─╟℮

⌐ ∆╢⅛╩ ╘╢ ⅜№╢ ₑ≤ ═√ ∕↓≢ ≢│ⱪ꜡Ɑꜝ ⅜ ∂╢╒≥─

⇔™ ≢│⌂™⅜ ╛⅛⌐ ∆╢ ≤ ⌐╟∫≡ ∂╢ ─

∆⌂╦∟ⱪ꜡Ɑꜝ ⅜ⱪ꜡Ɑꜝ ⌐ ╓∆ ╩ ⇔√ ╩ ∆  

 

3.7.1 ⌐⅔↑╢ⱪ꜡Ɑꜝ  

 ╩ ∆╢≤ ─ ≤∕╣⌐ ∫≡ ∂╢ ⌐╟╡ⱪ꜡Ɑꜝ

⌐ ∆╢ ⅜ ₁ ₁⌐ ∆╢ ╛ ⌐╟╡ⱪ꜡Ɑꜝ ┼─

⅜ ⌐ ∆╢↓≤╩ ⱪ꜡Ɑꜝ ≤ ┬  

ⱪ꜡Ɑꜝ ─ │ ─ ≤ ─ ≤⇔≡ ∆╢↓≤⅜

≢⅝╢ 37) V≢ ɤ( ὯὫ ȟὯ│ Ὣ│ )─ ╩ ⇔√≤

⅝╩ ⅎ╢ ™ ‫ ‫ ὯὠÃÏÓ… ⱪ꜡Ɑꜝ ┼─ ό ∕─

ɓ≤∆╢≤ ⱪ꜡Ɑꜝ ┼─ όὸ│ ≢ ⅎ╠╣╢ ∕─ ⅔╟┘

─ │ 2╩ ─↓≤  

() ( )bwyqx +Ö=+++= tcosuuuuutu ew 0###           (3-32) 

↓↓≢ ό│ ╣⌐╟∫≡ ∂╢ⱪ꜡Ɑꜝ ─ ≢№╢ ⌐ ό│

╣ ό│ ╣ ό│ ⱪ꜡Ɑꜝ ⌐⅔↑╢ ─ ╩ ⇔√ ⌐╟╢ⱪ

꜡Ɑꜝ ─ ≢№╢  

 

  

Fig.3-16 Co-ordinate System. 
 

ɢ
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(3-32)⌐╟╢≤ ─ ό≤∕─ ɓ│ ≤ ─ ─

≤ ≢ ⅎ╠╣╢ Fig.3-16─ ⌐╟╣┌ (3-32)│ ─╟℮⌐ ≢⅝╢  
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↓↓≢ ╣─ ≤ ‚ȟ‐ ╣─ ≤ (ɗaŮɗ) ╣─ ≤ (ɣa

Ůɣ)⅔╟┘ ─ ɕa dPG ☿fi♃כꜝ▬fi⅛╠ⱪ꜡Ɑꜝ ╕≢─ yPG(1 ─

│yPG=0) C(ɤ,ɢ) ɤ ™ ɢ ɚ dP ⅛╠ⱪ꜡Ɑ

ꜝ ╕≢─ ⅛╠ⱪ꜡Ɑꜝ ╕≢─ Љ ≢№╢ ⅔╟┘ ─ ⌐≈

™≡│ 2╩ ─↓≤  

 

3.7.2 ⌐⅔↑╢ⱪ꜡Ɑꜝ ─  

ⱪ꜡Ɑꜝ ⅜ ₁ ₁⌐ ∆╢↓≤≢ ╩ ╗ ⅜ ∆╢ ∕╣⌐ ∫

≡ⱪ꜡Ɑꜝ ≤ⱪ꜡Ɑꜝ ⅜ ₁ ₁ ∆╢ ⇔⅛⇔ ─ ⌐⅔™≡ₐⱪ

꜡Ɑꜝ ─ ─ │ ─ ≤ ∂≢№╢ ₑ≤─ ╩ ™╣┌

⌐↓─ⱪ꜡Ɑꜝ ─ ╩ ∆╢ │⌂™ ⅛⌐ ─ ─ ⌐ⱪ

꜡Ɑꜝ ─ │ ↕╣≡™⌂™ ⇔⅛⇔ ─ ⅛╠

⌐⅔™≡ ⌐ⱪ꜡Ɑꜝ ⅜ ⇔√ ─ⱪ꜡Ɑꜝ ≤ ─ ╩ ∆╢↓

≤≢ ─ ─ ╩ ⇔≡⅔ↄ↓≤│ ⅜№╢  

 ⱪ꜡Ɑꜝ ╩ ⇔√ⱪ꜡Ɑꜝ ─ ─√╘─ ≤ │

─≤⅔╡≢№╢  
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(1)ⱪ꜡Ɑꜝ ─ ─√╘─  

n0⌐≡ V0≢ ⇔≡™╢ ⌐ ⅜ ⇔≡ ⅜ ∂ ⱪ꜡Ɑꜝ

⅜u(t)∞↑ ∆╢ ╩ ⅎ╢ ↓↓≢│ ⱪ꜡Ɑꜝ ─ │ ↕ↄⱪ꜡Ɑꜝ

│ ⇔⌂™ ╩ ⅎ╢  

Fig.3-17─ ─╟℮⌐ ≢│ J0≢ ( )⇔≡™╢⅜ ⌐╟╢ ⌐

╟∫≡ ⅜ ⇔≡ⱪ꜡Ɑꜝ │J1( )⌐ ∆╢ ↓─ ─ ⅜♪כ⸗

─ │J1⌐ ⇔√V1⌐ ∆╢ ↓℮⇔≡ ↓─J1⌐⅔↑╢V1╩ ⌐u(t)

─ ⅜ ∂╢ ∆⌂╦∟ │Va(t)=(1w1)V1 u(t)≢№╢ ↕╠⌐ ↓

─ ⌐ ™ⱪ꜡Ɑꜝ ⅜ J1╩ ⌐ ─ (Jw(t))╩ ∆╢√╘

KT/J2⅔╟┘☻ꜝ☻♩ KT≤♩ꜟ◒ KQ⅜ ≤≤╙⌐ ∆╢ ↓℮⇔≡ ה

☻ꜝ☻♩ ◒ꜟ♩ה ⌐≡ ╕╢ⱪ꜡Ɑꜝ ɖo⅜Fig.3-17─ ─ (ɖo1)╩ ⌐

─ ╩ ≤≤╙⌐ ɖo(t)∆╢  

↓↓≢ ɖo─◌כⱩ─ ≤⇔≡J⅜ ⅝⌂ ⌐≡ ≢№╢ ⌐ J─ ⅜↓─

─ ⌐ ⇔√ │ Fig.3-17─ ⌐ ∆╟℮⌐ ɖo─ ⅜ ∟≤⌂╢ ∕─√╘

⌐ ─ │ɖo1╟╡╙ ↕ↄ⌂╢ ⇔√⅜∫≡ ─ ⌐ɖo─

─ ╩ ™╢↓≤│ ⌐│ ™≤ ⅎ╢ ─╟℮⌐J⅜ ↕™

≢ ∆╢ │ ɖo◌כⱩ│ ⌐ ∆╢─≢ 1 ╩ ⇔√ │ ɖo1≤ ∆╢  

 

  

Fig.3-17 Pattern diagram that show temporal fluctuation of propeller efficiency in a regular wave. 
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 ≢│ ╛⅛⌂ ⌐⅔↑╢ ╩ ∆╢↓≤╩ ≤⇔≡⅔╡ ⌐╟∫≡ ∂╢ⱪ꜡

Ɑꜝ ─ ⌐ ℮ɖo─ │J1 ≢№╢ ∆⌂╦∟ ∆═⅝ ╩J1 ⌐ ╣

┌ ☻ꜝ☻♩ KT≤♩ꜟ◒ KQ─ │J⌐ ∆╢ ≢ ≢⅝╢ ─ ⌐

⅔™≡ KT≤ kQ│ ╩ ™╢ ╕√ J1⌐⅔↑╢ │ὠ ρ ύ ὠ≢№╢⅜

≢─ │↓─ὠ ╩ ⌐⇔≡ Fig.3-17─ ─ ╩ ⌐ ∆╢ ↓

─ ╩ ─╟℮⌐ ∆  

όὸ
ὠ

ό
ὠ
ÃÏÓ‫ὸ ‍ ‐ÃÏÓ‫ὸ ‍ ‐ὸ (3-35) 

 ≢ ∆╢ ὠ ὸ│ ≢№╢  

ὠ ὸ ρ ‐ÃÏÓ‫ὸ ‍ ὠ ρ ‐ὸὠ  (3-36) 

 (3-36)─╟℮⌐ ⅜ ⇔√ ☻ꜝ☻♩ ⅔╟┘♩ꜟ◒ ─

⌐⅔↑╢ (* ὸ, + ὸ, + ὸ)│ ∕╣∙╣ ≢ ≢⅝╢  

* ὸ
ὠ ὸ
ὲὈ

ὐρ ‐ὸ

+ ὸ ὥ ὦὐύὸ ὥ ὦὐρ ‐ὸ
+ ὸ Ὠ Ὡὐύὸ Ὠ Ὡὐρ ‐ὸữ

Ử
Ữ

Ử
ử

 (3-37) 

 (3-37)╩ⱪ꜡Ɑꜝ ─ ⌐ ∆╢↓≤≢ ⌐⅔↑╢ⱪ꜡Ɑꜝ ─

ʂ ὸ⅜ ≢ ↕╣╢  

ʂ ὸ
* ὸ
ς“
+ ὸ
+ ὸ

– ρ ‐ὸ
ρ ὦὐ‐ὸ

ὑ

ρ Ὡὐ‐ὸ
ὑ

 (3-38) 

↓↓≢ (3-38)─╕╕≢│ ─ⱪ꜡Ɑꜝ ɖo1┼─ ─ ⅜ ⇔™√╘ (3-38)╩

─ ╩ ™≡ ∆╢  

ὥ ρ ὥ ὥ Ễ ὥ Ễ
ρ
ρ ὥ

         ȿὥȿ ρ 

ὲ ρ             ρ ὥḙ
ρ
ρ ὥ

 

(3-39) 

 (3-38)─ ─ ╩(3-39)╩ ™≡ ⇔√ ⌐ J1─ 2 ─ ╩ ⇔≡ ⱪ꜡Ɑꜝ

─ ‐ὸ⌐≡ ∆╢≤ ≤⌂╢  
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ʂ ὸ – ρ ‐ὸ
ρ ὃ‐ὸ
ρ ὄ‐ὸ

ḗ– ρ ρ ὃ ὄ‐ὸ ὃ ὄ‐ὸ  

ὃ
ὦὐ
ὑ

ὦὐ
ὥ ὦὐ

 ȟ ὄ
Ὡὐ
ὑ

Ὡὐ
Ὠ Ὡὐ

 

(3-40) 

 (3-40)─ ⌐╟╢≤ ⱪ꜡Ɑꜝ Ů(t)─ ⌐ ∆╢ ─ ⅜

≢⅝╢ ╩ ⅎ√ Ů(t)─ 1 ─ ─ ⅝↕│ A(KT )≤ B(KQ

)─ ≢ ╕╢⅜ ↓─ │ ─√╘ ─ │♀꜡≤⌂╢ ⇔√⅜∫≡

ⱪ꜡Ɑꜝ ɖo1⌐ ╩ ╓∆─│ ─Ů(t)2─ ≢ ↓─ ⅜ ⌐⅔™≡

╩ ↕∑╢ ≢№╢ ╕√ ∕─ ─ │ A≤B─ ⌐╟∫≡ ╕╢ ⅎ┌

KT─J⌐ ∆╢0 a╩ ⅝ↄ∆╣┌ A⅜ ↕ↄ⌂╢─≢Ů(t)2─ ─ɖo1┼─ │

↕ↄ⌂╢ ⌐ KQ─J⌐ ∆╢0 d⅜ ↕ↄ⌂╣┌B⅜ ⅝ↄ⌂╢─≢ Ů(t)2 ─

╩ ↕ↄ∆╢↓≤⅜≢⅝╢  

 

(2)⅜ⱪ꜡Ɑꜝ ⌐ ╓∆ ╩ ∆╢√╘─  

 ⌐╟╢ⱪ꜡Ɑꜝ ─ ⅜ⱪ꜡Ɑꜝ ⌐ ╓∆ │ ─ ⌐╟

∫≡ ∆╢  

 

 Vŋ0≢ ╩ ─ │J0≢ ∕─ ─ⱪ꜡Ɑꜝ │ɖo≢№╢ (Fig.3-17─+ ) 

ᵒ ╩ ∆╢  

ᵓ ≤ ⅔╟┘ ⌐╟∫≡ ╩ ╘ ─ J1╩ ╘╢

(Fig.3-17─ ─ ) 

ᵔ ≡⌐♪כ⸗ ╩ ⇔≡ J1⌐⅔↑╢ V1╩ ╘╢  

ᵕV1⌐⅔↑╢ ╩ ∆╢  

ᵖ ≤ ⅔╟┘ ─ ה ╩(3-33)(3-34)⌐ ⇔≡ ⱪ꜡Ɑꜝ

⅔╟┘ ╩ ∆╢  

 ᵗᵖ─ ╩(3-35)⌐ ⇔≡ Va─ Ů(t)╩ ╘╢  

 Ju1⌐⅔↑╢♩ꜟ◒ KQ1 ☻ꜝ☻♩ KT1⅔╟┘ⱪ꜡Ɑꜝ ɖo1╩ ╘╢ ↓─

♩ꜟ◒ ≤☻ꜝ☻♩ │ (3-37)─ ─ (+ ὥ ὦὐ ȟ+ Ὠ Ὡὐ)

╩ ™╢ √∞⇔ ⱪ꜡Ɑꜝ │ ─ ⌐⌂╢√╘ ⌐ ⇔≡

≢№╢ ↓╣⌐≡ (3-40)─ A(ὦὐὥ ὦὐϳ )≤B(ὩὐὨ Ὡὐϳ )⅜ ╕╢  

 ᵙᵗ⅔╟┘ᵘ≢ ╘√Ů(t)KQ1 KT1⅔╟┘ ɖo1╩ ™≡ ⱪ꜡Ɑꜝ ─ ʂ ὸ

╩(3-40)⌐≡ ∆╢  

 ᵚ ⇔√ⱪ꜡Ɑꜝ  ʂὸ─ ╩ ╘ ɖo1≤ ∆╢  
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3.7.3  

 ≤∆╢ ⅔╟┘ │ Table 3-5⌐ ∆≤⅔╡≢№╢ ╕√ ⌐ ™

√ⱪ꜡Ɑꜝ (POC)│Fig.3-18─≤⅔╡≢№╢  

 

Table 3-5 Principal dimensions and calculation conditions. 

    

 
Fig.3-18 Propeller Open Characteristics used in the calculations in this section. 

 

Table 3-6│ Table 3-5─ ⌐⅔™≡ ⌐╟╢ ─ ≤⌂╢ J1⅔╟┘ J1⌐⅔↑╢ V1, KT1, 

KQ1⅔╟┘ɖo1╩ ⇔√ ≢№╢ J1─ ⌐ ⌂ KT/J2╩ ╘╢⌐№√╡

⌐⅔↑╢ ≤⇔≡ ⌐╟╢ ─╖╩ ⇔√ ↓─╟℮⌐ ╘√ J1╩ ≤⇔≡ ⱪ꜡

Ɑꜝ ⌐╟∫≡ ⅜ ⌐ ∆╢  

 Fig.3-19│ Table 3-6─ ⌐╟∫≡ ⇔√ⱪ꜡Ɑꜝ u0─ ≢№

╢ ↓╣│ Table 3-6⌐ ∆ɚ/L─ ╩ ⇔≡ ╘√u0≢№╢ ↓─ ⌐╟╣┌ ɚ/L

⅜1.0≤1.1─ ⅜ ↕™⅜ⱪ꜡Ɑꜝ │ ⅝™ ↓─ ⌐⅔↑╢

Type of ship Container
Length between perpendiculars (m) 175.0
Breadth (m) 25.4
Draft (m) 9.5
Propeller diameter (m) 6.5625
Wave amplitude (m) 1.0
Heading angle of incident wave (deg.) 180.0
ɚ/L 0.32.0
Froude number 0.250
Total resistance in still water (tonf) 148.2
Number of revolution (rpm) 114.21
1 w 0.697
1 t 0.809
ɖr 1.047
ɖo in still water 0.543
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─ⱪ꜡Ɑꜝ ─ │u0⅜ ╙ ⅝ↄ⌂╢ɚ/L1.1⌐⅔™≡0.2%≤ ⌐ ↕™↓≤⅜╦

⅛∫√ ⌂⅔ ⅜ ⅝ↄ⌂╣┌ u0⅜ ⅝ↄ⌂╢─≢ⱪ꜡Ɑꜝ ─ ™│

⌐ ⇔≡ ⅝ↄ⌂╢⅜ ⌂ ⌐⅔™≡│∕─ │ ≢⅝╢  

 

Table 3-6 Results which calculated the center of temporal fluctuation in each ɚ/L. 

 

 

Fig.3-19 Non dimensional values of the fluctuation amplitude of the flow into the propeller (ɢ=180Á). 

 

 │ ≤ ─ ≢ ↕╣╢⅜ │ ⌐⅔↑╢ⱪ꜡Ɑꜝ

╩ ╘√ ⌐ ╓∆ ─ ╩ ⇔√╙─≢№╢ ≢ ™√ ─ ⌐⅔

↑╢ⱪ꜡Ɑꜝ │ J=0.578≢ Fig.3-14⌐╟╣┌↓─ ⌐⅔↑╢ʂ│ ⌐

∆╢ ⇔√⅜∫≡ (3-40)─ʀὸ ─ ⅜ ↕ↄ ⌐⅔↑╢ ʂ─ │ ↕⅛∫√  

⅜ ╖ ⇔√ ─ ≢│ J⅜0.7╩ ⅎ√№√╡─ ⌂ ≢ ↕

╣≡™╢╟℮≢№╢ ∕─╟℮⌂ ⅜ ⇔√ │ ⌐⅔↑╢ⱪ꜡Ɑꜝ

⌐╟╢ ⅜ ⅝ↄ⌂╢↓≤⅜ ↕╣╢─≢ ⌐ ⌐╟╢ ─

╩ ⇔≡⅔ↄ↓≤⅜ ╕⇔™  
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⌂⅔ ≢│ ╛⅛⌂ ╩ ≤⇔≡ ⌐⅔↑╢ⱪ꜡Ɑꜝ ─ ╩

⇔√ ⱪ꜡Ɑꜝ꜠כ◦fi◓╩ ╘√ ⌂ ⅜ ∂⌂™ ╩ ≤∆╢≤ ⌐⅔↑

╢J─ │ ≢№╢√╘ ⌐ ⅝⌂ ≤⌂╢↓≤╙№╢⅜ ∕─ ╩ ⅎ

╢ J1╩ ≤⇔√ ≤⌂╢√╘ J1─ ╡⌐ ⅜ ∆╢ ⇔√⅜∫≡ ─

⌐⅔™≡ⱪ꜡Ɑꜝ ─ │ ↕ↄ⌂╢↓≤⅜ ≢⅝╢  

 

3.8 ⱪ꜡Ɑꜝ ⅜ ∆╢↓≤⌐╟╢ ┼─  

≢│ ₁─ ⌐╟╡ ╟╡╙ ⅜ ∆╢ ∕─╟℮⌐ ⅜ ∂√

⌐⅔™≡ ⱪ꜡Ɑꜝ ╩ ⇔≡ ∆╢≤ ⱪ꜡Ɑꜝ⅛╠─ ∆╢ ⌐ ⇔≡

⅜ ∆╢ⱳ▬fi♩╕≢ ⅜ ∆╢ ╠⅛─ ≢ⱪ꜡Ɑꜝ ⅜ ⇔√ ╙

≢ ⇔√ⱪ꜡Ɑꜝ ≤ ⅜ ∆╢╕≢ ⅜ ∆╢√╘ ╩ ∆╢⌐

│ⱪ꜡Ɑꜝ ─ ⅜ ≢№╢ ∆⌂╦∟ ╩ ∆╢√╘⌐ ⅜ ∂╢  

≢│ ≢│№╢⅜∕─ ⅜ ╛⅛⌂ ⌐⅔™≡ ∂╢ ─℮∟

≤ ╣ ◓fi☺כ◘ ⅜ ─ⱪ꜡Ɑꜝ ⌐╟╢ ⌐≈™≡ ⇔√ ⅜

⇔↕╩ ∆≤ ╣ Ⱨ♇♅fi◓ ⅜ ⅝ↄ⌂╢√╘ ─ ⌐╟╢ ┼─

⌐ ⅎ≡ⱪ꜡Ɑꜝ ⅜ ⅝ↄ ∆╢↓≤⌐╟╢ ⅜ ╣╢ ⱪ꜡Ɑꜝ ⅜ ⌐ ↄ

⌂╢≤ ⌂ ─ ─ⱪ꜡Ɑꜝ KT,KQ ⌐ ═≡ ⌐╙≥◒ꜟ♩ה♩☻ꜝ☻ ∆╢

↓≤⅜ ╠╣≡™╢ ↓─ⱪ꜡Ɑꜝ ≤ⱪ꜡Ɑꜝ ─ │ ╠ 45)⌐╟∫≡ ה

⌐ ↕╣≡™╢  

⌐ ⇔√ ⱪ꜡Ɑꜝ ⇔⌂™╕≢╙ⱪ꜡Ɑꜝ ⅜ ↕ↄ⌂╢≤ⱪ꜡Ɑꜝ

⅜ ∆╢√╘ ─√╘─ │ ∆╢ Fig.3-20│ ⅜ ה

≢ ⇔≡™√ ⌐ ⌐≡ⱪ꜡Ɑꜝ ⅜ ⌐ ∆╢ ╩ ⇔≡

╩ ∆╢ ╩ ⇔√╙─≢№╢ ─ ─ ⅜ ⌂ ≢№╢ ⌂⅔

─ │3.7─ ╩ ∆ Fig.3-20⌐╟╣┌ ₁ ₁─ⱪ꜡Ɑꜝ │ⱪ꜡Ɑꜝ

⌐⅔↑╢ ⅛╠ ≢⅝╢ ╕√ ⱪ꜡Ɑꜝ ≤ⱪ꜡Ɑꜝ ─ ⅜ ╠⅛≢№

╣┌ ⱪ꜡Ɑꜝ ─ ⌐╟╢ⱪ꜡Ɑꜝ ─ ⅜ ≢⅝╢ ↓℮⇔≡ ╘√ⱪ꜡Ɑꜝ

─ ╩RTIM─ ⌐ ╡ ╪≢ ─ ≤ ╩ ╘╢

⌐ ה ⅔╟┘ ⌐╟∫≡ ⌐⅔↑╢ ╩ ─

≤⇔≡ ∆╢  

ⱪ꜡Ɑꜝ ─ ╩ ∆╢↓≤⌐╟∫≡ ⱪ꜡Ɑꜝ ⅜ ⌐ ⇔√⅛

⅛─ ⅜≢⅝╢ ⱪ꜡Ɑꜝ ⅜ ⌐ ∆╢≤ⱪ꜡Ɑꜝ꜠כ◦fi◓⅜ ∂╢⅜ ⌐

∆╢ ⇔™ⱪ꜡Ɑꜝ꜠כ◦fi◓│ ─ ⌐ ∂╢ ≢№╢ ⇔√⅜∫≡ ⱪ꜡Ɑꜝ

─◓fi◦כ꜠ │ ─ ↑⌂↑╣┌⌂╠⌂™ ⱪ꜡Ɑꜝ ─ │
46)⌐╟∫≡ ↕╣√ ⅜№╡ ⱪ꜡Ɑꜝ ─ ┼─ ⌐╟∫≡ⱪ꜡Ɑꜝה ─

⅜♩ⱷfiכ⸗ ∆╢⌐≈╣≡ ⅜ ⇔≡™ↄ ⅜ ↕╣≡™╢ ⌂⅔ ∕─

─♩ⱷfiכ⸗ │ ⱪ꜡Ɑꜝ ─ ≤™℮ ≢⸗♦ꜟ ↕╣≡™╢ ↓─╟℮⌂
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⌐╟∫≡ⱪ꜡Ɑꜝ꜠כ◦fi◓ ≤ⱪ꜡Ɑꜝ ─ ╩ ⌐ ∆╢↓≤≢ ⱪ꜡Ɑ

ꜝ─ ⅜ ≤⌂╢  

 
Fig.3-20 A flow chart for estimating main engine outputs which considered the influence of propeller 

immersion. 
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─ │ ⱪ꜡Ɑꜝ ⌐╟╢ⱪ꜡Ɑꜝ ─ │ ─ ─

≤⇔≡ ⅎ╣┌ ™ ─ ─ ≤⇔≡ ╘√ ⅜ ─

⌐≡ ╩ ⇔√ ─ ⌐ ⇔≡≥─ ⇔≡™╢⅛╩ ∆╢  

 ⌐ ╩ ∆ Table 3-5≤ ∂◖fi♥♫ d=9.5mⱪ꜡Ɑꜝ

DP=6.5625m ≢─ⱪ꜡Ɑꜝ I0/Rp =1.895Fig.3-21╩ ⅜ 20.1kt≢ ╩

─ ⌐⅔™≡ ⱪ꜡Ɑꜝ ⅜ ⌐ ∆╢↓≤≢ ≥─ ─ ◒ꜟ♩ה

⅜ ∂╢⅛⌐≈™≡ ⇔√ Fig3-22│ ⱪ꜡Ɑꜝ ⌐⅔↑╢ ɕra

1m ≢№╢ ɕra│ ≢│ɚ/L=1.2⌐⅔™≡ ≤⌂∫≡™╢ ≢

│ ↓─ ɕra─ ╩ ™≡ ⇔√ ╩ ⌐ ∆ ╕√ Fig.3-23│ⱪ꜡Ɑꜝ I

ⱪ꜡ⱭꜝⱲ☻ ⅛╠ ╕≢─ ╩ⱪ꜡Ɑꜝ Rp≢ ∫√ⱪ꜡Ɑꜝ I/RpFig.3-

23│I0/R≤ ) ≤ T/TÐה♩ꜟ◒ Q/QÐ─ ╩ ∆ 46)≢№╢ ⌂⅔

TÐ≤QÐ│ⱪ꜡Ɑꜝ⅜ ⌐ ™ ⌐№╢ ─ ╩ ∆  

 
Fig.3-21 Positional relationship between the propeller and still water. 

 
Fig.3-22 Amplitude response function of relative motion at propeller position(wave height=1m, head sea). 
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Fig.3-23 Relation between propeller immersion and propeller thrust and torque46). 

 

│ ≢│ ╛ ─ ⌐╟∫≡ⱪ꜡Ɑꜝ ⅜ ╦╡ ∕╣⌐ ∫≡

⅜ ∆╢ ↕╠⌐ ⇔√ ≤ ╡ ℮╟℮⌐ ⅜ ∆╢√╘ ╛ⱪ꜡Ɑꜝ

⅜ ⇔≡ⱪ꜡Ɑꜝ ⅜ ∆╢ ╕√ ╣√ ⌐ ⇔ ⅜ ⇔ↄ⌂╢≤ⱪ꜡

Ɑꜝ⅜ ⌐ ∆╢↓≤≢ ⌂ ⅜ ∂╢⌂≥ ↕╠⌐ ⌂ ⌐⌂╢ ≢│

ⱪ꜡Ɑꜝ ⌐ ∆╢ⱪ꜡Ɑꜝ ─ ╩ ∆╢↓≤⌐ ╡ ⇔ ╣≡™╢

≢№╢⅜ⱪ꜡Ɑꜝ │⇔⌂™ ╩ ⅎ╢  

╕∏│ ₈ ─1 ─ⱪ꜡Ɑꜝ │ ─ ⌐ ⇔™ ₉≤ ⇔≡ J=0.6⌐⅔

↑╢ⱪ꜡Ɑꜝ ≤ ◒ꜟ♩ה ─ ╩Fig.3-23╟╡ ╖ ∫≡ ⇔√ ⌐

≡ ∆╢↓≤≤⇔√ ↓╣│ ⇔√ⱪ꜡Ɑꜝ ≤ ⌐≡ ╩ⱪ꜡Ɑꜝ∞↑

≢ ↕∑╢ⱪ꜡Ɑꜝ ─ ⌐ ⇔≡™╢ ⌂⅔ ⌐ ∆╢ⱪ꜡Ɑꜝ

≤⇔≡ J=0.6╩ ⇔√ │ ─ ⌐⅔↑╢ J╩ ∆╣┌ J=0.5№╢™│ 0.6─

╩ ⅎ┌ ™⅜ Fig.3-23⌐╟∫≡J=0.6─ ⅜ⱪ꜡Ɑꜝ ⌐ ⇔≡ ⇔√ ⅜

╠╣≡™╢≤ ⇔√√╘≢№╢  
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 ↓↓≢ ⌐⅔↑╢ⱪ꜡Ɑꜝ ─ Ὅ Ὑϳ │ ⱪ꜡Ɑꜝ ⌐⅔↑╢ ─

ɕrp(t)╩ ™≡ ⌐≡ ≢⅝╢  

Ὅ Ὑϳ
Ὅ ὸ
Ὑ

Ὅ ‒ ὸ
Ὑ

 (3-41-3) 

 

Fig.3-24 A simulation example of an effect that the propeller immersion changes due to the ship motion in a 

       regular head wave. 

 Fig.3-24│ ⅜5m─ ─ ≢ ∫√ ꜝⱪ꜡Ɑה ⅔╟
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│∕─ │ ↕ↄ⌂╢ ↓╣│ ≢│№╢⅜ ⱪ꜡Ɑꜝ ⅜⌂↑╣┌ⱪ꜡Ɑꜝ ⌐

╟╢ כ♄כ○─2%│ ⌐ ╕╢≤ ╦╣╢ ⌂⅔ ─◖fi♥♫ │ ה ≤

╙⌐◖fi♥♫╩ ⇔⌂⅜╠ ∆╢↓≤⅜ ™√╘ ≢│ ⌐≡ ⇔√⅜ ╖

⅜ ⌂ↄ≡ ⅜ ↄ⌂╢≤ ⱪ꜡Ɑꜝ ─ ⅜ ⅝ↄ⌂╢  

╩ ∆╢ ╩ ⅎ╢≤ ╩ ℮ ⅜№╡ ∕─ ≈─ ≤⇔≡

⌐≡ ⌐⅔↑╢ⱪ꜡Ɑꜝ ≢─ ─ ╩ ⇔≡∕─ ─ ╩ ℮↓

≤╩ ╖╢ ╩ ⅎ╢≤ ─ │30 ≤⇔ 30 ─

⌐≡∕╣∙╣─ ─ ╩ ∆╢  

 ⱪ꜡Ɑꜝ ─ ☻Ɑ◒♩ꜝⱶὛ │‫ ☻Ɑ◒♩ꜝⱶ╩3‫ ─ⱪ꜡Ɑ

ꜝ ╩‒ ≥╢∆≥‫ ≢ ↕╣╢  

Ὓ ‫
‒ ‫
‟

3(3-42) ‫ 

↓↓≢ ʁ│ ─ ≢№╢  

 ⱪ꜡Ɑꜝ ⌐⅔↑╢ ─ ὤ ὸ│ (3-42)╩ ™≡ ⌐≡ ╘╢↓≤

⅜≢⅝╢ │ 3╩ ─↓≤  

ὤὶὴὸ ÃÏÓ‫ὸ ‐ ‐‫ ςὛ ‫  (3-43) ‫‏

↓↓≢ Ůzrp│ ⱪ꜡Ɑꜝ ─ Ů(ɤi)│ꜝfi♄ⱶ (02ˊ ─

╩ ™╢) ɤe│ ™ m│Ὓ ─‫ ─ ≢№╢  

 ╕√ 3≡⇔≥‫ ⅎ┌ ≢ ∆ ISSC☻Ɑ◒♩ꜝⱶ╩(3-42)⌐ ∆╣┌ ☻Ɑ◒♩

ꜝⱶ⌐ ⇔√ⱪ꜡Ɑꜝ ⌐⅔↑╢ ─ ≡⌐(3-43)⅜♃כ♦ ≢⅝╢  

Ὓ‫ πȢρρὌρσϳ
ς Ὕπ
ς“
‫Ὕπ
ς“

ÅØÐπȢττ
‫Ὕπ
ς“

 (3-44) 

 ↓─╟℮⌐⇔≡ ╘√ⱪ꜡Ɑꜝ ╩ ™≡ⱪ꜡Ɑꜝ ─

╩ ╘╢↓≤≢ ⱪ꜡Ɑꜝ KT,KQ─ ₁ ₁─ ⅜ ≢⅝╢ ↓─ⱪ꜡Ɑꜝ ─

─ ╩ ╘≡ ⌐⅔↑╢ⱪ꜡Ɑꜝ ≤ ∆╢  

 

1 ה ─ ⅛╠─  

 5m 10 ─ ⌐⅔↑╢ⱪ꜡Ɑꜝ ─ ╩ Fig.3-25⌐

∆ ↓─ ⌐⅔™≡ Ὕ Ὕϳ ─30 │0.996≤⌂╢ ⌐ ♩ꜟ◒

ὗ ὗϳ ─30 │0.997≢№∫√ ∆⌂╦∟ ─ │ⱪ꜡Ɑꜝ ⅜

⌐№╢ ─ ≤ ∂ ≤ ⅎ╢ ⇔√⅜∫≡ ⌐≤∫≡ⱪ꜡Ɑꜝ ─

│ ↕™  

⇔⅛⇔⌂⅜╠ Fig.3-25─ ╩ ⅛ↄ ∆╢≤ ⌐╟∫≡│ ⌐ ⅝⌂

⅜ ∂≡™╢ ⅎ┌ t=1,683─ ⌐Ὕ Ὕ πȢφχχϳ ὗ ὗϳ πȢχςτ ὥὸ Ὅ Ὑϳ πȢφσσ≤⌂∫≡

™╢ Fig.3-26│ Fig.3-25─ ≢ ∆t=1,683╩ ╘≡t=1,6501,700─50 ─
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╩ ⇔√╙─≢ ↓─ ⅛╠ 6 ≢ ⅜ ⅝ↄ ⇔≡™╢↓≤⅜╦⅛╢

⌂ ⅜ ╡ ⇔ ∂╢ │ ╩ ⇔ↄ ↕∑ ⌐ ╩ ⅎ╢

─≢ ↑⌂↑╣┌⌂╠⌂™ ─ Ὅ Ὑϳ ⅜0.9╕≢⌐ ╕╢╟℮⌐ⱪ꜡Ɑꜝ ⅜≢⅝

╣┌ │20%⌐ ⅎ╢↓≤⅜≢⅝╢  

  

Fig.3-25 An example which calculated thrust fluctuation in irregular waves. 

 

Fig.3-26 View which enlarged the part of the black broken line in Fig.3-25. 
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2 ─ ─ ⅛╠─  

⌐ ⅎ≡ ∆═⅝│ ⅜ ⌐ ⅝™ 1,683─ │ 4.1m≤ ⅝ↄⱪ꜡

Ɑꜝ Ὅ Ὑϳ ⅜1.0╟╡ ↕ↄ⌂∫≡⅔╡ ⱪ꜡Ɑꜝ ─ ⅜ ⌐ ⇔√ ⌐

№╢≤™℮↓≤≢№╢  

↓─╟℮⌂ ≢│ⱪ꜡Ɑꜝ ⅜ ⌐ ∆╢√╘ ⅜ ╩ ╢↓≤⅜№╢ ╙

│╛ ─ ≢─ ≢│ ≢ ⱪ꜡Ɑꜝ ╩ ⇔√ⱪ꜡Ɑꜝ ─

⌂ ⅜ ≢№╢ ∆⌂╦∟ ─ ⌐≤∫≡ⱪ꜡Ɑꜝ │ ⌐ ⌂

≢№╢ ⌂⅔ ─ ⌐≡ 2.3m─ ⌐│ │ ∂⌂⅛∫√  

 20)⌐╟╣┌ ₈ ⌐ ⱪ꜡Ɑꜝ ─ ╟╡ ⱪ꜡Ɑꜝ Ĭ1/3⅜ ⌐ ⇔√ ⌐

⇔™ⱪ꜡Ɑꜝ꜠כ◦fi◓⅜ ↓╢╙─≤∆╣┌₉≤™℮ ⌐≡ⱪ꜡Ɑꜝ꜠כ◦fi◓─

╩ ⇔≡™╢ ─ ⌐ ™√ⱪ꜡Ɑꜝ Fig.3-23(3-41-1)(3-41-2))─

ⱪ꜡Ɑꜝ ⅜ ⌐ ⇔√ Ὅ Ὑϳ ρȢπ≢─ │14.5%♩ꜟ◒ │12.4%≢

№╢ ╕√ ⱪ꜡Ɑꜝ ⅛╠ⱪ꜡Ɑꜝ ─1/3⅜ ⇔√ Ὅ Ὑϳ πȢσσσ⌐⌂╢≤

│46.8%♩ꜟ◒ │40.0%⌐ ∆╢ ↓─╟℮⌂ ⇔™ ⌐⅔™≡ ⱪ꜡Ɑꜝ

⅜≥─╟℮⌐ ∆╢─⅛⅜ ⌂ ≢№╢  
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Fig.3-27 An example of actual ship measuring result at 2nd voyage of the Hikawa maru 47). 

 

Fig.3-27│ ◖fi♥♫ ⌐⅔↑╢ 2 ─ ◦כꜙꜞ▪1975/1/11

ꜗfi ⌐ ╢ ⌐ ה [ 15m/s 5 6m

120150m]≢─ 47)≢№╢ ↓─ ⌐╟╣┌ ╣ Ⱨ♇♅fi◓ ⌐╟∫≡ ⅝ↄ

Bow down⇔√≤⅝⌐ N⅜ ⌐ ⇔ ╘ ∕╣⌐ ™ ♩ꜟ◒ Q⅜ ⅝ↄ ∆╢

⅜ ↕╣≡™╢ ↓─ ⱪ꜡Ɑꜝ ─60%⅜ ⇔√≤ ╦╣≡™╢

╩ ™≡ ≤ⱪ꜡Ɑꜝ ─ ╩ ∆╢  
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Fig.3-28 Relation between torque decrease and revolution increase on the propeller emersion state. 

 

  

Fig.3-29 Relation between measured torque and propeller immersion. 

 

 Fig.3-28│ Fig.3-27─ ─ ♩ꜟ◒≤ ─ ╩ ╖ ∫≡ ─

╩ⱪ꜡♇♩⇔√╙─≢№╢ Fig.3-29│ ╖ ∫√ ♩ꜟ◒⅛╠(3-41-2)╩ ™≡ⱪ꜡Ɑꜝ

╩ ⇔√ ≢№╢ √∞⇔ ↓─ ≢│IW/Rp<0.5─ Q/QÐ─ ⅜ ≢№╢ ∕↓≢ ⱪ

꜡Ɑꜝ⅜ ⌐ ⇔√ IW/Rp 1 ≢Q/QÐ=0≤⌂╢╙─≤⇔≡ IW/Rp=0.5IW/Rp=

1╩ ⇔≡ Q/QÐ─ ─ IW/Rp╩ ╘√ ⌐╟╡ ◒ꜟ♩ה ⅜ ⱪ꜡

Ɑꜝ ≤ ≠↑╠╣√  

 Fig.3-30─ │ Fig.3-28≤ Fig.3-29⅛╠ ╠╣╢ⱪ꜡Ɑꜝ ╩ ╘√ ≤ⱪ꜡Ɑ

ꜝ ─ ╩ ∆ ↓─ │ ╩ⱪ꜡Ɑꜝ IW/Rp≤⇔ ⌐ ╩
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MCR─ 108rpm≢ ∫√ N/NMCR ╩ⱪ꜡♇♩⇔√ ─ │

─ ≢№╢ ⱪ꜡Ɑꜝ ─ ─ ╩ ∆╢√╘ Table 3-7⌐ ⇔√3

ꜝⱪ꜡Ɑ─☻כ◔ ⱪ꜡Ɑꜝ ⅛╠ⱪ꜡Ɑꜝ ─ 1/n⅜ ∆╢ ⌐⅔↑╢

IW/Rp╩ ╘ ∕─ ⅜Fig.3-30─ ⌐ ∆╢≤↓╤╩ ≢ ∆ ↓─ ─N/NMCR

╩ ╖ ╣┌ ⱪ꜡Ɑꜝ ─ ⅜╦⅛╢  

 

Fig.3-30 Relation between revolution increase and propeller immersion. 

Table 3-7 Converting propeller emersion to propeller immersion. 

Propeller emersion relative to the diameter IW (m) IW/Rp 

1/10 2.625 0.8 

1/3 1.094 0.333 

1/2 0.0 0.0 

≢│ⱪ꜡Ɑꜝ ─1/3 ─ⱪ꜡Ɑꜝ ⅜ IW/Rp<0.333─ ≢ 1/3

≤ ∆ ∆╢≤ N/NMCR֕ 1.0≤⌂╡ ⅜MCR⌐ ∆╢ ╩ ⅎ╢ Fig.3-27⌐ ∆

╟℮⌂ ─ ⅝⌂ ⅜ ╡ ⇔ ↄ↓≤│ ─ ⌐≈⌂⅜╢─≢ ↑⌂↑╣┌⌂╠

⌂™ ↓─╟℮⌂ ⅛╠ ⅝⌂ⱪ꜡Ɑꜝ ⅜ ⅝⌂™╟℮⌂ⱪ꜡Ɑꜝ ╛ ╩

∆╢ ⅜№╢ ∕─√╘⌐│ ⌐ ╩ ⅎ⌂™ ─ ⌐ ⅎ╢√╘─ⱪ꜡

Ɑꜝ ─ ╩ ╘≡⅔⅛⌂↑╣┌⌂╠⌂™ ●Ᵽ♫כ⅜ ⌐ ™≡ ╩

∆╢↓≤╩ ⅎ≡ №╢ ─ │ ∆╢╙─≤⇔≡ⱪ꜡Ɑꜝ ─ ╩

∆╢ ∆⌂╦∟ ─ 20)⅜ ⇔√ⱪ꜡Ɑꜝ꜠כ◦fi◓ ⌐ ™√₈ⱪ꜡Ɑ

ꜝ ─ ╟╡ ⱪ꜡Ɑꜝ Ĭ1/3⅜ ⌐ ⇔√ ⌐ ⇔™ⱪ꜡Ɑꜝ꜠כ◦fi◓⅜ ↓

╢╙─≤∆╢₉≤™℮ ─ ╩ ⌂ ⌐ ⅝ ⅎ╢↓≤≢№╢  

Fig.3-30─1/10 ≢│N/NMCR=0.84≢MCR⌐ ∆╢ │ ⅎ≡⅔╠∏ ╕√

IW/Rp=1.3─ ⌐ ⇔≡ 20% ─ ⌐≤≥╕∫≡™╢ ┼─
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tǊƻǇŜƭƭŜǊ мκмл 5Ǉ ŜƳŜǊǎƛƻƴ

tǊƻǇŜƭƭŜǊ мκн 5Ǉ ŜƳŜǊǎƛƻƴ

tǊƻǇŜƭƭŜǊ мκо 5Ǉ ŜƳŜǊǎƛƻƴ

tǊƻǇŜƭƭŜǊ ŜƳŜǊǎƛƻƴtǊƻǇŜƭƭŜǊ ƛƳƳŜǊǎƛƻƴ



- 65 - 
 

⌂ ╩ ↑╢≤™℮ ⅛╠ │ 20%╕≢⌐│ ╘√™ ∕↓≢ ↓─ 1/10

╩ⱪ꜡Ɑꜝ ─ ≤ ⇔ ⱪ꜡Ɑꜝ ─ ╩ ™≡∕─

╩ ⅎ⌂™╟℮⌐ⱪ꜡Ɑꜝ ╩ ∆╢↓≤╩ ∆╢  

⌐≤∫≡ⱪ꜡Ɑꜝ꜠כ◦fi◓─ ⅝↕│ ⌐ ╦╢ ⌂ ≢№╢⅜ ∕─

╙ⱪ꜡Ɑꜝ ⌐ ⅛∑⌂™ ⱪ꜡Ɑꜝ꜠כ◦fi◓ ⌐≡ ⇔≡⅔

ↄ ⅜№╢ 47pp.310 48pp.270271⌐╟╣┌ ₈ⱪ꜡Ɑꜝ ─ │

⅝⌂♩ꜟ◒ ⅜ ∂╢≤ ≢⅝╢ⱪ꜡Ɑꜝ ⅜ ⇔√≤⅝≢ ∕─ │●Ᵽ♫

⅜כ ⌐ ∆╢ 0.1≤∆╢ ₉⅜ⱪ꜡Ɑꜝ꜠כ◦fi◓⌐ ∆╢ ─ ≤⇔≡ ↕╣

≡™╢ ⱪ꜡Ɑꜝ꜠כ◦fi◓─ ⅜ ┼ ╓∆ ⌐ ∆╢ ⌂ ⌐≈™≡│

≤⇔√™ ╕√ ⱪ꜡Ɑꜝ ⅜ⱪ꜡Ɑꜝ꜠כ◦fi◓ ⌐ ⅝ↄ ╩ ╓∆√╘

─ ─ ⌐│ⱪ꜡Ɑꜝ ⌐ ∆╢ ה ─◒ꜟ♩ה ─♃כ♦ ה

⅜ ≢№╢  

 

3.9 ╕≤╘ 

≢│ ה ⌐≡ ↕╣√ ╩♃כ♦ ⇔≡ ─ ≢

╩ ∆╢ ─ ╛ ╩ ≤≤╙⌐ ⇔√ ╕√ ⌐≤∫≡

≤⌂╢ ╛ ☻Ɑ◒♩ꜝⱶ─ ⌂ ╩ ⇔√ ↕╠⌐

⌐ ╩ ╓∆ ≤⇔≡ⱪ꜡Ɑꜝ ≤ⱪ꜡Ɑꜝ ╩ ╡ → ─

─ ⅛╠ ⌐≥─ ─ ╩ ╓∆⅛⌐≈™≡ ⇔√ ⅎ≡ ⇔™

⌐ ⇔√ ⌐ⱪ꜡Ɑꜝ꜠כ◦fi◓⅜ ∂≡ ⌐ ╢ ⅜№╢ ─ ─

⅛╠ ⱪ꜡Ɑꜝ꜠כ◦fi◓ ─ ≤♩ꜟ◒⌐≈™≡ ╩♃כ♦ ⇔≡ ⇔√

╕≤╘╢≤ ─≤⅔╡≢№╢  

 

1↓╣╕≢─ ╩ ∆╢≤ ⱪ꜡Ɑꜝ⅜ ∆╢╒≥─ ⇔™ ≢⌂™

/ RTIM⅜ ≢№╢  

2₈ ⅜ ─ ⌐ ∆╢ ₉↓╣│ ╩ ⇔ ⅛≈ ╙↓╣╩

⇔≡™╢ ∕─√╘ ⌐ ↕╣≡™╢ ⅜ ≢№╢RTIM│ ∞↑

≢⌂ↄ ╛ ⌐╟╢ ╩ ⌐ ╖ ╪∞ ⌐ ⇔√ ╩ ≢⅝╢  

3 ♩ꜟ◒ ⅜ ─ ⌐ ∆╢⅛│ ≢№╢⅜ │

∆╢ ∕╣ ⌐ ⅜ ─ ⌐ ∆╢⅛ ≢№╢⅜ ─ ⌐╟╢≤

∆╢   

4 ─ ─ ⌂≥╩ ⌐ ⇔√

∞↑╩ ⇔≡ ╩ ℮ ⌂ OLTM╙ ⅜ ⌐

≢№╣┌ ─ ⌐ ≢№╢ ↓─↓≤⌐ ∆╢ │ ↕╠⌐ ╘╠╣╢═⅝

≢№╢  

5 ⅜ ∆╢⌐≈╣≡ ╟╡ ↕╣≡⅝√ ─ ⅜ ⌐
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⌂∫≡⅝√ ≢│ ─ ה ╩ ⇔√ ─ ⅜

≢№╢  

6 ⌐⅔↑╢ ─ ╩ ⇔™ ≢№╣┌ ╩ ╛⅛⌂ ≢

│ ╩ ⇔≡ ⅎ╢─⅜ ≢№╢49 ─ ⌐ ⇔√ ─ ─

│ №╕╡ ⇔ↄ⌂™ ה ≢─╖ ⅎ╢≤ ─ ╩ ⅎ╢ │⌂™  

7 ≢│ⱪ꜡Ɑꜝ │ ⇔ ∕─√╘ⱪ꜡Ɑꜝ ɖo⅜ ⌐

∆╢ ⌐ ⅜ ⅝ↄ⌂╢ ⌐⅔™≡ ⱪ꜡Ɑꜝ ─2 ⌐ ∆

╢ ─ ⌐╟∫≡ɖo─1 ⅜ ─ ≤ ⌂╢ ⌐╟╢ ≢│

ɖo┼─ │ ⌐ ↕ↄ ≢⅝╢ ≢№∫√⅜ ⱳ▬fi♩─ⱪ꜡Ɑꜝ ⅜

≢№╢ ⌐│ ─ │ ╢ ⌂⅔ ⌐⅔™≡│ ╟╡╙ │

↕ↄ⌂╢─≢ ─ ╩ ⅎ⌂™ ╡ ⱪ꜡Ɑꜝ ─ ┼─

│ ⇔≡ ™  

8 ⌐⅔™≡ⱪ꜡Ɑꜝ ⅜ ⌐ ∆╢⅜ ⱪ꜡Ɑꜝ ⅜№╢ ╟╡╙

↕ↄ⌂╢≤☻ꜝ☻♩ה♩ꜟ◒⅜ ∆╢ ⌐╟╢ ≢│ ∆╢☻ꜝ

☻♩─ │ⱪ꜡Ɑꜝ ⅜ ⅝™ ─ ⌐ ═≡ ↕ↄ⌂╢⅜ ⱪ꜡Ɑꜝ⅜

⇔⌂™ ╛⅛⌂ ה ≢│∕─ ─ │ ↕™√╘ ⌐ ╓∆ │

↕™ 5mה 10 ─ ⌐⅔↑╢ ≢│ 30 ─☻

ꜝ☻♩ │ ⅜ ™ ─ ≤ ∆╢⅜ ─ ≢│ ⅜

⅝ↄ⌂∫√ ⌐⅔™≡☻ꜝ☻♩⅜ ⌐ ↕ↄ⌂╢ ↓─ │ ╩ ™√

┼─ │ ↕™⅜ ─ ⅜ ⌂↓≤╩ ⇔≡™╢ ⌂⅔

│ ─ ⅜ ≢№╡ ⌐⌂╢╒≥ ⅜ ↕ↄ⌂╢√╘ ⌐ ═≡

⌐╟╢ⱪ꜡Ɑꜝ │ ⌐ ↕ↄ⌂╢  

9 ─♃כ♦ ⌐╟∫≡ ⱪ꜡Ɑꜝ ─ 1/3⌐№√╢ⱪ꜡Ɑꜝ ⅜ ⌐

∆╢≤ ⅜MCR⌐ ∆╢ ╩ ⅎ╢↓≤⅜ ≢⅝√ ⱪ꜡Ɑꜝ

⅜ⱪ꜡Ɑꜝ ─ 1/10≢№╣┌ ╛⅛⌂ ╩ ⇔≡™╢ ─ ⌐ ⇔≡ 20%─

MCR⌐ ∆╢ ─0.85⌐≤≥╕╢ ╩ ↑╢ ⅛╠ ↓─1/10

╩ⱪ꜡Ɑꜝ ─ ≤ ∆╢↓≤╩ ∆╢ ↓─ ╩ ≤⇔

≡ ⱪ꜡Ɑꜝ─ ╩ ╘╢  

10ⱪ꜡Ɑꜝ ⅜ⱪ꜡Ɑꜝ꜠כ◦fi◓ ⌐ ⅝ↄ ╩ ╓∆√╘ ─ ─

⌐│ⱪ꜡Ɑꜝ ⌐ ∆╢ ה ─◒ꜟ♩ה ─♃כ♦ ה ⅜ ≢№

╢ ╕√ ⱪ꜡Ɑꜝ꜠כ◦fi◓─ ⅜ ┼ ╓∆ ⌐ ∆╢ ⌂ ⌐≈™

≡│ ≤⇔√™   

11℮⌡╡≤ ⅜ ∆╢ ╩ ∆╢↓≤╩ ⇔√ ─ ⌐≈™≡│ ☻

Ɑ◒♩ꜝⱶ⅜ ⌂╢ ─ ╡ ™⌐ ⅜ ≢ ∕╣⌐≈™≡│ ⌐≡ ⌐ ╩

℮  
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ה╡⌡℮  ⌐⅔↑╢  

4.1 │∂╘⌐ 

─ ╩ ∆╢ ≤⇔≡ ↕╣√ ☻Ɑ◒♩ꜝⱶ 25),26),50)⅜ ™╠╣╢⅜ ∕─

│ ≈─⸗♦ꜟ⌐ ⅞∏ ⌐ ⅜ ∆╢ ☻Ɑ◒♩ꜝⱶ≤│ ≢│⌂™

⅛╠ ╘╠╣√↓╣╠─ ☻Ɑ◒♩ꜝⱶ│ ₐ ─ ⅜ ⅝ ↑ ⅜ ⌐

⇔√ ₑ≤™℮ ≢│ ≤ ↄ ⇔≡™╢ ↓℮⇔≡ ╠╣√ ≢│№╢

╙── ╛ ─ ⌐⅔↑╢ ─√╘⌐ ↓─ ☻Ɑ◒♩ꜝⱶ╩ ─

≤⇔≡ ™╢↓≤│ ⌂ ≢№╢  

╛ ─ ─ ╩ ∆╢√╘⌐│

≤ ☻Ɑ◒♩ꜝⱶ╩ ™√ ─ 20),24)⅜ ™╠╣╢ ↓─ ╩ ™
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Fig.4-1 Relationship between wave spectra (Ὓ ‫ȟὛ .and composite wave spectrum (‫ 
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Fig.4-2 Example of wave spectra generated by eq.(4-8). 
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Fig.4-3 Histogram of 1,000 random phases computed with uniform distribution. 
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Fig. 4-4 Histogram of phase difference at ɤj=0.6. 

 

4.3.4 ʖ ÃÏÓ╢↑⅔⌐‫‌‫ ─  

↓↓≢│ ‌‫ ⅜ ↕╣√ ώ ÃÏÓ‌‫ ─ ήώ ╩ ╘

╢ ήώ ≤ ─Ὢ‌ ─ │ ήώ Ὢ‌ ὨώὨ‌ϳ ⅜ ≢№╢ ∕─ │

ὨώὨ‌ϳ ÓÉÎ‌ ρ ώ ≢№╡ ─‌≤ώ─ ⅜M ∆╢ ─

│ ≢№╢  

ήώ
В Ὢ‌
Ὠώ
Ὠ‌

В Ὢ‌

ρ ώ
 (4-13) 

(4-13)╩ ⌐ ∆╢≤ ώ ÃÏÓ‌‫ ─ ήώ │ ‌ ς“─ ⌐ώ─ ⅜

4 №╡ ≤⌂╢  

ήώ
ρ

ρ ώ
Ὢ‌ Ὢ‌ Ὢ‌ Ὢ‌

ρ

“ ρ ώ
 ȟώὮ ρ 

(4-14) 

↓↓≢ ─‌ ⌐ ⇔≡‌ ς“ ‌ ȟ‌ ‌ ⅔╟┘‌ ‌ ς“─ ╩(4-13)

0
20
40
60
80
100

F
r
e
q
u
e
n
c
y

Phase difference  ɖ(ɮj)
2ɥɥī2ɥ īɥ 0

PDF byat ɮj=0.6 (1/s)
theory(eq.(4ī12))



- 73 - 
 

⌐ ™≡™╢  

↓─ │ώ ρ≢ ⌐⌂╢ ≢№╢⅜ ⅜ ⌂ 0

1/2╩ ≈ ⌐ ℮ Fig.4-5│ ≢ ⇔√1,000─ꜝfi♄ⱶ⌂ ─

ÃÏÓ‌‫ ╩ ⇔√ ≢№╢ ≢ ⇔√ ‌‫ ─ │ ∕─

≢№╢(4-14)─ ⌐ ∫≡™╢ ⌂⅔ ─ ╩ ∆ │±1.0⌐⅔™≡

≤⌂╢  

 

Fig.4-5 Histogram of cos component of phase difference at ɤj=0.6. 
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Fig.4-6 PDF of the third terms of wave spectrum at ɤ=ɤj. 
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Fig.4-7 Histogram of the third terms of wave spectrum at ɤj=0.6. 
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4.4 ☻Ɑ◒♩ꜝⱶ─ ─  

№╢ʖ⌐⅔↑╢Ὓ ʖ ─ ⅜ ⇔√⅜ ↕╣√ ⅜≥─╟℮⌂ ╩ ∆

╢⅛╩ ⌐ ∆ ☻Ɑ◒♩ꜝⱶ─ A╩ ╘╢↓≤⌐╟∫≡ ─ „⅜

╠╣╢ ☻Ɑ◒♩ꜝⱶ─ A│ (4-8)╩ ∆╢↓≤≢ ╕╢ ∆⌂╦∟ ≢№╢  

ὃ Ὓ ‫ Ὠ‫ Ὓ ‫ Ὓ ‫ Ὠ‫ ςὛ ‫Ὓ ‫ ÃÏÓ‐‫ ‐ ‫ Ὠ‫

ὃ  ὃ ὃ 

(4-17) 

↓─ A│ 2 ⅜ ≢№╢⅛╠ ≈─ ≢№╢ ⇔√⅜∫≡ A─

│ (4-17)2 ⌐ ∆╢ ↓─ 2 ╩ ⌐n ─(4-15)─ὅ≤4.3.3─‌╩

∫≡ ⌐ ∆╢≤ ≢№╢  

ὃ ḙ ὅЎ‫ ÃÏÓ‌ ȟ Ὦ ρȟỄȟὲ (4-18) 

│ ─↓≤╩ ∆╢  

ᵑ(4-17)─ 2 A2─ │0≢№╢─≢ ↕╣√ ☻Ɑ◒♩ꜝⱶὛ ʖ│

☻Ɑ◒♩ꜝⱶ─ ─Ὓ ʖ Ὓ ʖ≢№╢  

ᵒ A1 ╡─ A─┌╠≈⅝ ╩ ∆ ůA2│ 2 A2⅛╠ ≢⅝ ∕─ │

≢№╢ ─ │ 5╩ ─↓≤  

„
ὅЎ‫
ς

 Ḋ ύὬὩὶὩ ὅ ςὛ ‫ Ὓ ‫  (4-19) 

↓─ A─ │ ⌐╟╡ ὃӶ ὃ „ ─ ─

⌐⌂╢ ⌂ ⌐╟╡ ⇔√ ╩ 8⅔╟┘ 9⌐ ⇔√  

Ὢὃ
ρ

Ѝς“„
ÅØÐ

ὃ ὃӶ

ς„
 (4-20) 

☻Ɑ◒♩ꜝⱶ⌐│(4-9)─ ⅜№╡ A│Ὓ ʖ≤Ὓ ʖ⌐╟╡ ╕╢ ╩

≈ Ὓ ʖ≤Ὓ ʖ⅜ ⅎ╠╣╢≤ A1⅜(4-17)1 ╟╡ (4-4)╩ ™╢ ⅛╠─

⌐≡ ≢⅝╢ ╕√∕─ ⅜(4-19)⌐≡ ╕╢√╘ ‐‐‫ȟ ─‫ ⅜⌂ↄ≡╙

☻Ɑ◒♩ꜝⱶ─ A─ ⌂ ⅜(4-20)⌐╟∫≡ ⅎ╠╣╢ ∆⌂╦∟ (4-19)

⅔╟┘(4-20)⌐╟∫≡ ─ ⅜ ≢⅝╢  
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Fig.4-8 Probability distribution of area of composite wave spectrum. 
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ᵒ ☻Ɑ◒♩ꜝⱶ╩(4-2)⌐ ⇔ ╩ ∆╢ ↓℮⇔≡ 1,000─

☻Ɑ◒♩ꜝⱶ ⌐⅔↑╢1,000─ ⅜ ╕╢ Table 4-1│ ─ ה

⅔╟┘ ≢№╢ ⌂⅔ │ ⌐≤∫≡ ╙ ⇔™ ≤ ⅎ╠╣╢ ⅜

⅛╠ ∆╢ ≤⇔√  

Fig.4-9(1)─ │ ⌐≡ ╘√ ─ PDF) ╩ ∆

↓╣│ (4-4)≢ ⇔√ 107.91kN≤ (4-19)≢ ⇔√ ─
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↓╣╠─ ╩ ∫≡ ─╟℮⌂ ⅜ ⌐⌂╢ Fig.4-9(2)⅔╟┘ Fig.4-9(3)│ ─

╩ ™≡ ⌐≡ ╘√ ≤∕─ ─ FOC╩(4-

20)⌐≡ ╘√ ≢№╢ ╕√ ⌐│◦Ⱶꜙ꜠כ◦ꜛfi ╩ ⇔√ ╩

∆╢ ↓╣╠─ │ ╛ ╙ ≤ ⌐ ─

⅜ ⌂↓≤╩ ⇔≡™╢  
 

Table 4-1 Principal dimensions and sea conditions. 

 

  

Type of ship Container
Length (m) 175
Breadth (m) 25.4
Draft (m) 9.5
Ship speed (knots) 24
Wave period (s) ; Swell (Tp) /Wind wave (Tw) 16.8s / 7s
Significant wave height (m) ; Swell/Wind wave 3m / 2m
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Fig.4-9(1) Probability distribution of mean added resistance in seas. 

 

Fig.4-9(2) Probability distribution of nominal speed loss. 

 
Fig.4-9(3) Probability distribution of fuel oil consumption. 
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⇔√ ≢№╢↓≤╩ ⇔≡™╢ ↓╣│ │ ⌐ ∆╢ ─ ╩ ⅎ╢

⌂ ≢№╢⅜ ≢ ↕╣√ ─♃כ♦ │ ⇔√ ╩ ∆╢

⅜№╢↓≤╩ ∆╢ ⅎ┌ ⌐≡ ↕╣√ ≤ ─ ⌐╟╢

╩ ∆╢≤ ∏⇔╙ ™ ⅜ ╠╣⌂™ ⅜№╢ ∕─╟℮⌂ │ ╩

∆╢(4-8)3 ─ ⌐╟╢ ─ ─┌╠≈⅝╩ ╘≡ ╩
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4.6 ⅜ ≤⌂╢ ─  

4.6.1 ─ ─  
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Fig.4-10 Probability distribution of standard deviations of vertical acceleration at F.P. in actual seas 
(Tp=16.8s and TW=7s). 
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4.6.2 ─1/n ─ ╩ ╘╢  

≢│ ה╡⌡℮ ⌐⅔™≡ ∂╢ ─ ⌐ ∆╢1/n

─ ╩ ∆╢ ╩ ∆╢ ה╡⌡℮ ⌐⅔™≡ ≢ √

╩ ∆╢≤ ─ ů⅜ ╕╢ ↓─ů╩ ∫≡ 20

⌐╟╣┌ ╩Ŭ≤⇔√ ─1/n │ů─Ŭ ⌐≡ ≢⅝╢

⅜ ⅝ↄ⌂╣┌∕─ │ ⅝ↄ⌂╡ ─1/n ╙

⅝ↄ⌂╢ ∆⌂╦∟ ─1/n ⅜ ≤⌂╢ ─ ⌐│

─ („ )╩ ╘╢↓≤⅜ ≢№╢ ⌂⅔ Table 4-2│ ─ ⅜Rayleigh∆

╢ ─1/n ╩ ⌐╟∫≡ ⇔√ ╩╕≤╘√╙─≢№╢  

‌ ὲЍς
ρ
ὲ
ÌÏÇὲ πȢυЍὲρ ÅÒÆÌÏÇὲ   (4-21) 

 

Table 4-2 Proportionality constant Ŭ for calculating the 1/n th maximum average value of the short-term 

response. 

 

 

Table 4-2⌐╟╣┌ 1/1000 ─Ŭ│3.97≢№╢⅜ ה╡⌡℮ ⌐⅔™≡

⅜Rayleigh∆╢⅛ ⅛⌐≈™≡│4.6.5⌐⅔™≡ ═╢  

╕≢─ ⌐╟╢≤ ה╡⌡℮ ⌐⅔↑╢ ─ │(4-17)2

A2─ ⌐╟∫≡ Fig.4-10⌐ ⇔√╟℮⌐(4-17)─ 1 ⌐≡ ╕╢ A1 ╡⌐ ∆╢

╕√ ∕─ │(4-19)≤(4-20)⌐≡ ╕╢ ≢№╢ (4-19)(4-20)⌐≡ ╕

∫√ ─ V─ ╩ɛV V─ ╩‛≤∆╢≤ ─

V⅜ ⅝™ ─כ♄כ○1/1000╠⅛ ≤⌂╢ Vm│ V⅜ ∆╢↓≤╩ ™≡

≢ ≢⅝╢  

ὠ ‘ σ‛   (4-22) 

↓℮⇔≡ (4-22)≢ ↕╣╢ ─ ה╡⌡℮│ ⌐⅔™≡ ∂╢

⌐ ™ ╩ ⅎ╢ ↓─Vm╩ ─ ─ ≤ ∆  

⌐ ─ 1/n ─ ╩(4-19)(4-20)⅔╟┘(4-22)╩ ™≡ ∆
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Fig.4-11 Probability distribution of standard deviations of vertical acceleration at F.P. in actual 
seas (Tp=16.8s and TW=9s). 
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(1) ─ ─ ⌐≈™≡ 

 ─ ─  Ὢὼ│ ☻Ɑ◒♩ꜝⱶὛ ─‫ ─ ⅜╡╩

∆ ─ʀ Ᵽfi♪ Ɽꜝⱷכ♃ ╩ ™≡ 50)≢ ∆↓≤⅜≢⅝╢  

Ὢὼ ÅØÐ ὼϽÅØÐ πȢυ ÅÒÆ     (4-23) 

↓↓≢ m0 ☻Ɑ◒♩ꜝⱶ─0 ♩ⱷfiכ⸗ ὩὶὪὼ ≢№╢  
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 Ů─ ╩ ∆╢√╘⌐ (4-23)╩ ά⌐≡ʁ ὼ άϳ ─ ╩ ℮≤ 25)

⅜ ╠╣╢  

p‒
Ѝ
ÅØÐ ρ ‐ ‒ϽÅØÐ πȢυ ÅÒÆ ρ ‐     (4-25) 

 ɕ⌐ ↕╣√ p(ɕ) ─(4-25)⌐╟╣┌ Fig.4-1225)⌐ ∆╟℮⌐ Ů ⌐

p(ɕ)─ ⅜ ≢⅝╢  

 
Fig.4-12 Probability density function of extreme value by bandwidth parameter Ů25). 

 

(2) ☻Ɑ◒♩ꜝⱶ─Ᵽfi♪ Ɽꜝⱷכ♃Ů⌐≈™≡ 
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∆⌂╦∟ ʀᴼπ─ │ ─Rayleigh ≢ ʀᴼρ─ │

─Gaussian ≢№╢ ↓℮⇔≡Ů⅜ ─ ─ ─

│ ─ ≢ ∆↓≤⅜≢⅝ ∕╣∙╣─ ─ ╩ ∆╢  

 ⇔⅛⇔ ⌐⅔™≡│∕─╟℮⌂ ⌂↓≤│ ≢№╡ Ů│Fig.4-12⌐ ∆╟℮⌐

⌂ ╩ ╢√╘ ─ │(4-23)⌐ ≠™√ ╩ ∆╢↓≤⌐⌂╢  

─ ⅜(4.-23)⌐ ℮≤⇔√ ∕─ ⅜№╢ xô╩ ⅎ╢ │ ≢№╢  

ρ
ὲ

ὪὼὨὼ (4-27) 

 ╕√ ─1/n ὼӶϳ│ ≢№╢  

ὼӶϳ
᷿ ὼὪὼὨὼ

᷿ ὪὼὨὼ
ὲ ὼὪὼὨὼ (4-28) 

 ὼӶϳ≤ ⌐ ∆╢ ─ ≤⌂╢ 0 ⱷfi♩άכ⸗ ☻Ɑ◒♩ꜝⱶ─

│ (4-21)≢ ⇔√ 1/n ╩ ╘╢√╘─ Ŭ╩ ™╢≤ ─ ⅜№

╢  

ὼӶϳ ‌ ά   O   ‌
ὼӶϳ
ά  
 (4-29) 

 (4-27)(4-29)⌐╟╣┌ Ŭ│Ů⌐╟∫≡ ∆╢ ⌂⅔ ─ ⅜Rayleigh⌐

℮ ─Ŭ│ Table 4-2─≤⅔╡≢№╢  

 

(3) ─ ⌐⅔↑╢ ☻Ɑ◒♩ꜝⱶ─Ᵽfi♪ Ɽꜝⱷכ♃ 

 ↄ ╩ ℮√╘⌐│ ⌐⅔↑╢ ─ ⅜≥─╟℮⌂ ⌐

℮⅛╩ ╢ ⅜№╢ ─≤⅔╡ ∕─ 1/n ╩ ╘╢√╘─Ŭ│Ů≤

⌂ ⅜№╢ ╟∫≡ ╩ ╘╢√╘⌐ ╕∏│ Ů≤ Ŭ─ 50),54)╩ ╘⌂↑╣┌⌂

╠⌂™ ∕╣│ ─ ⌐≡ ╘╢↓≤⅜≢⅝╢  

ᵑ(4-27)─Ů≤Øᴂ╩ ╘≡ ∆╢↓≤≢ ─1/n╩ ╘╢  

ᵒxô⅔╟┘n╩(4-28)⌐ ⇔≡ ∆╢↓≤≢ ὼӶϳ╩ ╘╢  

ᵓ(4-29)⌐ὼӶϳ╩ ⇔≡Ŭ╩ ╘╢  

ᵔ↓─╟℮⌐⇔≡ ╘√Ŭ│ ᵑ⌐≡ ⇔√≢Ů⌐ ⇔√ ≢№╢  

⌂Ŭ╩ ╢√╘⌐│ ה╡⌡℮ ⌐⅔™≡Ů⅜≥─╟℮⌐ ∆╢⅛⅜ ≤⌂

╢ ∕↓≢ ⌐ ⌐⅔™≡ ╠╣╢ ☻Ɑ◒♩ꜝⱶ─Ů╩ 1,000─ ☻Ɑ

◒♩ꜝⱶ╩ ™√◦Ⱶꜙ꜠כ◦ꜛfi⌐╟∫≡ ∆╢ ↓↓≢│ Table 4-1─ [℮⌡╡

3mהⱧכ◒ 16.8─JONSWAP☻Ɑ◒♩ꜝⱶ ה 2mה

7 ─P-M ☻Ɑ◒♩ꜝⱶ ]─╙≤ ⅜24kt≢ ╩ ⇔√ ⌐ ∂╢
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─☻Ɑ◒♩ꜝⱶ─Ů╩ ≤⇔≡ ╘√ ↓℮⇔≡ ╘╠╣√Ů│ ╩0.30

╩ 0.37≤⇔≡ ∕─ ⌐ Fig.4-13─ ⌐ ∆ ╩⇔≡™╢ ∕─ │ 0.33≢

№∫√  

    
Fig.4-13 Change in Proportionality constant Ŭ to band width parameter Ů and distribution of Ů. 

 

╕√ Fig.4-13⌐│ ─ ≢ ╘√ Ŭ≤ Ů─ ╩ n ⌐ ⱪ꜡♇♩⇔√ ⅎ┌ n=3

≢ Ů=0─ ─Ŭ│2.0 ─ ≤⌂∫≡⅔╡ Table 4-2─Ŭ─ ≤ ∆╢ ↓─ ⅛╠
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ה╡⌡℮ 4.7 ☻Ɑ◒♩ꜝⱶ─ ⌂╡ ‎ ⅜ ─ ⌐ ╓∆  

4.7.1 ☻Ɑ◒♩ꜝⱶ─ ⌂╡ ‎ ≤ ⌐≈™≡ 

 ℮⌡╡≤ ─ ☻Ɑ◒♩ꜝⱶ⌐ ⌂╢ ⅜№╢↓≤≢ (4-8)3 ─ ⌐ ∂≡

(4-9)─ ─ ≢ Fig.4-2⌐ ∆╟℮⌐ ─ ☻Ɑ◒♩ꜝⱶ3 ⅜‫ ∆╢

☻Ɑ◒♩ꜝⱶ─Ⱨכ◒⅜ ⌐ ╣≡™╢↓≤≢ ☻Ɑ◒♩ꜝⱶ⌐ ⌂╢ ⅜ ↄ⌂™

╩ ⅎ╢≤ (4-8)3 │♀꜡≤⌂╡ ─3 ⅜‫ 3 ‫ 3‫ ⌐╟∫≡ ╕╢  

 ≢│ 4.5≢ ═√ ±10 ╩ ™≡℮⌡╡≤ ─ ☻Ɑ◒♩ꜝⱶ─

⌂╡ ─ ╩ ∆╢ ↓↓≢─ ☻Ɑ◒♩ꜝⱶ─ ⌂╡─ ⌂╡ │ ℮⌡╡─Ⱨ

◒כ ≤ ─ ─ (‎ Ὕ Ὕϳ  )≢ ∆─╙≤∆╢ ↓─ ⅜ ⅝™ │

☻Ɑ◒♩ꜝⱶ─Ⱨכ◒⅜ ╣≡™╢√╘⌐ ☻Ɑ◒♩ꜝⱶ─ ⌂╢ │ ↕ↄ⌂╢ ⌂⅔

─ ≢│‎ ─ ╩1.02.0≤⇔√ ↓─ │ ℮⌡╡│ ⌐╟╢ ╟╡╙

─ ⅜ ™↓≤╩ ⇔≡ ─‎ ╩ 1.0≤⇔ ─‎ │ ⅜ ⌐ ∆╢

⅜ ™≤ ה╡⌡℮╢╣╦ ╩ ⌐ ╣≡2.0≤⇔√  

    

   

Fig.4-14 Example of calculating the effect of the difference in the overlapping range of both wave spectra 

 on the generation of the composite wave spectra. 

Fig.4-14│ ℮⌡╡ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒ Tp=16.8⌐ ⇔≡ ☻Ɑ◒♩ꜝⱶ─

╩Tw=4 ─ ≤7 ─ ─ ─ ☻Ɑ◒♩ꜝⱶ ─ ╩

⇔√ ≢№╢ ∆⌂╦∟ ↓─ ⌐╟╣┌(4-9)│ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒ Fig.4-14─

─Ɫ♇♅fi◓⇔√ ─ ⅜ ≠™≡ ⌂╢ Fig.4-14─ ─ ⅜ ⅝

™╒≥ ☻Ɑ◒♩ꜝⱶ ─ ⅜ ⅜╢↓≤╩ ⇔≡™╢ ☻Ɑ◒♩ꜝⱶ

─ ⅜ ∆╢≤ ↕╣√ ☻Ɑ◒♩ꜝⱶ─┌╠≈⅝⅜ ⅝ↄ⌂╢ ∕─√╘ ∕╣╩

™√ ─ ─┌╠≈⅝╙ ⇔ ╙│╛ ─ ⌐╟╢ │ ⅜⌂

ↄ⌂╢╙─≤ ⅎ╢ ╟∫≡ ℮⌡╡≤ ─ ☻Ɑ◒♩ꜝⱶ─ ⌂╡ ⅜ ─

╩ ™√ ⌐≥─ ─ ╩ ╓∆⅛╩ ⌐ ⇔⌂↑╣┌⌂╠⌂™  
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╕√ ⌐ ™╢ ─ ─ ὑ Ὑ ”Ὣ‒ὄ ὒϳϳ │

Table 4-1⌐ ⇔√ ⌐⅔↑╢ ─ ≢№╢ ⇔√⅜∫≡ ─ ≢│ ≈─ ─

⌐ ⇔≡℮⌡╡≤ ─ ☻Ɑ◒♩ꜝⱶ╩ ₁ ⅎ√ ⌐ ☻Ɑ◒♩ꜝⱶ≤

─ 3≈─Ⱨכ◒─ ⌐╟∫≡ Fig.4-9(1)⌐ ⇔√ ─

⅜≥─╟℮⌐ ∆╢⅛╩ ∆╢  

 

4.7.2 ╩ ™√  

 Fig.4-15│ Ⱨכ◒ Ὕ⅜10─℮⌡╡ ☻Ɑ◒♩ꜝⱶ JONSWAP≤ Ὕ⅜5

~10─ ☻Ɑ◒♩ꜝⱶ P-M 5 ~10╩1 ≢ ⇔ ™≡◓ꜝ

ⱨ ⇔√ ─ ╩ ∆╙─≢№╢ ╕√ ─ │ ─ ─ ὑ

≢№╢ Fig.4-16⅔╟┘Fig.4-17│Fig.4-15≤ ─ ≢№╢⅜ ℮⌡╡ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒

⅜Ὕ ρς≤ 14 ─ ╩ ⇔≡™╢ ◓ꜝⱨ ─ ☻Ɑ◒♩ꜝⱶ─ │ ∕

╣∙╣Ὕ φͯρς7 14≢№╢ Fig.4-15≤ ⌐ ™≡◓ꜝⱨ ⇔√ Fig.4-15F.4-17

─3 ─◓ꜝⱨ⅛╠ JONSWAPP-M⅔╟┘ὑ ─Ⱨכ◒─ ⅜╦⅛╢ ∆⌂╦∟ Fig.4-

15─ │ὑ ─Ⱨכ◒ ɤ=0.54│JONSWAP 10─Ⱨכ◒ ɤ=0.60╟╡╙ɤ─ ↕⌂ ⌐

№╢ Fig.4-16─ ὑ ─Ⱨכ◒│JONSWAP 12─Ⱨכ◒ ɤ=0.50╟╡╙ɤ─ ⅝⌂ ⌐

№╢ ↕╠⌐ Fig.4-17─ │ὑ ─Ⱨכ◒│ JONSWAP 14ɤ=0.43≤ P-M 7─Ⱨכ◒

ɤ=0.69─ ⌐ ⇔≡™╢  
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Fig.4-15 Relationship between the positions of the peak of swell, wind wave, and added resistance when the 

peak wave period of the swell wave spectrum is 10 seconds. 

 
Fig.4-16 Relationship between the positions of the peak of swell, wind wave, and added resistance when the 

       peak wave period of the swell wave spectrum is 12 seconds. 

 
Fig.4-17 Relationship between the positions of the peak of swell, wind wave, and added resistance when the 

 peak wave period of the swell wave spectrum is 14 seconds. 
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─℮⌡╡≤ ─ ☻Ɑ◒♩ꜝⱶ─ ⌂╡─ ⅜ ─ ⌐ ╓∆ ╩

∆╢√╘⌐ ─╟℮⌂ ╩ ∫√  

ᵑ ₁─℮⌡╡ה ☻Ɑ◒♩ꜝⱶ─ ╖ ╦∑ Fig.4-154-164-17⌐ ⇔≡

4.5≢ ═√ 1,000─ ─ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ™ ∕─ 1,000

─ ─ ⅔╟┘ ╩ ╘╢  

ᵒ ŋ ⌐≡ ה╡⌡℮ ☻Ɑ◒♩ꜝⱶ─ ╖ ╦∑↔≤⌐ 1,000─

⅜ ↕╣╢─≢ ∕─ ╖ ╦∑↔≤⌐Fig.4-9(1)─↔≤ↄ ─

╩ ∆╢≤≤╙⌐ (4-20)⌐╟╡ ─PDF╩ ╘╢  

ᵓ o ≢ ╘√PDF⌐╟∫≡ ─ ⌐ ⇔≡±10%─ ⌐ ╢

─ ╩ ∆╢ Fig.4-18 

 
Fig.4-18 Schematic diagram for determining the probability that the mean added resistance falls within Ñ10% 

 of the average value. 

 ↓─╟℮⌐⇔≡ ╕∫√ ☻Ɑ◒♩ꜝⱶ─ ╖ ╦∑↔≤─ ─ ⌐ ⇔

≡±10%⌐ ╢ ±10% ╩ ⌐ ☻Ɑ◒♩ꜝⱶ─ ⌂╡─ ╩ ∆‎ Ὕ Ὕϳ

╩ ⌐≤∫≡ⱪ꜡♇♩⇔√╙─⅜Fig.4-19≢№╢ ↓─ ⌐╟╢≤ ☻Ɑ◒♩ꜝⱶ─‎ ⅜

⅝ↄ⌂∫≡ ☻Ɑ◒♩ꜝⱶ─ ⌂╢ ⅜ ↕ↄ⌂╢╒≥ ☻Ɑ◒♩ꜝⱶ3 ─‫

⅜ ↕ↄ⌂╢ ∕─√╘⌐ ∕╣╩ ™≡ ⇔√ ⅜∕─ ─ ⌐ ∆╢

↓≤⌐⌂╡±10% │ ⅝ↄ⌂╢ ⅎ┌ Ὕ=10 Ὕ=5 ─ɾ ς ─ủ ─

│ ±10% │100%≤⌂∫≡™╢ ↓╣│ɾ ⅜ ⅝ↄ⌂∫≡3 ─‫ ⅜ ↕ↄ⌂∫√ ⌐

─Ⱨכ◒⅜ ☻Ɑ◒♩ꜝⱶ─ ⅛╠ ╣≡™╢↓≤⅜ ≢

№╢ ∆⌂╦∟ ↓─ ה╡⌡℮─ ⌐⅔↑╢ │ ─

≢ ╡⌐ ∆╣┌ ™  

 Ὕ=14─ ≢│ ɾ ςὝ=7 ≤⇔√ ─ ─ ⌐ ⇔≡

±10% │ 55% ─ẽ ≢№╡ ⌐ ∆╢┌╠≈⅝│ ≤⇔≡ ⅝™ Fig.4-17

!ǾŜǊŀƎŜнтΦсƪb

мл҈
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⌐╟╢≤ ─Ⱨכ◒ 0.56│‫ 4ḤρρȢς⌐№╡

☻Ɑ◒♩ꜝⱶ─ ⌐ ⇔≡™╢ ∆⌂╦∟ ─Ⱨכ◒ │

3 ─‫ ╙ ⇔≡™╢ ⌐ ∆╢ ↓℮⇔≡ ☻Ɑ◒♩ꜝⱶ⅔╟┘

─ 3≈─Ⱨכ◒─ ⅜ ⌐ ∆╢┌╠≈⅝─ ╩ ∆╢ ≈─

≤ ⅎ╢ ─ ≢│ ╙│╛ ─ ∞↑≢│ ╩ ⇔ↄ

≢⅝⌂™ ↓─╟℮⌂ ⌐⅔™≡│ ─ ╩ ™√ ⌐

∆╢ ╩ ⇔√ ⅜ ≤⌂╢  

 ─ ⌐⅔™≡ ℮⌡╡ ☻Ɑ◒♩ꜝⱶ ☻Ɑ◒♩ꜝⱶ⅔╟┘

─ 3≈─Ⱨכ◒─ ⌐╟∫≡ ─ ⌐ ∆╢ ⅜ ⅝ↄ ∆╢↓≤

⅜╦⅛∫√ 3≈─Ⱨכ◒─ ╩ ─Ⱨכ◒ ╩ ⌐ ⅎ≡ ∆╢≤

─≤⅔╡≢№╢  

ᵑ ─Ⱨכ◒⅜ ℮⌡╡ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒╟╡╙Ș─ ↕⌂ ⌐ ∆╢  

ᵒ ─Ⱨכ◒⅜ ℮⌡╡ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒╟╡╙Ș─ ⅝⌂ ⌐ ∆╢  

ᵓ ─Ⱨכ◒⅜ ℮⌡╡ ☻Ɑ◒♩ꜝⱶ≤ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒─ ⌐

∆╢ ∆⌂╦∟ 3 ─‫ ⅜ ⅝ↄ⌂∫≡™╢ ⌐ ⅜ ∆

╢ ≢№╢  

 
Fig.4-19 The probability that an individual mean added resistance falls within Ñ10% of the mean value of the 

 added resistance distribution. 

 

Fig.4-19─ɾ ς─ ─≤⅔╡3≈Ⱨכ◒─ ⅜ ⌐ ⇔≡™╢ ─3

≈─ ⌐ ≡│╘╢≤ Fig.4-15⅜ᵑ─ Fig.4-16⅜ᵒ─ Fig.4-17⅜ᵓ─ ⌐ ⇔

≡™╢ ᵑ ᵓ─ ⌐ ⇔≡ ╩╕≤╘╢  

(a)3≈─Ⱨכ◒⅜ᵑ─ ⌐№╢  

 ↓─ ≢│ ℮⌡╡ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒⌐ ⇔≡ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒⅜ ╣╢

⌐ ™ ─ ⌐ ∆╢ │ ↕ↄ⌂╢ ╟∫≡ ⌐⅔™≡│ɾ ς⌐

⌂╢≤ │ ≢ ≢⅝╢ ∆⌂╦∟ ɾ ⅜2╩ ⅎ╣┌ ─ ─
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⅜∕─╕╕ ⅎ╢  

 

(b)3≈─Ⱨכ◒⅜ᵒ─ ⌐№╢  

 ↓─ ≢│ ᵑ─ ⌐ ≡™╢⅜ │ᵑ─ ╟╡╙3 ─‫ ⌐ ⇔

≡™╢√╘ ─ ╩ ℮⌐│ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒⅜↕╠⌐ ╣≡™⌂↑╣

┌⌂╠⌂™  

 

(c)3≈─Ⱨכ◒⅜ᵓ─ ⌐№╢  

 ↓─ ≢│ │3 ─‫ ⌐ ⅝ↄ ∆╢√╘ ─ ⌐╟╢

─┌╠≈⅝│ ⅝™ ∕─√╘ ─ ≢ ╕╢ ⌐╟╢ │ ⇔ↄ

─ ╩ ™√ ⌐ ∆╢ ╩ ⇔√ ⅜ ≢№╢  

 

4.7.3 ≤Ochi-Hubble─ ☻Ɑ◒♩ꜝⱶ≤─  

 Fig.4-20│ ℮⌡╡ ☻Ɑ◒♩ꜝⱶ╩[JONSWAP 1m,Ⱨכ◒ 16.8]

☻Ɑ◒♩ꜝⱶ╩[P-M 1m, 7 ]⌐≡ ⇔√1,000─ ☻Ɑ◒♩

ꜝⱶ─ ─ ╩ ∆ ↓─ │ (4-17)≢ ╘√ ☻Ɑ◒♩ꜝⱶ─ ∆⌂╦∟

─ ─ 4.4─Fig.4-8╩ ⌐ ∆╢Rayleigh─ ╩ ™≡

⌐ Ὄϳ τЍ„ ⇔√ ≢№╢  

 

Fig.4-20 Distribution of significant wave height of composite wave spectrum. 

↓─ ⌐╟╣┌ 1,000─ ☻Ɑ◒♩ꜝⱶ─ ─ │1.41m≢ ⌐╟╢

⌐ ∆╢  

Ὄ Ὄ Ὄ  (4-30) 

↓↓≢ Ὄ ─ Ὄ ℮⌡╡─ Ὄ ─ ≢

№╢  

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0
20
40
60
80
100

0.0
0.2
0.4
0.6
0.8
1.0

H1/3 of Composite Wave Spectrum (m)

F
r
e
q
u
e
n
c
y

C
u
m
u
l
a
t
i
v
e
 
F
r
e
q
.

PDF by theory(eq.(4ī20))

CDF by simulation
CDF by theory



- 92 - 
 

 (4-30)⅜ ╡ ≈ │ 4.3.1⌐≡ ═√⅜ (4-8)─ 3 ⅜♀꜡⌐⌂╡ ☻Ɑ◒♩

ꜝⱶ3 3⅜‫ 3≥‫ ─‫ ≢ ≢⅝╢ ≢ ∆⌂╦∟ ─ ≢№╢  

ᵑ ☻Ɑ◒♩ꜝⱶ⌐ ⌂╡ ℮ ⅜ ⇔⌂™ ≢ Ὓ ‫Ὓ ‫ π≢№╢  

ᵒ ☻Ɑ◒♩ꜝⱶ─ ‐‫ ‐ ╢⌂≥ςϳ“⅜‫ ≢ ÃÏÓ‐‫ ‐ ‫ π≢№╢  

 (4-30)─ │ ☻Ɑ◒♩ꜝⱶ⅜™⅛⌂╢ ╖ ╦∑≢№∫≡╙ ─ ≢№╢

⌂⅔ Fig.4-20─ │ Fig.4-14─ ─ ⌐ ⇔ ☻Ɑ◒♩ꜝⱶ─ ⌂╢ ⅜№

╢√╘ᵑ─ │ ╡ √⌂™ ╟∫≡ ᵒ─ ⌐ ∆╢ ─ ─ ☻Ɑ◒♩ꜝⱶ⌐

╟╢ ╩ ≤⇔≡ ⅎ╠╣√ ─ ☻Ɑ◒♩ꜝⱶ─ ⅜ ∆╢

∕─ │ ☻Ɑ◒♩ꜝⱶ─ ⌂╡ ⌐╟∫≡ ⅝ↄ ⌂╢↓≤│ ⌐ ═√≤⅔╡≢

№╢  

ה╡⌡℮  ─ ╩ ∆╢ ☻Ɑ◒♩ꜝⱶ≤⇔≡ ≢ ↕╣╢Ochi-Hubble

─ ☻Ɑ◒♩ꜝⱶ 51)⅜ ╠╣≡™╢  

Ὓ ‫
ρ
τ

τ‗ ρ
τ ‫

ɜ‗
‒

‫
ÅØÐ

τ‗ ρ
τ

‫
‫

 (4-31) 

↓↓≢ j=12 ‫ ‒ j ─ ‫ j

─Ⱨכ◒ ‗ j ─ Ɽꜝⱷכ♃ ɜ‗ ●fiⱴ ≢№╢  

(4-31)│ ה╡⌡℮ ─ ╩ ─ ≤ ─

─ ≢ ⇔√╙─≢№╢ (4-31)─‗│ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒─ ↕≤ ─

⅜╡ ╩ ∆╢Ɽꜝⱷכ♃≢№╢ ⅎ┌ ‗╩ ⅝ↄ∆╣┌Ⱨכ◒ ⅜ ⅝ↄ ─ ™

⌂ ─☻Ɑ◒♩ꜝⱶ⅜ ╠╣╢ ⌂⅔ ‗ ρ─ ─(4-31)│ ─≤⅔╡ ╩

Ⱨכ◒ ≤⇔√ ─P-M─ ☻Ɑ◒♩ꜝⱶ ─ ≤ ∆╢  

Ὓ ‫ πȢσρςυ
‫
‫

‒
‫
ÅØÐπȢρςυ

‫
‫

 (4-32) 

∆⌂╦∟ (4-31)│P-M ☻Ɑ◒♩ꜝⱶ╩ ⌐⇔≡‗⌐╟∫≡ ה ─☻

Ɑ◒♩ꜝⱶ ╩ ⌐ ∆╢ ≢ ⌐ ─☻Ɑ◒♩ꜝⱶ ⅜ ⌂↓≤⅜

☻Ɑ◒♩ꜝⱶ≤─ ╩ ╘╢√╘⌐│ ≢№╢  

╕√ 51⌐╟╣┌ₐ ≤ ─ ☻Ɑ◒♩ꜝⱶ⅜≤╙⌐ ≢ ⅛≈

☻Ɑ◒♩ꜝⱶ╙ ≢№╢ ⌐│ ↕╣√ ─ ⌐ ∆╢(4-30)⅜

∆╢ ₑ ≤ ↕╣≡™╢ ⅛⌐ ☻Ɑ◒♩ꜝⱶ⅜ ≢ ⌂╢ ⅜⌂™ ‫ ‫

≢Ὓ ‫ π ‫ Ὓ≢‫ ‫ π│ ℮⌡╡≤ ─◄Ⱡꜟ◑כ─ │ ─ ◄Ⱡꜟ◑כ⌂─

≢ ≤⌂╡ (4-30)⅜ ∆╢  
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Ὓ ‫Ὠ‫ Ὓ ‫Ὠ‫ Ὓ ‫ὨO  ‫   „ „ „  (4-33) 

↓↓≢ „ ☻Ɑ◒♩ꜝⱶ─ „ ℮⌡╡ ☻Ɑ◒♩ꜝⱶ─ „ ☻

Ɑ◒♩ꜝⱶ─ ≢№╢  

⇔⅛⇔ Fig.4-20⌐ ⇔√1,000◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╣┌₈ ☻Ɑ◒♩ꜝⱶ⅜≤╙⌐

₉≤™℮ ⌐│ ╦╠∏ ≥─╟℮⌂ ☻Ɑ◒♩ꜝⱶ─ ╖ ╦∑≢№∫≡╙Ὓ ‫ Ὓ ‫

Ὓ ⅜‫ ↕╣╢ ☻Ɑ◒♩ꜝⱶ─ ╩ ⅎ (4-30)─ ⅜ ╡ ≈  

Fig.4-21│ ─ ☻Ɑ◒♩ꜝⱶ ─ H1/3=2.37m, T01=9.4

≤(4-31)⌐╟∫≡ ⇔√ ☻Ɑ◒♩ꜝⱶ H1/3=2.39m, T01=9.1

╩ ⇔√ ≢№╢ (4-31)─6≈─Ɽꜝⱷכ♃[‒ȟ‫ ȟ‗ȟὮ ρȟς]╩ ☻Ɑ◒♩ꜝⱶ

⌐ ℮╟℮⌐ ∆╢↓≤≢ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒ ∞↑≢│ↄ ─ ☻Ɑ◒♩

ꜝⱶ─ ─ ╛ ─ ─ ─ ⌐≈™≡╙ ⌐ ☻Ɑ◒♩ꜝⱶ╩ ≢⅝╢

⌐ │‗╩ ⅝ↄ∆╢↓≤≢ P-M ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒ ╩ ⅝ↄ⇔≈≈

─ ╩ ╡ ╗↓≤⅜≢⅝╢√╘ ☻Ɑ◒♩ꜝⱶ┼─ ⅜ ≢№╢ ⇔⅛⇔ ∕─Ɽ

ꜝⱷכ♃ │ ≢│⌂™  

 

Fig.4-21 Comparison of measured and Ochi-Hubble and composite wave spectrum. 

 

╕√ ─ │℮⌡╡ ☻Ɑ◒♩ꜝⱶ╩JONSWAP[Ὄϳ ρȢττάȟὝ ρυȢχί ☻

Ɑ◒♩ꜝⱶ╩P-M[Ὄϳ ρȢωάȟὝ φȢυί]≤⇔≡ (4-8)─ 3 ╩Ὓ ‫ π⌐≡ ⇔√
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☻Ɑ◒♩ꜝⱶ ∆⌂╦∟ ☻Ɑ◒♩ꜝⱶ─ Ὓ ‫ Ὓ‫ Ὓ‫

H1/3=2.37m, T01=8.3≢№╢ │(4-8)≢ ↕╣╢ ─ ☻Ɑ◒♩ꜝⱶ─

≢№╢⅛╠ ☻Ɑ◒♩ꜝⱶ─ │ ⌐ ⇔≡™╢⅜ Ochi-Hubble☻Ɑ

◒♩ꜝⱶ⌐ ═╢≤ ᵑⱧכ◒─ ↕ ᵒ ☻Ɑ◒♩ꜝⱶ─ ─ ᵓɤ⅜ ⅝™

─☻Ɑ◒♩ꜝⱶ─ ⌂≥─ ⅛™ │ ∫≡™⌂™√╘ Table 4-3─≤⅔╡

⌐│ ⅜№╢  

⌂⅔ ↓─ ⌐⅔↑╢ ⌂╡ │‎ ςȢτ≢ ∆╢⅜ Fig.4-19⅛╠ 3 ─ ⌐╟∫

≡(4-8)≢ ↕╣╢ ☻Ɑ◒♩ꜝⱶ─┌╠≈⅝│ ⅝ↄ ┌╠≈⅝─ ─ ⌐

☻Ɑ◒♩ꜝⱶ⅜ ╕╣╢↓≤⅜ ≢⅝╢  

Table 4-3 Statistics on three wave spectra. 

Statistics on the spectra Measured Ochi-Hubble Composite 

Significant wave height H1/3 (m) 2.37 2.39 2.37 

Mean wave period T01 (sec.) 9.4 9.1 8.3 

 

 

Fig.4-22 Comparison with the measured spectrum considering the upper and lower limit range of the 

composite wave spectra. 

4.3.1≢ ═√≤⅔╡ ☻Ɑ◒♩ꜝⱶ⌐ ⌂╢ ⅜№╢↓≤≢(4-8)⌐╟∫≡ ↕╣

╢ ☻Ɑ◒♩ꜝⱶ│(4-8)─ 3 ─ ─ ⌐╟∫≡(4-9)─ ─ ⌐ ⌐
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∆╢ Fig.4-22│ ↕╣╢ ☻Ɑ◒♩ꜝⱶ─ ╩(4-9)⌐ ≠™≡ⱪ꜡♇♩⇔

√╙─≢ ╩ ≤⇔≡ ≤ ≢ ⇔√ ⌐ ─☻Ɑ◒♩ꜝⱶ⅜

∆╢ ∫≡ ⇔√ ☻Ɑ◒♩ꜝⱶ─ ⌐│ ─ ☻Ɑ◒♩ꜝⱶ ⌐

™╙─⅜ ╕╣≡™╢≤ ╦╣╢ ∆⌂╦∟ JONSWAP≤P-M╩ ™≡ ∆╢ ☻Ɑ

◒♩ꜝⱶ─(4-8)│ ה╡⌡℮ ─ ╩ ⌐ ≢⅝╢ ≢№╢  

 ≢│ Ochi╠ 51)⅜ ה╡⌡℮√⇔ ─ ─ ☻Ɑ◒♩ꜝⱶ≤ 4.3.1≢ ⇔

√ ⌐╟╢ 1,000◦Ⱶꜙ꜠כ◦ꜛfi╩ ™√ ≤─ ™╩ ☻Ɑ◒♩ꜝⱶ≤ ↕

∑≡ ⇔√  

 

ᵑ 51⌐│ₐ ≤ ─ ☻Ɑ◒♩ꜝⱶ≤╙⌐ ≢№╡ ⅛≈ ☻

Ɑ◒♩ꜝⱶ╙ ≢№╢ ⌐│(4-30)⅜ ∆╢ ₑ≤ ↕╣≡™╢ ⇔⅛⇔ 4.3.1─

⌐╟╡₈ ☻Ɑ◒♩ꜝⱶ⅜≤╙⌐ ₉≤™℮ ⌐│ ╦╠∏ ≥─╟℮⌂ ☻Ɑ◒

♩ꜝⱶ─ ╖ ╦∑≢№∫≡╙ Ὓ ‫ Ὓ ‫ Ὓ ⅜‫ ↕╣╢ ☻Ɑ◒♩ꜝⱶ─

╩ ⅎ (4-30)─ ⅜ ╡ ≈  

ᵒOchi-Hubble─ ☻Ɑ◒♩ꜝⱶ Fig.4-21─ │ 6≈─Ɽꜝⱷכ♃─℮∟─[ɕ1 ɕ2 ɚ1

ɚ2]╩ ↄ ∆╢↓≤≢ ☻Ɑ◒♩ꜝⱶ ─ ╩ ⌐ ≢⅝╢⅜ ∕─

│ ≢│⌂™  

ᵓ (4-8)│ ☻Ɑ◒♩ꜝⱶ─ ≤ ╩ ∆╢≤ Fig.4-22⌐ ⇔√ ─

⌐ ☻Ɑ◒♩ꜝⱶ⅜ ╠╣╢√╘ ≢№╢ ╠╣╢ Ὓ ‫ Ὓ ‫ Ὓ ‫

─ │ ☻Ɑ◒♩ꜝⱶ─ ⌐ ⇔≡™╢  

ᵔ⌂⅔ ɤ=0.9─ ⌐⅔↑╢ ─ ☻Ɑ◒♩ꜝⱶ─ ≤─ ╩ ↕ↄ∆╢√╘

⌐│ P-M─ ⌐ ⅜ ≢№╢  

 

4.8 ╕≤╘ 

≢│ ה╡⌡℮ (℮⌡╡Ὓ ‫ Ὓ ≡™⅔⌐(‫ ─ ╩ ℮

≈─ ╩ ⇔√ ℮⌡╡≤ ─2 ─ ╩ ╗ ≢ ╩ ∆╢

╩ ╘≡ ≤ ∆╢ │ ─ ⅜№╢√╘ ⌐≡

∆╢ ⅜№╢  

╩╕≤╘╢≤ ─≤⅔╡≢№╢  

ה╡⌡℮(1 ⌐⅔↑╢ ☻Ɑ◒♩ꜝⱶ╩3‫ Ὓ ‫ Ὓ ╢∆≥‫ ─ │

│ ☻Ɑ◒♩ꜝⱶ─ ≢┌╠≈ↄ3─‫ ╩ ⅎ╢ ∕╣╩ ⌐⇔√ ─

│ ╩ ≈⌐ ⇔√ ⌐⌂╢⅜ ─ ╩ ⅎ╢ ⌂

≢№╢ √∞⇔ ≤ ∆╢ │ ↓─┌╠≈⅝╩ ⇔⌂↑╣┌⌂╠⌂™  

2) ☻Ɑ◒♩ꜝⱶ─ ─ │ ⌐⌂╢ ↓─ │ ─

─ ⅜ ⌂╠┌ ₁─ ─ ‐‐‫ȟ ↄ≡╙Ὓ⌂⅜‫ ‫ȟὛ ⅜‫ ⅎ

╠╣╢≤(4-20)⌐≡ ╕╢  
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3) ⌐≡ ⇔√1,000─ ─ ╖ ╦∑╩ ™≡ ה╡⌡℮ ─

─ ╩ ╘√ ∕╣│ (4-20)⌐╟╢ ⌐ ∆╢ ⇔√⅜∫≡

(4-20)⌐≡ ╘√ ─ ⌐╟∫≡ ⌐⅔↑╢

─┌╠≈⅝─ ⅜ ≢⅝╢  

4) ⌐≤∫≡ ─ ⅜ ≢№╢ ─ ⌐╟╣┌

─ ─ ⅜(4-22)─ ⅛╠ ⌐ ╕╢ ∕─ ─ ╩

™≡ ה╡⌡℮ ⌐⅔↑╢ ─1/n ─ ⅜ ≢⅝╢

1/n ╩ ╘╢ ⌐ ─ ⌐ ↑ ╦∑╢ Ŭ│

☻Ɑ◒♩ꜝⱶ─Ᵽfi♪ Ɽꜝⱷכ♃Ů⌐ ∆╢√╘ ─☻Ɑ◒♩ꜝⱶ─Ů╩ ╘⌂↑╣

┌⌂╠⌂™ Ů⅜ ⅝ↄ⌂╢⌐≈╣≡Ŭ│ ╛⅛⌐ ∆╢⅜ Ů֔ 0.4╕≢─ ─ │

↕™ ↓℮⇔≡ 1/n ─ ╩ ⌐ ⇔≡│⌂╠⌂™↓≤╩ ⅎ╢≤ Ů=0─

─Ŭ─ ╩ ™╢─⅜ ™  

5) Table 4-1─ ─ ⅜ ─±10%─ ⌐ ╢ ±10%

│61%≢№∫√ ↓╣│ Ὓ ‫ȟὛ ὑ≥‫ ─ɤ⌐ ∆╢ ⌐╟∫≡

∆╢ ↓╣│ ─ ⌐ ⇔≡╙ ∂↓≤≢ ɤ⌐ ∆╢3 ─ ╩ ∆╢↓

≤⅜ ─ ≢№╢ ∕─ ─ ≤⇔≡ ☻Ɑ◒♩ꜝⱶ─ ╩ ↕∑√

─ ─±10% ╩ ╘√≤↓╤ ɔovl⅜ 2⌐⌂╢╕≢ ☻Ɑ◒♩ꜝⱶ─Ⱨכ

◒ ╩ ⇔≡╙±10% ⅜ 100%⌐⌂╠⌂™ ⅜№╢ ±10% │

─Ⱨכ◒≤ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒─ ⌐╟∫≡ ⅝ↄ ∆╢↓≤⅜

≢⅝√  
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 ╩ ⇔√ ─  

5.1 │∂╘⌐ 

≤ ╩ ™√ 20) ─ ⌐│ ─ ─ ™

⅜ ∆╢↓≤⅜ ╠╣≡™╢ ⌐ ™╢ │ ≤ ╩

⇔√ ≤⇔≡ ↄ─ ⌐╟╡ ⌐ ↕╣≡™╢ ₁─

⌐│ ♃כ♦ ╛ ⌐ ⅜№╡ ™╢ ⌐╟╡ ⅜ ⌂

╢  

╠ 55) │ Walden─ ≥♃כ♦ ╩ ™≡ ⇔√ ─♃כ♦ ≤─

╩ ∆╢↓≤≢Walden─ ─ ╩ ╘≡™╢ ╕√ ╠ 56),57) │

─ │ ⌐ ↕╣╢√╘ ─ ≢ ⇔√ ╩

™√ ≢│ ─ ™ │ ╠╣⌂™↓≤╩ ⇔≡™╢ ─ ╩ ╘

╢√╘⌐│ ╠⅛♃כ♦ ה ─ ⌂ ╩ ⇔ ∕─ ⅛╠

╩ ╘╢↓≤╩ ⇔≡™╢ ↕╠⌐ ╠ 58) │ ╩ ∆╢ ⅜

⌐ ╓∆ ⌐≈™≡ ⇔ ∕─ ⅜ 1×105 ─ ╩ ™≡

╩ ℮─⅜ ╕⇔™↓≤╩ ⇔√ ╠ 59) ⅔╟┘ ╠ 60) │ GWS61)Global Wave 

Statistics♦כ♃╩ ⌐≤∫≡ ∕─ ⌐ ↕╣≡™╢ ─ ─ ╘

⅜ ⌐ ╩ ╓∆↓≤╩ ⇔ 1,000⌐≡0.01─ ╕≢ ─ ╩

∆╢ ╩ ⇔≡™╢ ╕√ ╠ 22) │ ╩ ↕∑≡ ─

╩ ™ ─Ⱨכ◒⅜ ∂╢ ⌐⅔™≡ ⌐⅔↑╢ ─

─ ⅜ ⅝™↓≤╩ ⇔√ ↓╣╠─ │ ─ ─ ⅜

⌐ ⅝ↄ ╩ ╓∆↓≤╩ ⇔≡™╢ ⌐ ∕╣∙╣─ ─ ─

─ ⅜ ⌐ ↄ ∆╢≤ ⅎ╢  

⅜ ה ⌐ ⇔√ │ ⅜ ∂╢⅜ ↕╠⌐ ⅜ ⇔ↄ⌂╢≤

⌐╟╡ ⌂ ╛ ⌐╟╡ ─ ╩ ℮ ⌐ ╘√ ╩

⇔√ │ ╠ 22)⌐╟∫≡ ↕╣ ⌐⅔™≡ ─ │ ≢⅝⌂

™↓≤⅜ ↕╣√ ╠ 62)│ │ ─ Ɽꜝⱷכ♃╩ ⌐⇔≡ ╦╣╢≤

⇔ Ɽꜝⱷכ♃⅜ ╩ ⅎ√ ⌐ ╛ ⌐╟∫≡ Ɽꜝⱷכ♃╩ ↕∑╢

╩ ⇔√ ≤ ╣╩ ─ ─ Ɽꜝⱷכ♃≤⇔≡

╩ ™ ⅜ ⅝⌂ ⌐⌂╢≤↓╤≢ ─ ⅜ ╠╣╢↓≤╩ ⇔√ ╠ 23) 

│ ╠⅛♃כ♦ ╘√ ⅔╟┘ ─ ╩ ⌐ ∆╢↓≤≢

─ ╩ ∆╢ ╩ ⇔√ ∕─ ⌐╟╢≤ ╛ ╩ ⇔⌂™ ⌐

═≡ ⌐⅔↑╢ ⅜ ↕ↄ⌂╢↓≤╩ ⇔√ ╕√ ╠ 63) │₈ │

⌐ ╣┌ ─ ⅜№╢ ╩ ⅎ⌂™╟℮⌐ ↕╣╢ ₉≤ ∆╢↓≤≢

─ ≤™℮ ╩ ⇔≡ ─ ─ ╛ ─ ╩

∆╢ ╩ ⇔√ ⸗♬♃ꜞfi◓ ≤ ∆╢↓≤≢ ∕─ ⅜ ─ ⌐ ⇔≡╟╡
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⌐ ™ ╩ ≢⅝╢↓≤╩ ⇔√  

↓╣╠─ │™∏╣╙ ∕─ ⌐ ─ ─ ╩ ⌐ ╡

╗ ╩ ⇔√╙─≢ ⌐⅔↑╢ ╩ ∆╢↓≤⅜ ⌂

╩ ╢√╘⌐ ≢№╢↓≤╩ ⇔≡™╢ ⌂⅔ ╠─ ≢│ ╩ ⌐≡

∆╢ ⌐ ─ ⌐│ ╩ ╘╢ ─♃כ♦ ≤ ─ ⅜ ≢№╢

╕√ ╠─ ⌐ ™╠╣≡™╢ ─ │ ─ ↕⅜ ⌂╢≤ ⅜ ⌂

╢√╘ ₁─ ┼─ ⌐ ⅜ ≢№╢  

≢│ ╩ ─ ≤ ≠↑≡ ∆╢↓≤≢

⌐⅔↑╢ ─ ╩ ⌐⇔ ⌂ ≢ ╩ ∆╢ ╩ ∆

╢ ╕√ ─ ⅜ ⅝™ ⌐⅔™≡ ∕─ ⅜ ⌐ ╓∆ ╩

─ ⌐≈™≡ ∑≡ ∆╢ ᵑ ⌂ ─ ─ ╩ ∆╢

ᵒ ─ ╩ ↕∑√ ─ ─ ─ ┼─ ╩ ╘╢ ᵓ

♃כ♦─⧵╛ ─ ⌐ ⇔≡ ⌐♃כ♦ ⅜ ⇔√ ─ ╩

∆╢ ⌐≈™≡ ∆╢  

─ ⌐ ∆╢ ╩ ╕ⅎ≡ ⌐≡ ⇔√ ╩ ⇔√

≤ ─ ╩ ⇔⌂⅜╠ ⇔√ ⌐≡≥─╟℮⌂ ⅜ ╠╣╢⅛

╩ ⌐ ≠⅝ ⌐∆╢ ⌐ ─ ╩ ⇔√ ╩ ™≡

─ ╩ ⇔√ ╩ ∆  

─≤⅔╡ ╩ ∆╢≤ ⅜ ∂╢⅜ ∕╣⌐ ™ ⅜

∆╢ ↓─ ─ │ ⌐ ⅝ↄ ╩ ╓∆⅜ ₐ │ ≢ ⇔

│ ⅜ ⇔⌂™ ₑ≤⇔≡ ∆╢ ─ ≢│ ה ⅜ ∆╢

─ ╩ ≢⅝⌂™ ∕↓≢ ─ ⌐ ─ ⌐ ∫≡

╩ ↕∑⌂⅜╠ ╩ ⅎ╢╟℮⌐ ∆╢ ⅜№╢ ≢│ ╩ ⇔√

─ ⌐≈™≡ ═╢≤≤╙⌐ ∕─ ⌐╟∫≡ ⇔√ ╩ ⌐╟╢

≤ ∑≡ ∆  

 

5.2 ─  

 ─ 20)⌐╟╣┌ ⅜№╢ ╩ ה ≢ ∆╢

─ ⅜№╢ r1╩ ⅎ╢ ─ Q│ ─ p(H,T)╩

™≡ ⌐╟∫≡ ⅎ╠╣╢  

ὗὶ ὶ ήὶ ὶȿὌȟὝȟ—ὴὌȟὝὴz —ὨὌὨὝὨ— (5-1) 

↓↓≢ H T ɗ ─ ≤ ─ ─⌂∆ q(r>r1|H,T,ɝ)

─ ⅜ ─ r1╩ ⅎ╢ ─ ( ─ )p*(ɗ)ɗ─ ─

≢№╢  
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 (5-1)⌐≡ ─ ὗὶ ὶ⅜ ╕╢⅜ ─ │ ─

p(H,T) ⅜Table5-1⌐ 20)∆╢╟℮⌐ ≤ ╩ ⌂ ─ ⌐

⇔√ ≡⇔≥ꜟⱩכ♥ ⅎ╠╣≡™╢─≢ ╩ ™≡ ↕╣╢─⅜

≢№╢  

Table 5-1 Example of Wave frequency20). 

 

 

5.3 ─ ⌐≈™≡ 

≢│ ─ ─╖⌂╠∏ ─ ─ ⅜ ≢№╢

─≤⅔╡ │ ↄ─ ⌐╟∫≡ ≤⇔≡ ↕╣≡™

╢ ∕─℮∟ ⌐≤∫≡ ╙ ⌂ ≤⇔≡ ╠╣≡™╢ ─ ╩ ╖ ⅛≈∕

─ ⅜ ≤ ─ ─ ≢ ↕╣≡™╢ ─
20),61),64),65) ╩Table 5-2⌐ ∆  

Table 5-2 Wave statistics tables20),61),64),65). 

 

Data Collection Source

Covering Areas

Weather Ship

North Atlantic Sea

Report from Ship

Global

Micro Wave Altimeter of
the GEOSAT Satellite

Global

NO.8,9,15,16 of GWS

North Atlantic Sea

H 0.7515.75
T5 17sec. 1,000

4
Standard Wave Data

(IACS)
1854
1984

H 0 17m
T1 19sec. 100,000

H 0 14m
T4 13sec. 1,000

3 Global Seaway Statistics
(GSS)

1986.11
1990.1

H 0 26m
T1 21sec.

1,000,000

Walden
(organized by Fukuda)

1950.1
1959.121

2
Global Wave Statistics

(GWS)
1854
1984

Periods
Name of Wave Scattering

TableNo. Division Num. of Data
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Table 5-2─No.1─ │ ⌐⅔™≡ ⌐≡ ↕╣√227,497

─ ╩♃כ♦ Walden⅜ ⇔≡╕≤╘√ 10 ─ ╩ ⌐ ╠ 55)⅜ ╩ ⇔√╙─≢

№╢ No.2│ 130 ⌐╦√╢ ─ ≤ ♃כ♦─ ╩ ה ↕╣√

─ ╩ ∆╢ ≢№╢ Fig.5-1(1)⌐ GWS─ ⱴ♇ⱪ╩ ∆

│ ─ ╩ↄ╕⌂ↄ ∆╢─≢ │ ─ ╩ ⇔ ↄ─♦כ♃⅜

≢⅝╢↓≤⅜ ≢№╢ │ ⌂ ╡ ╩ ↑≡ ∆╢√╘ ≢│

⅜♃כ♦─ ╠╣╢≤™℮ ╩ ∆╢ No.3│ GEOSAT ─ⱴ▬◒꜡

≢ ↕╣√ ≢ISSC(1994)╩♃כ♦ ↕╣√ ī ─ ─ ≤

─ ╩ ⇔≡ ≤ ─ ⌐ ⇔√╙─≢ Fig.5-1(2)⌐ ∆╟℮⌐

╩ ⇔≡™╢ ╕√ 4≈─ ─ ≢│ ╩♃כ♦™⇔ ™≡ ↕╣≡

♃כ♦╛≥↓╢™ ⅜ ↄ ⱴ▬◒꜡ ≢ ⇔≡™╢√╘ ╟╡╙ ─ ─

⅜♃כ♦ ╕╣≡™╢↓≤⅜ ─ ≢№╢ No.4│ International Association 

of Classification Societies⌐╟∫≡ ↕╣√ ≢ Fig.5-1(1)─ ≢ ╪∞

GWS─ ─8 9 1516─4 ╩ ⇔√ │꞉▬Ⱪꜟ │

≤⇔√ ╩ ™≡ ⇔√╙─≢№╢  

↓╣╠─ ─ ⅜ ≥─╟℮⌂ ≢ ∆╢⅛╩ ∆╢ Table 5-2─No.1≤

No.2│ ─ ≢─╢№≢♃כ♦ ≢│╟╡ ⇔™ ╩♃כ♦─ ™≡ ₁─ ╩

℮ ⌂⅔ No.3≤No.4│ ─ ™⌂│≢♃כ♦ ╕√ NO.2⅔╟┘NO.3│ ─

╩ ⇔√ ─ ≢№╢√╘ ↓↓≢│ ⌐ ∆ ─ ─

╩ ≈⌐ ⇔√ ─ ╩ ™≡ ╩ ℮↓≤≤∆╢ ∆⌂╦∟

NO.2─GWS│Fig.5-1(1)⌐ ∆ ⌐ ↕╣≡™╢ ╕√ ⌐NO.3─GSS│Fig.5-1(2)⌐

∆ ⌐ ↕╣≡⅔╡ ∕─ ₁─ ⌐ ⅜ ↕╣≡™╢ ∕↓≢

⌐⅔↑╢ ─√╘⌐GWS⌐≈™≡│Fig.5-1(1)─NO.8,9,15,16─4 ─

GSS⌐≈™≡│ Fig.5-1(2)─ NO120,121,125,126─ 4 ─ ╩ ∕╣∙╣ ⇔

≡ ╩ ∆╢↓≤≤∆╢  
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Fig.5-1(1) Map of area subdivisions for GWS61). 

 
Fig.5-1(2) Map of area subdivisions for GSS64). 

 

Fig.5-2│ Table 5-2⌐ ⇔√ 4≈─ ─ ⌐ ∆╢ ─

≢№╢ ↓─ ⌐╟╢≤ 10m╩ ⅎ╢ ─ ─ │∕╣∙╣─

⌐╟∫≡ ⅝ↄ ⌂∫≡™╢ ╕√ Fig.5-3(1)│ ⅜8m╩ ⅎ╢ ─

≢№╢⅜ IACS⅜ ⇔ ↕⌂ ≢№╢⅜ ─3≈─ ⌐⅔↑╢ │ ↕™
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Fig.5-3(2)─ ⅜ 12m╩ ⅎ╢ ─ │ ⌐╟∫≡ ⅝ↄ ⌂╡

ⅎ┌ GSS≤ GWS─ ─ ⌐│ 8 ─ ⅜ ╠╣╢ ∆⌂╦∟ ↓╣╠─ ⅛

╠ ⌐⅔↑╢ ─ ⌐╟╢ │ ↕™⅜ ⌐ ╩ ╓∆

⌐⅔↑╢ ™⅜ ≤⌂╢  

 
Fig.5-2 Exceeding probability of significant wave height of each wave statistics table. 

 

Fig.5-3(1) Exceeding probability of significant wave height exceeding 8m. 
 

 
Fig.5-3(2) Exceeding probability of significant wave height exceeding 12m. 

─≤⅔╡ GSS ♃כ♦─ │ ⌐╟╢ ⅔╟┘ ⅛╠─ ≢№╡
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∕─╟℮⌂ │ ╣√ ≢─ │ ⌂√╘ ─ │ ⇔™ GSS─ⱴ▬◒꜡

│ ⌐ ⅜⌂ↄ ╣√ ─♃כ♦─ ⅜ ≢№╢ ╟∫≡ GSS│ ─

⌐ ═≡ ─ ⅜ ↄ ╕╣≡™╢≤ ⅎ╢ ⌐ ™╢

⌐╟∫≡ ⅜ ⅝ↄ ⌂╢≤ ⌐ ⅝⌂ ⅜ ∂ ─

⌐ ⅜ ╢ ⌐ ─ ╩ ∆ ╟∫≡ ─ ─ ╩♃כ♦ ™√

─ ⇔⅜ ≢№╢  

↕╠⌐ Fig.5-4(1)(3)│ 3≈─ ⌐⅔↑╢ ─ ╩

⌐ ∆ ⌂⅔ ⌐╟∫≡ ─ ⅜ ⅝ↄ ⌂╢√╘ 3≈─◓ꜝⱨ

─ │ ⅎ≡™⌂™ ↓╣╠─◓ꜝⱨ─ ╩╕≤╘╢≤ ≢№╢  

ᵑFig.5-4(1)⅜7 9 ─ ─ ─ │ ⅜2 4m

─ ⅜ ↄ ⅝ ≢ ⇔√ 10m╩ ⅎ╢ │ ⇔⌂™ ╕√

─ │ ⌐ ─ ™│№╢⅜╟ↄ ∫≡™╢  

ᵒFig5-4(2) ⅜9 11─ │ 7 9 ─ ⌐ ═≡ ─ │

⅝™ ⌐ ⇔≡™╢ ╕√ 10m╩ ⅎ╢ ⅜ ∆╢ ╕√ ─

⌐ ∆╢ ─ ™⅜ ≤⌂╢ ⌂⅔ IACS ─ │GWS♦

╩♃כ ™≡ ה ⇔√ ─ ─√╘ GWS─ ⌐ ™ ≤

⌂∫≡™╢  

ᵓFig5-4(3) ⅜ 1315 ─ │ ─ ⅜ ↕ↄ⌂╢⅜ 10m╩

ⅎ╢ ⅜ ∆╢ │ ≢ ⇔√ 6 8m╩ ⌐ ⅎ╢≤ ─

⌐ ⇔≡ ⌐ ⅝™ ╕√ GSS─ ─ ⅜ ─3

≈─ ─ ⌐ ═≡ ⌐ ⅝™  

∆⌂╦∟ ⅜ ↕™╒≥ ─ │ ⅝ↄ ↕⌂ ─

⅜ ⇔≡™╢ ╕√ ⅜ ⅝⌂ │ ⅜ ↕™⅜ 10m╩ ⅎ╢

⅜ ⌐ ↄ ⇔≡™╢  

⌂⅔ ⅜ ⌂™ ה ─ Fig.5-4(3)≢│ ♃כ♦ ─ ⅜ ─

⌐ ═≡ ↄ⌂╢↓≤⅜ ╠╣≡™╢ ↓─ ⌐ ⇔≡ ⅎ┌ ╠ 66),21) ⅜ ⇔√

⌐╟∫≡ ╩ ∆╢ ╩ ∆╢↓≤≢ ∕─ ╩ ╘╢↓≤⅜ ╕∆╕

∆ ≤⌂╢ ∕─╟℮⌂ ⌐ ∆╢ ⌐ ⇔≡ 67) │ ⌐⅔↑╢

20042006─3 ─ ╩♃כ♦ ⇔ ≢│ ⅜ ↄ⌂╢≤

─ ⅜Fig.5-4(3)─Walden♦כ♃⌐ √ ⌐⌂╡ ∕╣│ ⌐⌂╢╒≥ ⌂

↓≤╩ ⇔√ ↓╣│ ╩♃כ♦ ⌐ ∆╣┌ ∕─ ─ ╩ ╢↓≤⅜≢⅝╢

≢№╢ ╕√ ╠ 68)│ │ ⅎ╠╣⌂™ ⅝↕─ ⌐ ∆╢ ─◦Ⱶꜙ꜠כ◦ꜛfi

╩ ⇔ GWS≤ Walden♦כ♃╩ ™≡ ה ─ ─ ╩ ⇔

√  

™∏╣⌐⇔≡╙ ─ ⌐│(5.-1)⌐ ∆╟℮⌐ ⅜ ≢

≢│ ╩ ™√ ⅜ ╦╣╢√╘ ∕─ │ ─
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⌐ ∆╢ ╩╟╡ √╢╙─⌐∆╢√╘⌐│ ⌂ ⅛╠ ↑∆╢

⅜ ≢ ╩ ⌐≡ ∆╢↓≤⅜ ╩ ∆≤ ╦╣╢   

 

 
Fig.5-4(1) Occurrence probabilities of significant wave height of each division of the mean wave period (7 to 

9sec.). 

 
Fig.5-4(2) Occurrence probabilities of significant wave height of each division of the mean wave period (9 to 

11sec.). 

 
Fig.5-4(3) Occurrence probabilities of significant wave height of each division of the mean wave period (13 

to 15sec.).  
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5.4 ─ ─ ┼─  

5.4.1 ⌐ ™╢ ─ ™⌐╟╢  

⅜ ⌐ ╓∆ ╩ ∆╢√╘⌐ ≢│ ─ ⅜

⌐≥─╟℮⌐ ╩ ╓∆⅛╩ ∆╢ ─ ─ ╩

∆╢√╘⌐ Table 5-3⌐ ∆ ⌐ ⇔≡(5-1)╩ ™≡ 20)⌐╟∫≡ ↕╣√ ≥⅔

╡─ ─ ╩ ℮  

↓↓≢│ ─ ─ ≤⇔≡ ™╠╣╢ ╩ ─ ≤∆╢

╕√ ╙ ⇔™ ™ ɢ=180°╩ ≤ ≢ ⇔√

╩ ™╢↓≤≤⇔ ╩ ⇔√ ─ │ ISSC(1964)☻Ɑ

◒♩ꜝⱶ⅔╟┘ ─ ⌂ ≤ ─ ≤─⌂∆ ɗ╩ ⌐ ₁─ ⅜[-ˊ/2ˊ/2]─

⌐ cosine2⌐ ⇔≡™╢≤ ∆╢ PNJ ╩ ™≡ ℮ ɗ╩ ─

≤ ⇔ ɗ=180°⅜ ⅛╠ ∆╢ ─ ≢№╢  

 │Table 5-2⌐ ⇔√4≈─ ⌐ ╩ ™ ─ ™⌐
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ὗ—ȿὶ ὶ ήὶ ὶȿὌȟὝȟ—ὴὌȟὝὨὌὨὝ (5-1ô) 

 

Table 5-3 Principal dimensions and calculation condition. 

 
  

Items Ship-A Ship-B
Type of Ship
Length  (Lppm) 321.0 175.0
Breadth  (m) 45.6 25.4
Draft  (m) 13.0 9.5
Ship Speed  (kt) 24.0 24.0

Container ship
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Ⱨכ◒ ⅜ ∂╢ ∕─Ⱨכ◒ ─ ─ɠ/L│ Ship-A≢ 1.0‗ σςρά

Ship-B≢1.1‗ ρωσά≢№╢ ∆⌂╦∟ │ ⌐ ═≡ ─ ⌐ ∆╢⅜

─ │ ⌐ ═≡ ↕ↄ⌂╢  
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⌐ ─Ⱨכ◒ ⅜№╢ ─ ─ ≢╙ ═√⅜

│ ⌐ ═≡ ─ ⌐ ∆╢⅜ ─

│ ⌐ ═≡ ↕ↄ⌂╢ ∆⌂╦∟ ╒≥ ≢─ ⌐│ ╩ ∆╢  

 

 
Fig.5-5 Response amplitude functions of vertical acceleration at F.P. in regular head seas (ɢ=180°). 

 

 
Fig.5-6 Standard deviations of vertical acceleration at F.P. in short-crested irregular head seas (ɗ=180°). 
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Fig.5-7(1) Exceedance probability of vertical acceleration at F.P. of Ship-A by using of four wave statistics 

tables. 

 
Fig.5-7(2) Exceedance probability of vertical acceleration at F.P. of Ship-B by using of four wave statistics 

tables. 
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⅜♃כ ╙ ↕™ ↓╣│ Fig.5-4⌐ ⇔√ ⌐ ⇔√ ─ ╩ ∆

╢≤ Ship-B─ ─ ⅜ ⅝ↄ⌂╢ ─7 11─ Fig.5-

4(1)⅔╟┘Fig.5-4(2)⅜ ─ ─ ╟╡╙ ↕™↓≤⅜ ≢№╢  

 

5.4.2 ╩ ↕∑√ ─  

⅜ ╦╣╢ ─ │ ⌂ↄ ─ ─ ─

│ ≤│ ⅎ⌂™ ─ ─ ↕⌂ ⅜ ⌐ ⅎ╢ ╩ ╠

⅛⌐⇔≡⅔ↄ↓≤│ ≢№╢  

∕↓≢ ─№╢ ⌐ ה ⅜ ⇔√↓≤╩ ⇔≡

⅜ ⇔√ ─ ╩ ═╢ ∕─√╘⌐ ─ ≈─ ⌐∞↑ 10 ─ 1

─ Ŭ Ŭ=10-5╩ ⇔≡ ─ ╩ ℮ ↓─ │

─ ╩ ∆╢ ─ ≤⇔≡ ╠ 58)⅜ ⇔√ ⌐ ⇔≡™╢

╠ 22)⌐╟╢ ─ ≢│ Hi≢ Tj─ ≈─ ⌐

╩ ∆╢ ⇔√ ─ ─ ╩ ↕ↄ⇔≡ ─ ⅜1.0≤⌂

╢╟℮⌐ ⌐≡ ⇔≡™╢  

 

ὴ ὌȟὝ
ρ
ρ ‌

ὴ ὌȟὝ Ὄ‏‌ ὌȟὝ Ὕ  (5-2) 

 

↓↓≢ ὴ ὌȟὝ│ ─ ὴ ὌȟὝ│ ─ Ὄ‏ ὌȟὝ
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⅜⌂↑╣┌ ↓─ ↕⌂ │ ≢⅝╢  

 

 
Fig.5-8 Effect of changing mean wave period on long-term prediction. 

 

 
Fig.5-9 Effect of changing significant wave height on long-term prediction. 
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5.4.3 ⌐ ╕╣╢ ─  

(5-2)╩ ™╢ ╠ 22)⌐╟╢ ─ ─ ≤ ∆ ⌐╟╢≤ ╩
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15m─ ╩3m≤ ∆╢╟℮⌂↓≤⅜ ∂╢≤│ ⅎ⌐ↄↄ │כꜝ◄─⧵ ─ ⌐

≤≥╕╢↓≤⌐⌂╢ ∕─ ╩ ⇔≡ ≤ ╦╣╢ ─ ≈─ ≤⇔≡ ╩
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Fig.5-10 Definition of i-line and j-column for calculation grid around the point adding probability. 
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Fig.5-11 Comparison of long-term prediction calculated by the conventional method and the proposal one. 
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Fig.5-12 Limitation for standard deviation of ship response63). 
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       •ὗὶ ὶ ή ὶ ὶȿὙ ρ •

   

↓↓≢ 

• ὴ ὙὨὙ 

≢№╢  

 ⌂⇔⸗♦ꜟ─ │ ─ ⌐ ⅎ┌  ή ὶ ὶȿὙ ─ Ὑ ⌐ ∆╢ ╩

╘╢ ≢№╢ ⌂⇔⸗♦ꜟ─ Ὑ πͯЊ  ─ ─ ⌐ ⇔≡ ♀꜡⸗♦ꜟ│ Ὑ
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π Ὑͯ  ─ ─ ⌂─≢ ╠⅛⌐ ὗ ὶ ὶ │ ὗὶ ὶ ╟╡ ⅜ ™ ∞↑ ↕

ↄ⌂╢ ∆⌂╦∟ ⅜ ╡ ≈  

ὗ ὗ 

╕√ ─ ⅛╠ • ρ ⌂─≢ ♀꜡⸗♦ꜟ≤ ♀꜡⸗♦ꜟ╩ ═╢≤ 

ὗ ὗ 

≢№╢ ♀꜡⸗♦ꜟ≤ ⸗♦ꜟ─ │ 

ὗ ὗ 

≢№╢↓≤│ ≢№╢ ♀꜡⸗♦ꜟ≤ ⸗♦ꜟ╩ ═╢√╘⌐ ─ ╩

∆╢≤ 

ὗ ὗ ὗ ή ὶ ὶȿὙ ρ • 

⅜ ╠╣╢⅜ ↓╣│ ὗ ≤ή ─ ⅝↕⌐╟╡ ⅜ ∆╢ ⇔√⅜∫≡ ⸗♦ꜟ─

─ ⅝↕│ ─≤⅔╡⌐⌂╢  

ὗ ὗ ὗ ὗ ÆÏÒὗ ή ὶ ὶȿὙ

ὗ ὗ ὗ ὗ ÆÏÒὗ ή ὶ ὶȿὙ
 (5-12) 

⸗♦ꜟ│ ─ ⌐ ∂≡∆═≡─⸗♦ꜟ╩ ∆╢ ≢ ─

♀꜡⸗♦ꜟ│ ⇔™ ─ ╩ ⌐⇔√ ≢№╡ ─ ⅜ ╙

↕™ ╩ ⅎ╢  

 

5.5.5 ⸗♦ꜟ─  

⌐ ╩ ⇔√ ⌂ ╩ ∆ ⌂⅔ ⌐│ Table 5-2≢ כ♦╙

♃ ⅜ ↄ ™ ─ ╩ ∆╢No.3─GSS♦כ♃╩ ™╢  

 

(a) 14m╩ ⅎ╢ ╩ ⌐ ⇔√  

Fig.5-13(1)⅔╟┘(2)│ 14m╟╡ ⅝⌂ ─ ╩ ≤⇔√

─ (5-9) ♀꜡⸗♦ꜟ ⌐╟╢ Ship-A⅔╟┘Ship-B 24kt╩

∆ ∆⌂╦∟ ─ ╩ ℮ ─ Hlim╩ 14m≤⇔≡ ⇔√ ─

≢№╢ ⌐│ ╩ ⅎ⌂™ ─ ⌂⇔⸗♦ꜟ ─× ⅝─ ⌐╟╢

╩ ∑≡ ∆ ╕√ ⅜ ⅝™ ─ ┼─ ╩ ∆╢√╘ 1m

─ ╩ ⇔√ ─ ╙ ∆╢ ↓╣│ ⅜1m ─ ≢

│(5-9)─q(r>r1|H,T,ɗ)╩♀꜡⌐⇔≡ ≢ ⇔√ ≢№╢  

ήὶ ὶȿὌȟὝȟ— π Ὢέὶ Ὄ ρά (5-13) 
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Fig.5-14│ Q⅜10-8≤⌂╢ ╩ ⇔√╙─≢№╢ Table 5-4│

⇔√ ≤ ⇔⌂™ ─ ╩ ⇔√╙─≢№╢  

GSS♦כ♃─ ≤⇔√ 14m╟╡╙ ⅝™ ♃כ♦─ ♃כ♦│

⌐ ⇔≡ ₁0.11%≢№╢ Table 5-4─Ship-A─ ⌐╟╢≤ ∕─ ╩ ⇔√

│ ⇔⌂™ ─ ⌐╟╢ ⌐ ═≡ 0.931≢№╢ ╕√ Fig.5-13(1)⅔╟┘ Fig.5-14⌐

╟╢≤ ╩ ⇔√ ⌐⅔™≡ Q=10-8∆⌂╦∟ 20 ⌐ 1 ─ ≢ ∂╢

Ship-A─ │1.154g≢№╢ ↓─1.154g≤™℮ ╩ ⌂⇔─ × ⅝

─ ⌐ ∆╢≤ ∕─ │Q=10-7.4∆⌂╦∟3.3⌐1 ∆╢ ⌂ ≤⌂╢

♃כ♦ ⌐ ⇔≡ 0.11%─ ↕⌂ ─ ╩ ∆╢∞↑≢ │ ⅝ↄ ∆╢↓

≤⅜╦⅛╢ ⅜1m ─♃כ♦─ │ ─14.1%≢№╢ ∕─

╩ ⇔√ ≤∕℮≢⌂™ ╩ ⇔√⅜ Table 5-4─≤⅔╡ │ ╣⌂™  

 
Fig.5-13(1) Exceeding probability in case of avoiding some sea conditions of wave statistics table (Ship-A). 

 
Fig.5-13(2) Exceeding probability in case of avoiding some sea conditions of wave statistics table (Ship-B). 

Fig.5-13(2)⅔╟┘Fig.5-14⌐╟╣┌ Ship-B⌐≈™≡╙Ship-A≤ ─ ≢№╢⅜

─ │Ship-A╟╡╙ ↕™ ↓╣│ ─↓≤⅜ ≤ ⅎ╢ Ship-B─
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│ 9 Fig.5-6╩ №√╡≢ ⌐⌂╢╒≥ │

↕ↄ⌂╢ Table 5-5│ ⌐ ™√ ─ ─ ╩ ∆ ⌐⅔

™≡Ɫ♇♅fi◓⇔√ │ 14m╟╡╙ ⅝⌂ ⅜ ∆╢─│ ⅜

13 ╟╡╙ ⅝™ ≢№╢↓≤╩ ⇔≡™╢ Ship-B─ ┼─ ⅜ ⅝™

⅜Ⱨכ◒≤⌂╢ 9 ─ ⌐⅔™≡ ⅜♀꜡─√╘

≤│⌂╠∏ ∕─ ≤⇔≡ ─ ⅜ ↕ↄ⌂∫√  

⌂⅔ Ship-A─ │12⌐№╢Ⱨכ◒ ╩ ╪≢10 16 │

╛⅛⌂ ⌐≤≥╕∫≡™╢√╘ ⌐ ⅝ↄ ∆╢ ∕─√╘ Table 5-5─Ɫ

♇♅fi◓⇔√ ─ ╩ ה╢∆ ⇔⌂™ ─ ⅜ ⅝™  

 
Fig.5-14 Influence of avoiding some sea conditions of wave statistics table in Q=10-8 (ɝ=180°, Vs=24kt). 

Table 5-4 Ratio of proposed method to conventional one. 

 

Table 5-5 Wave period divisions where waves appear in large wave height divisions exceeding 14m. 

 

лΦл
лΦр
мΦл
мΦр
нΦл
нΦр
оΦл

!ǾƻƛŘŀƴŎŜόIҔмпƳύ /ƻƴǾŜƴǘƛƻƴŀƭ
ƳŜǘƘƻŘ

bŜƎƭŜŎǘόI֔мƳύ

{ƘƛǇπ!{ƘƛǇπ.

Ship-A 0.931 1.000
Ship-B 0.982 1.000

Ship No.Avoidance(H>14m)õ
Conventional method

Neglect(H1m)õ
Conventional method



- 118 - 
 

Fig.5-15│ ─ q(r>r1|H,T,ɗ)≤ ─ ╩ ∆ ↓─ ⌐│

r1╩ Q=10-8 ─ 1.239g≤⇔≡ ⅜ 12 ─ ─ ╩ ™√ ↓

─ ⌐╟╢≤ ⅜1m ─ ─ │q(r>r1|H,T,ɗ)=0≢№╢ ⅜

♀꜡ ⌐ ↓─ ╩ ⇔√ ≤∕℮≢⌂™ ⌐ ⅜ ╣⌂⅛∫√ ╕√

│ ⅜ ⅝ↄ⌂╢⌐≈╣≡ ₁⌐ ⅝ↄ⌂╡ ⅜ 12m╩ ⅎ╢≤

∆╢ ⇔√⅜∫≡ 14m╟╡ ⅝⌂ ╩ ∆╢ ≢│ ↓─ ─

╩q(r>r1|H,T,ɗ)=0≤∆╢√╘ ⇔⌂™ ≤│ ⅜ ∂╢  

↓╣╠─↓≤│ ─ ─♃כ♦ ⌐ ∆╢ ┼─ │ ↕

ↄ ⌐≤∫≡│ ♃כ♦─ ╩ ⌐ ↕∑╢⅛⅜ ≢№╢↓≤╩

⇔≡™╢  

 

Fig.5-15 Change in exceeding probability of short-term ship response to significant wave height. 
 

(b) ⅛╠ ╩ ⇔√  

Ship-A─  

 ╩ ─ ≤∆╢ ╠ 48)⌐╟╢≤ ─ ≤⌂╢

─ ὶ│ 0.8g ─ ─ ή │ 0.001≢№╢ ↓╣╠─ ╩(5-7)⌐

∆╢≤ Ὑ │0.215g≤⌂╢ ─ ─ ⌐⅔↑╢

⅜ ─0.215g╩ ⅎ╢ ╩ ≤ ∆╢  

Table 5-6│ GSS─ ⌐ ↕╣√Ship-A─ ─

╩ ∆ ─ ≢ ╪∞ ⌐⅔™≡ ⅜ 0.215g╩

∫≡⅔╡ ≤⌂╢ ⌂⅔ ─ ⅝ │ ⅜♀꜡─ ≢№╢ ↓

─ ⌐╟╢≤(a)─ ⅜ 14m╩ ⅎ╢ ╩ ≤∆╢ ⌐ ═╢≤ Ɫ♇♅fi

◓⌐≡ ⇔√ [12 15]≢ [1214m]─ ⌐╕≢ ⅜ ⇔≡

™╢  
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Table 5-6 Standard deviations of vertical acceleration at F.P. of each class division of wave statistics table to 

set sea condition to be avoided (Ship-A, ɝ=180Á, Vs=24kt ). 

 

 
Fig.5-16 Exceeding probability estimated by sea conditions to be avoided that set by using critical standard 

deviation of response. 
 

Fig.5-16─ ≤ │ ─(5-9) ♀꜡⸗♦ꜟ ⌐╟╢ ≢№╡ │

╠─ ⇔√(5-10) ⸗♦ꜟ ⌐╟╢ ≢№╢ │ ─√╘⌐

14m ╩ ≤⇔√ ≢№╢ ⅜ ╟╡╙ ⅝™─│ ─

Ⱨכ◒⅜ ∆╢ 1214m 1215─ ⅜ ─ ≢│

⌐ ╕╣≡™⌂™ ⅜ ⅝™√╘≢№╢ ╕√ ⅜ ╟╡ ⅝™─│

⸗♦ꜟ│ ╩ ⌐ ∆╢─≢│⌂ↄ ⌐⅔™≡Ὑ ╩ ⅎ⌂™╟℮⌐ ─

꜠ⱬꜟ╩ →≡ ∆╢√╘≢№╢   

─ │ (5-12)⌐ ↕╣╢ ⌐ ⇔√ ≤ ⇔ ≢─

╩♀꜡≤∆╢⸗♦ꜟ⅜ ╩ ⇔√ ─ ╩ ⅎ╢↓≤⅜ ↕╣√  
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Ship-B─  

 Ship-B─ ≢│Rmax⌐╟∫≡ ╩ ∆╢≤ Table 5-7─╟℮⌐ Ship-A⌐

═≡ ⅜5m6m─ ─ ⌐╕≢ ∆╢  

 

Table 5-7 Standard deviations of vertical acceleration at F.P. of each class division of wave statistics table to 

set sea condition to be avoided (Ship-B, ɝ=180Á, Vs=24kt). 

 

 
Fig.5-17 Exceeding probability estimated by sea conditions to be avoided that set by using critical standard 

deviation of response. 
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─Ⱨכ◒⅜ 8 12 ⌐ ∆╢↓≤⌐ ⇔≡™╢ ⸗♦ꜟ⌐╟

╢ Fig.5-17─ │ ─ ⅜Ὑ ╩ ⅎ√ ⌐│∕─

ή ╩ 0.001≤⇔≡ ∆╢ ⌐ ή πȢπ≤∆╢ ♀꜡⸗♦ꜟ⌐╟╢ ⌐ ═≡

⇔ ⅝™  

 

(c) ►▼◙כꜟכ♥▫fi◓ ─ ⌐ ⇔√ ╩ ⌐ ⇔√  

 ─ │ ╩ ⇔√≤⅝─ ╩ ∆╢╙─≢№∫√√╘ ─ ╟╡

╙ ⅝⌂14m╩ ⅎ╢ ╩ ⌐ ⇔≡™√ ╕√ Ὑ ⌐╟╢ ⌐⅔™≡

│ ◑ꜞ◑ꜞ─ ⅜ ⌐ ↕╣╢√╘ ─ ≤│ ⌂∫≡™╢≤ ╦╣

╢ ─Ship-A│►▼◙כꜟכ♥▫fi◓╩ ™ ⇔√ ≢ ∕─ ─ ⅜ 8m

≢№∫√ ∕↓≢ ↓↓≢│8m╟╡ ⅝⌂ ─ ╩ ≤⇔√

─ ╩ ∫√ ╩ ═╢  

Fig.5-18─ │ ─ ╩ ≤⇔≡ ♀꜡⸗♦ꜟ⌐╟∫≡ ╩ ∫√

≢ ─ ⌐ ═ ⅜ ⅝ↄ ─2.93%⇔√√╘⌐ ⅜

⅝ↄ ⇔≡™╢ ∕╣│ ⇔⌂™ ─ ⌐╟╢ ⌐ ⇔≡ 0.62─ ≢№╢ ╕

√ ⅜8m╩ ⅎ╢ ╩ ≤∆╢≤ Table 5-6⌐╟╣┌ὙḙπȢρφg╩ ⅎ⌂

™╟℮⌐ ─꜠ⱬꜟ╩ →≡ ↓─ │ὶ ḙ0.6g⇔≡™╢↓≤⌐⌂╢  

 

Fig.5-18 Exceeding probability estimated by sea conditions to be avoided that set by using a wave height 

limitation on the weather routing calculation. 
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⌐ ∕─ ╩ ∆  

 ᵑ ╡╟⌐♃כ♦ ─ ≤ ⅔╟┘ ╩ ∆╢  

 ᵒ ⌐ ⇔√ ─ ╩Ⱨ♇◒▪♇ⱪ⇔≡ ∆╢  

 ᵓ ⌐ ≠⅝ Ⱨ♇◒▪♇ⱪ ⇔√ ⌐⅔™≡ ╩ ∆╢ 

 ᵔ ♀꜡⸗♦ꜟ⌐╟╡ ╩ ∆╢  

 ᵕ ─♃כ♦ ─ ╩ ™ ╩ ╘╢  

 ᵖᵔ≤ᵕ─ ╩ ∆╢  

 

5.6 ╩ ─ ⌐ ⇔√  

≢│ Ship-B╩ ≤⇔≡ ╩ ⇔√ ╩ ⇔√ ╩ ∆

─Ⱨכ◒ ─ ⅜ ⌐ ⅝ↄ ╩ ╓∆↓≤╩ ⇔⌂⅜╠

─ ╛ ⌂ ╩ ⌂ ⌐≡ ⇔≡╖╢  

╟╡╙ ⅝⌂ ╩ ⇔≡ ∆╢⌂╠┌ ∕─ │ ≤⌂

╢ ↓↓≢│ │ ─ ╩ ⇔≡⅔╡ ─ ⅜Ⱨכ◒≤⌂╢

─ ⌐ ∆╢ ⅜ ⌐≤∫≡ ╙ ⌂ ≢№╢≤ ⅎ≡ ∕─ ⌐

⅔™≡─╖ ╩ ╢╙─≤ ∆╢ 5.4.2⌐ ═√⅜ ⌐│ ⅜Ⱨכ◒

≤⌂╢ ─ ─ ─ ⅜ ⅝ↄ ─ ─ │

─ ╩ ╕ⅎ√ ─ ≤™℮ ⌐ ∆╢  

─Ⱨכ◒ ─ ─ ─╖╩ Ship-B│ 8 11

) ≤⇔⌂⅜╠ ⅜ ≤⇔≡ ⇔√ 0.8gQ=10-3⌐⅔™≡ ╩ ⅎ⌂

™ ╩ ═≡╖╢  

Fig.5-19│ Ship-B─ ╩ ╘╢√╘⌐ ╩ ∆╢ ╩

╩ ™≡ ⇔√ ≢№╢ ╕∏│ ⅜ ⌐ ⅝⌂ ╩ ╓∆ ⅜8

11 ─ ─ ─╖╩ ≤ ╘╢ ∕─╟℮⌐ ⇔√ ⅜ ─

Ɫ♇♅fi◓ ≢ ↓─ ≢│8m╟╡╙ ⅝⌂ ⅜ ≢№╢ ↓─Ɫ♇♅fi◓

╩ ↕⌂ ─ ⌐ Ɫ♇♅fi◓╩ ─ ⌐ ∆⌂╦∟(5-4)─ Hlim╩

↕ↄ⇔⌂⅜╠ ↓─ ╩Ɽꜝⱷכ♃≤⇔≡ ╩ ℮↓≤≢ ─ ≤

⌂ ╩ ╘╢  
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Fig.5-19 Pattern diagram that show setting method of sea conditions to be avoided. 

 

 
Fig.5-20 Relationship of acceleration and significant wave height and ship speed to operation criteria of Ship-

B. 
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╕≢ ⇔≡╙ │ ─ 0.8g╩ ∫≡⅔╡ ≤⇔≡ ≢⅝⌂™

↓─ ⅜ ╩ ↑╢√╘⌐│ ⅜ ─ ╩⇔⌂↑╣┌⌂╠⌂™↓≤⅜╦⅛╢ ↓─

│ ⌐ ∆╢√╘⌐│ ⌐≡20kt ─ ╕≢ ⇔⌂↑╣┌⌂╠⌂™  

Fig.5-20─ │ Fig.5-20─ ─ 5m╟╡ ⅝⌂ ╩ ≤⇔√

╩ ⱬכ☻⌐ⱪ꜡♇♩⇔√╙─≢№╢ ↓─ ⌐╟╢≤ ⅜5m─ ≢│

╩ 20.3kt⌐ ─ ∆╢≤ ⅜ ─ 0.8g╩ ╡ ⅜

≤⌂╢  

⅜Ⱨכ◒≤⌂╢ ╩ ⌐ ⇔≡ ╩ ℮↓≤≢ ∕─ ╩
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Fig.5-21 A calculation flow of long-term prediction which considered nominal speed loss. 
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Fig.5-22 Significant values of vertical acceleration at F.P. in wind-generated waves in case of three ship speeds. 

 

Fig.5-23 The mean added resistance which navigated by 20.2kt in wind-generated irregular head waves. 
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─ ⅜ ⅝™↓≤⅜╦⅛╢⅜ ↓╣│Fig.5-23─ ⌐ ⇔ ≢№╢  

Table 5-8 Wave Frequency of North Atlantic Ocean by Walden (in winter). 

 

Table 5-9 The attainable ship speed which navigated by 20.2kt in wind-generated irregular head waves. 
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Fig.5-24 Ship speed in the three significant wave height divisions shown by hatching in Table 5-9 (in wind-

generated irregular waves, ɝ=180°). 

 

Fig.5-25 Comparison between the long-term prediction considering nominal speed loss and the conventional 

method which assume navigating at a constant ship speed (in wind-generated irregular waves, ɝ

=180°). 
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≢│ ⌐⅔↑╢ ─ ─ ⌐ ╩ ╡ ᵑ ─ ⅛
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√ ≤ ─ ─ ╩ ℮↓≤╩ ≤∆╢ ↓╣╠─ ╩ ∂≡

⅜ ─ ⌐ ⌂↓≤╩ ∆  

 

6.2 ≤ ≤ ☻Ɑ◒♩ꜝⱶ 

6.2.1 ꜝfi♄ⱶ ─  

ꜝfi♄ⱶ ─ Ὑ†│ ⌐╟∫≡ ⅎ╠╣╢  

  Ὑ† ÌÉÍ
ᴼ

ρ
ςὝ

ὼὸὼὸ †Ὠὸ φ ρ 

↓↓≢ T ≢№╢  

╕√  Ὑ†│☻Ɑ◒♩ꜝⱶὛ◄ꜞכⱨ≥‫ ╩ ∆ ∆⌂╦∟ ≢№╢  

Ὑ† Ὓ‫Ὡ ὨȟὛ ‫‫
ρ
ς“

Ὑ†Ὡ Ὠ† φ ς 

↓↓≢ ɤ Ὑπ ≢№╢  

 (6-1)⅔╟┘(6-2)⌐╟╣┌Ὑ†│ ὼὸ≤☻Ɑ◒♩ꜝⱶὛ╩‫ ┘≈↑╢ ≤

ⅎ╢⅜ ↕╠⌐(6-2)╩ ∆╢≤ ╩ ╢  

Ὑ† Ὓ‫ Ў‫ÃÏÓ†‫ φ σ 

(6-2)⅔╟┘(6-3)⌐⅔™≡ ⌂↓≤│ ⌐ ⇔√Ὓ⅜‫ ⅎ╠╣╣┌

⌂ ⌐╟∫≡Ὑ†⅜ ≢⅝╢↓≤≢№╢  

Fig.6-1│ 8 ─ISSC20)≤JONSWAP☻Ɑ◒♩ꜝⱶ 26)⅔╟┘∕╣∙╣─ ☻Ɑ◒♩

ꜝⱶ╩ ™≡ ⇔√ 3m 8 ╩ ∆ Fig.6-2│ ↓

╣╠ ☻Ɑ◒♩ꜝⱶ╩(6-3)⌐ ⇔≡ ╘√ ─ │ ─Ⱨכ◒╩

╢ ≢№╢ Fig.6-2⌐╟╣┌ ISSC╟╡╙ ☻Ɑ◒♩ꜝⱶ─JONSWAP☻Ɑ◒♩ꜝ

ⱶ⌐╟╢ │ ISSC─╙─╟╡╙ ⅜ ↕™ JONSWAP☻Ɑ◒♩ꜝⱶ│℮⌡╡╩

∆╢√╘⌐⇔┌⇔┌ ™╠╣╢⅜ ℮⌡╡│№╢ ⌐ ⇔√ ⅜ ╢ ≢№╢

Fig.6-2─ │ ℮⌡╡⅜ ≢ ∂√ ─ ⅜ ∑∏⌐№╢ ⌐ ∆╢ ≤

∆╢ ↓─╟℮⌐ ⅛╠∞↑≢│ ╖ ╣⌂™ ⅜ ╠╣╢

│ ╩ ∆╢ ≢ ⌂ ≢№╢  

ISSC☻Ɑ◒♩ꜝⱶ╩ JONSWAP☻Ɑ◒♩ꜝⱶ╩℮⌡╡ ─ ☻Ɑ◒♩ꜝⱶ

≤⇔≡ ═╢  
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Fig.6-1 Wave spectra and time series of irregular waves. 

 
Fig.6-2 Autocorrelation function of an irregular wave. 
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6.2.2 ⌐ ∆╢ ☻Ɑ◒♩ꜝⱶ─ ה ╖ ה ─  

─≤⅔╡ R(Ű)│ ⅛╠ ≢⅝╢⅜ (6-3)╩ ™≡ ☻Ɑ◒♩ꜝⱶ⅛╠╙

≢⅝╢ (6-3)╩ ™≡ ⌐ ∆╢√╘⌐│ ≢⅝╢∞↑ ⌂™ ─n≢─ ⅜ ╕⇔

™ ≢│ ☻Ɑ◒♩ꜝⱶ─ ה ╖ ה ⅜ ─ ⌐≥

─ ─ ╩ ╓∆⅛╩ ∆╢  

Table 6-1 Calculation results of the autocorrelation function with different integration ranges, division 

frequencies, and number of integration terms in the wave spectrum. 

Case 

NO. 

Integration 

range 

Division 

frequency 

(ǤȘ) 

Number of 

integration 

term (n) 

 

R(0) 

Theoretical 

value of 

variance 

Value of R(0) divided 

by Theoretical value 

(%) 

1 0.3851.895 0.01 152 0.5550  

 

 

0.5625 

98.7 

2 0.4051.005 0.1 7 0.4726 84.0 

3 0.4051.305 0.1 10 0.5270 93.7 

4 0.4051.505 0.1 12 0.5407 96.1 

5 0.4051.805 0.1 15 0.5500 97.8 

6 0.31.9 0.1 17 0.5552 98.7 

7 0.41.5 0.05 23 0.5428 96.5 

 

Fig.6-3 Effect of frequency range, division frequency, and number of integral terms of wave spectrum on time 

series of autocorrelation function. 

 Table 6-1─◔כ☻NO.1│ ☻Ɑ◒♩ꜝⱶ─ ≢ ╘√R(Ű)⅜ ⅛╠ ╘√

R(Ű)≤≢⅝╢ ╡ ∆╢╟℮⌐ ─ [ ה ╖ ה ]╩ ⅎ√

≢№╢  

 Table 6-1⌐╟╣┌ ─ R(0)╩ ∆╢≤ ⌐1☻כ◔ ═≡ȹɤ│ ⅝™⅜ɤ─

⅜ ☻כ◔╢№≢∂ 6─ R(0)│ ∂≢№╢ ɤ─ ╩ ╘╢≤ R(0)⅜

≤ ∆ ⅛╠ ∆╢─≢ │ ™ ⅜ ™ ⌂⅔ ≤─ ≤⇔≡10%
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╩ ∆╣┌ 3☻כ◔ ╙≢7☻כ◔ ™ ─R(Ű)─☻כ◔ ╩ ה ⇔

√╙─⅜Fig.6-3≢№╢ 1☻כ◔ ⅜ɤ─ הȹɤה ≤╙ ╙╡╟☻כ◔─

⇔™ ╩ ™≡™╢√╘ ─ ─ ≤∆╢ ╕√ Fig.6-3≢│ ─☻כ◔ ─ ⅜

╦⅛╡⌐ↄ™√╘ ─≥1☻כ◔⌐ ╩ ℮  

 Fig. 6-4 (1) ⅔╟┘Fig. 6-4 (2) ⌐╟╣┌ ─ɤ│7☻כ◔ │0.41.5≤ ⇔ ™⅜ ȹɤ

2☻כ◔⅜ 6⌐ ═≡ ↕ↄ◔1☻כ─ ⌐ ™ ≥n=152│1☻כ◔ ☻כ◔⅜√⇔

7│ n=23≤ ⌂™ ⌂⅔ R(0)│ ɤ─ ╩ ╡ ╪∞ ⌐╟╡ ≤─ ⅜ 96.5%≤

⇔ ↕ↄ⌂∫√  

 

Fig.6-4 (1) Comparison between Case-1 and other cases. 
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Fig.6-4 (2) Comparison between Case-1 and other cases. 
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─ ⌐╟╣┌ ─ ⌐│ ─☼꜠⅜№╢╙── R(0)≤ ─Ⱨכ

◒─ ⅔╟┘ ─ ⌂↕╩ ∆╣┌ Table 6-1⌐ ≢ ☻כ◔√⇔ 5 ─

⅜ ≢№╢  

 

6.3 ≤ ─  

6.3.1 ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢♦כ♃─┌╠≈⅝  

⌐⅔↑╢ ╛ ≢─ ≢│ ≥─ ─ ╩ ∆╣

┌ ⌐ ™ ⅜ ╠╣╢⅛╩ ⅎ⌂↑╣┌⌂╠⌂™ 6.1⌐ ═√≤⅔╡ ╩

∆╢ ⌐ ⅜№╢ ⅎ┌ ─ ⅜ Rayleigh∆╢≤™℮ ─

≢№╢⅜ ─╟℮⌐ Ὄϳ│ ─ „─ ─4 ─ ≤⇔≡
20)≢⅝╢  

Ὄϳ τ„ φ τ 

╕√ ⅜ ↕™ │ ─ ⌐ ∆╢√╘ ─ ⌐ ∆

╢ ≢№╢ ↓─ │ ─ ⌐ ∫≡ ⌐ ⌐ ∆╢ ⅜ ∆√╘⌐

≢№╢ ∆⌂╦∟ ╛ ⌐ ⅜№╢ ⌐⅔™≡ ─ ™ ╩ ⇔⌂

↑╣┌⌂╠⌂™  

≢│ ╩ ⌐∆╢√╘⌐ ⌐⅔™≡ ╩ ℮ ╩ ⇔≡ ═╢  

 

(1) ─  

─ὼὸ⅛╠T ∞↑ ╡ ⇔√  ὼὸ─ „ │ ≢ ≢⅝╢  

  „
ρ
Ὕ
ὼ ὸ ‘ Ὠὸ φ υ 

↓↓≢ ‘ │ὼ ὸ─ ≢№╢  

 
Fig.6-5 Temporal fluctuation of variance of time series of irregular waves (ISSC). 
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(6-5)⌐⅔™≡Tќӓ─ │ ─ ⅜ ╠╣╢⅜ ≢│ ≤⅛↑ ╣√ ≤

⌂╢ ↓─T─ ⅎ ⅜ ─ ╩ ∆╢ T╩ ≤ ∆ ≤

─ ╩ ╠⅛⌐∆╢√╘⌐ ☻Ɑ◒♩ꜝⱶ ISSC 3m 8 ╩

™≡ ⇔√ ☻כ◔200 ─ ȹt0.2 ─ ↕ 4,200─

╩ ∆╢ ⌂⅔ ╩ ∆╢ ⌐ ȹɤ╩ ⌐∆╢≤Ὕ ς“ ─‫ϳ

⌐≡ ∂ ⅜ ╡ ↕╣╢ ≤ ─ ╩ ℮⌐№√╡4,200─ ≢

╡ ⇔⅜ ∂⌂™╟℮⌂ ⅜ ≢ ↓↓≢│ ╩ ™≡ȹɤ╩ ⌐ ∆╢ ╩

≤∫≡™╢ ∕─╟℮⌐ ⇔≡ ↕╣√ ─ ⅜ Fig.6-1≢№╢  

Fig.6-5│0 T1 0 T2ההה 0 Tm≤ T╩ ₁⌐ ↄ⇔⌂⅜╠ (6-5)⌐≡„

╩ ⇔√ ≢№╢ ─0.5625m2⌐ ™√ ™ │Rayleigh╩ ⇔√ ≢

T⅜ ™ „ ─┌╠≈⅝│ ⅝™⅜ T╩ ↄ∆╢⌐ ™ ⌐ ∆╢ ⅜╦⅛╢

⌐ ⌐ ≢ ⇔√T=600╕≢─┌╠≈⅝⅜ ⅝™  

Lpp=300m─ ⅜15.55kt≢ ∆╢ ╩ ∆╢≤ 600 ⌐4,800m2.6 mile16

╗↓≤⌐⌂╢ ≢│ ⱴ▬ꜟⱳ☻♩ ⌐ ⌐ ⇔≡⅔ↄ ⅜№╢√╘

⌂ ╩≤∫≡ ╩ ∆╢ ⇔√⅜∫≡ ⌐ ⇔√ ≢ ╩ ∆╣┌

─ │ ⌂ ≢№╢ ─ ≢│1mile╩232≢ ∆╢─≢ ⱴ▬

ꜟⱳ☻♩ ∞↑─ ≢│┌╠≈⅝⅜ ⅝™ ⅜♃כ♦ ↕╣╢ ☻כ◔ ─

┌╠≈⅝⅜ ↕™ ╩ ╢⌐│ ⱴ▬ꜟⱳ☻♩─ ╩ ╘√2.6 mile─ ⌐╟∫≡

╩ ⇔⌂↑╣┌⌂╠⌂™  

↓─╟℮⌐ ╛ ╩ ╗ ⌐⅔™≡ ─┌╠≈⅝─ ≤

─ ╩ ⌐ ∆╢↓≤⅜ ≢ ↓↓≢│ ─ ╩ ™≡ ─┌╠≈⅝

≤ ─ ╩ ∆╢  

Fig.6-6│ Fig.6-5─ ™ ≢ ⇔√ T⌐⅔↑╢„ ─ ╩ ⇔√ ≢№╢

↓─ ⌐╟∫≡ „ │ ╩ ≤⇔√ ≢№╢↓≤ T⅜ ↄ⌂╢╒≥

⌐ ⅜ ∆╢↓≤⅜╦⅛╢ Fig.6-5⅔╟┘Fig.6-6─ │ ─ │

─┌╠≈⅝⅜ ⅝™─≢ ⅛╠⅛↑ ╣√ ╙ ↕╣╢↓≤╩ ⇔≡™╢

⅛╠ ╠╣╢ │ ─ ⌐ ∆╢─≢ ™∏╣─ ╙ ⌐ ™ ≤⌂

╢  
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Fig.6-6 Distributions of variance values by time, obtained by simulating irregular wave time series (ISSC). 
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Fig.6-7 Temporal fluctuation of variance of time series of irregular waves (JONSWAP). 
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Fig.6-8 Distributions of variance values by time, obtained by simulating irregular wave time series 

(JONSWAP). 
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Table 6-2 Mean and standard deviation of the distribution of variance values by measurement time. 
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Fig.6-9 Schematic diagram of how to determine the range of variation with significant measurement data 

selected using the fact that the variance values follow a normal distribution. 
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Fig.6-10 Relation between the occurrent band for variance around the mean value of variance and measuring 

time. 

 

Fig.6-10│ ◦Ⱶꜙ꜠כ◦ꜛfi ≢ ╘√ ≤ ─ ─ ╩ ∆ ⌐

≢ ⇔√ ⌐⅔↑╢ ─┌╠≈⅝╩ 20%╕≢⌐ ╘√™ │ ╩ ╡

350 ─ ⅜ ≢№╢ 10%≤⌂╢ │ ╩ ╢≤ 550≢№

╢ ≢ ⇔√℮⌡╡ ≢┌╠≈⅝⅜ ↕™ ╩ ╢⌐│ ╟╡╙ ─

⅜ ⅜20%─ │440 ≢№╢ ↓─╟℮⌐ ⌐ ∆

╢ ─┌╠≈⅝⅜ ⌐ ≢⅝╢ ≢│ 600 ─ ─ ─ │

╛⅛≢ 600⅜ ─ ≤⌂╢  

 

6.3.2 ⌐╟╢ ה  

≢│ ⇔√ ╠⅛♃כ♦ ╘√ ─ ⌐╟∫≡

≤ ╩ ≠↑≡ ⇔√ ∕─ ╠⅛♃כ♦ √ ─┌╠≈⅝╩№╢

⌐ ╘╢√╘─ ⅜◦Ⱶꜙ꜠כ◦ꜛfi ⌐╟∫≡ ╕╢↓≤╩ ⇔√ ╕√

│ ─ ⌐╟∫≡ ⌂╢↓≤╩ ⇔√ ⇔⅛⇔ ↓─◦Ⱶꜙ꜠כ◦ꜛfi │

⅜ ≢ ╕√ ╩ ╢√╘⌐ ╩♃כ♦─ ╦⌂↑╣┌⌂╠∏ ₁ ∞≤

╦╣╢  

ה 28)⌐╟∫≡ ╩ ™≡ ⌐♃כ♦ ╕╣╢ ≤ ─

╩ ∆╢ ⅜ ↕╣≡™╢ │ ☻Ɑ◒♩ꜝⱶ⅜ ⅎ╠╣╣┌(6-3)╩ ™

≡ ⌐ ≢⅝╢√╘ │ ≢№╢ ה ⌐╟╢ ╩ ™╣┌

≢⅝╢ ⌐ ╘╢√╘⌐ ⌂ ╩ ⌐ ╘╢↓≤⅜ ≢№╢⅜ ∕─

√╘⌐│ ╩ ⌂ ⌐ ⇔⌂↑╣┌⌂╠⌂™ ≢│ ╩ ™≡

≤ ─ ╩ ∆  

л

мл

нл

ол

пл

рл

сл

л млл нлл олл плл рлл слл тлл улл флл мллл ммлл мнлл

h
Ŏ
Ŏ
ǳ
Ǌ
Ǌ
Ŝ
ƴ
ǘ
 
ō
ŀ
ƴ
Ř
 
Ŧ
ƻ
Ǌ
 
Ǿ
ŀ
Ǌ
ƛ
ŀ
ƴ
Ŏ
Ŝ
ό
҈
ύ

aŜŀǎǳǊŜƳŜƴǘǘƛƳŜόǎŜŎύ

ƛƴ ²ƛƴŘ ǿŀǾŜǎ όL{{/ύ

ƛƴ {ǿŜƭƭ όWhb{²!tύ



- 144 - 
 

(1) ─ ─ ⌐≈™≡ 

≢ ╠╣╢ ─┌╠≈⅝⅜ ⅝™↓≤│ ◦Ⱶꜙ꜠כ◦ꜛfi ╩ ™√

≢ ≢⅝√ Tќӓ─ ─ ╩ ─ ≤⇔√ ─ │0⌐

∆╢ ∆⌂╦∟ ─┌╠≈⅝╩ ⌐ ∆╢√╘⌐│ ─ ╩ ™≡ ⇔⌂

↑╣┌⌂╠⌂™ ─ │ ╩♃כ♦ ™╣┌◦Ⱶꜙ꜠כ◦ꜛfi⅜ ≢№

╢⅜ R(Ű)╩ ™╢≤ 28)≢ ≢⅝╢  

ὠ „
ς
Ὕ

ρ
†
ςὝ
Ὑ †Ὠ† φ φ 

⌂⅔ (6-6)⌐≡ ─ ╩ ╘╢ ⌐│ Fig.6-11⌐ ∆Ὑ †╩№╠⅛∂╘ ∫≡⅔ↄ≤

⌐ ≢№╢ Fig.6-11─ ≢│ Ű=18╕≢─ ⅜ ⅝™  

 
Fig.6-11 Time series of square value of autocorrelation function. 

 

Fig.6-12 Time trend of variance of the variance value (ISSC). 
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Fig.6-13 Distributions of variance of variance values by time, obtained by simulating irregular wave time 

series (ISSC). 
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Fig.6-14 Comparison of time trend of variance of the variance value calculated by using autocorrelation 

function and simulation's one (ISSC). 

 

 

Fig.6-15 Time trend of variance of the variance value (JONSWAP). 
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Fig.6-16 Distributions of variance of variance values by time, obtained by simulating irregular wave time 

series (JONSWAP). 

 

л
мл
нл
ол
пл
рл
сл
тл
ул

л
Φ
л
л
м

л
Φ
л
л
р

л
Φ
л
л
ф

л
Φ
л
м
о

л
Φ
л
м
т

л
Φ
л
н
м

л
Φ
л
н
р

л
Φ
л
н
ф

л
Φ
л
о
о

л
Φ
л
о
т

л
Φ
л
п
м

л
Φ
л
п
р

C
Ǌ
Ŝ
ǉ
ǳ
Ŝ
ƴ
Ŏ
ȅ

5ƛǾƛǎƛƻƴǎ ƻŦ ±ŀǊƛŀƴŎŜ ƻŦ ±ŀǊƛŀƴŎŜ όƳпύ

млл ǎŜŎΦ ŀŦǘŜǊ ǘƘŜ ǎǘŀǊǘ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ

{ƛƳǳƭŀǘƛƻƴwŀȅƭŜƛƎƘ[ƻƎ ƴƻǊƳŀƭ

л
мл
нл
ол
пл
рл
сл
тл
ул

л
Φ
л
л
м

л
Φ
л
л
р

л
Φ
л
л
ф

л
Φ
л
м
о

л
Φ
л
м
т

л
Φ
л
н
м

л
Φ
л
н
р

л
Φ
л
н
ф

л
Φ
л
о
о

л
Φ
л
о
т

л
Φ
л
п
м

л
Φ
л
п
р

C
Ǌ
Ŝ
ǉ
ǳ
Ŝ
ƴ
Ŏ
ȅ

5ƛǾƛǎƛƻƴǎ ƻŦ ±ŀǊƛŀƴŎŜ ƻŦ ±ŀǊƛŀƴŎŜ όƳпύ

нлл ǎŜŎΦ ŀŦǘŜǊ ǘƘŜ ǎǘŀǊǘ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ

{ƛƳǳƭŀǘƛƻƴwŀȅƭŜƛƎƘ[ƻƎ ƴƻǊƳŀƭ

л
мл
нл
ол
пл
рл
сл
тл
ул

л
Φ
л
л
м

л
Φ
л
л
р

л
Φ
л
л
ф

л
Φ
л
м
о

л
Φ
л
м
т

л
Φ
л
н
м

л
Φ
л
н
р

л
Φ
л
н
ф

л
Φ
л
о
о

л
Φ
л
о
т

л
Φ
л
п
м

л
Φ
л
п
р

C
Ǌ
Ŝ
ǉ
ǳ
Ŝ
ƴ
Ŏ
ȅ

5ƛǾƛǎƛƻƴǎ ƻŦ ±ŀǊƛŀƴŎŜ ƻŦ ±ŀǊƛŀƴŎŜ όƳпύ

олл ǎŜŎΦ ŀŦǘŜǊ ǘƘŜ ǎǘŀǊǘ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ

{ƛƳǳƭŀǘƛƻƴwŀȅƭŜƛƎƘ[ƻƎ ƴƻǊƳŀƭ

л
мл
нл
ол
пл
рл
сл
тл
ул

л
Φ
л
л
м

л
Φ
л
л
р

л
Φ
л
л
ф

л
Φ
л
м
о

л
Φ
л
м
т

л
Φ
л
н
м

л
Φ
л
н
р

л
Φ
л
н
ф

л
Φ
л
о
о

л
Φ
л
о
т

л
Φ
л
п
м

л
Φ
л
п
р

C
Ǌ
Ŝ
ǉ
ǳ
Ŝ
ƴ
Ŏ
ȅ

5ƛǾƛǎƛƻƴǎ ƻŦ ±ŀǊƛŀƴŎŜ ƻŦ ±ŀǊƛŀƴŎŜ όƳпύ

слл ǎŜŎΦ ŀŦǘŜǊ ǘƘŜ ǎǘŀǊǘ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ

{ƛƳǳƭŀǘƛƻƴwŀȅƭŜƛƎƘ[ƻƎ ƴƻǊƳŀƭ

л
мл
нл
ол
пл
рл
сл
тл
ул

л
Φ
л
л
м

л
Φ
л
л
р

л
Φ
л
л
ф

л
Φ
л
м
о

л
Φ
л
м
т

л
Φ
л
н
м

л
Φ
л
н
р

л
Φ
л
н
ф

л
Φ
л
о
о

л
Φ
л
о
т

л
Φ
л
п
м

л
Φ
л
п
р

C
Ǌ
Ŝ
ǉ
ǳ
Ŝ
ƴ
Ŏ
ȅ

5ƛǾƛǎƛƻƴǎ ƻŦ ±ŀǊƛŀƴŎŜ ƻŦ ±ŀǊƛŀƴŎŜ όƳпύ

флл ǎŜŎΦ ŀŦǘŜǊ ǘƘŜ ǎǘŀǊǘ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ

{ƛƳǳƭŀǘƛƻƴwŀȅƭŜƛƎƘ[ƻƎ ƴƻǊƳŀƭ

л
мл
нл
ол
пл
рл
сл
тл
ул

л
Φ
л
л
м

л
Φ
л
л
р

л
Φ
л
л
ф

л
Φ
л
м
о

л
Φ
л
м
т

л
Φ
л
н
м

л
Φ
л
н
р

л
Φ
л
н
ф

л
Φ
л
о
о

л
Φ
л
о
т

л
Φ
л
п
м

л
Φ
л
п
р

C
Ǌ
Ŝ
ǉ
ǳ
Ŝ
ƴ
Ŏ
ȅ

5ƛǾƛǎƛƻƴǎ ƻŦ ±ŀǊƛŀƴŎŜ ƻŦ ±ŀǊƛŀƴŎŜ όƳпύ

мΣнлл ǎŜŎΦ ŀŦǘŜǊ ǘƘŜ ǎǘŀǊǘ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘ

{ƛƳǳƭŀǘƛƻƴwŀȅƭŜƛƎƘ[ƻƎ ƴƻǊƳŀƭ



- 150 - 
 

 

Fig.6-17 Schematic representation of the relationship between the spectrum of the encountered wave and 

added resistance in regular waves. 
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Fig.6-18 Relationship between the accuracy band Ů (%) and record length Tm. 
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╩ ∆╢≤ ⇔≡ √⇔fi►♄ꜟכ◔☻⌐ Table 6-3─ ISSC ⌐╟╣

┌ 100m─ ⌐⅔™≡ Lpp=3m─ ╩ ⌐≡ ↕∑≡ ⇔√ Ů╩

10% ⌐∆═⅝ │73 ♃כ♦─ ⅜ ─Ɫ♇♅fi◓ ≢№╢ ♃כ♦─73

╩ ∆╢√╘⌐│ Fn=0.147─ │0.8m/s─√╘59m─ ⅜ ≢1 ─ ≢│

≢№╢ ⌐⅔↑╢ ─ ╩50m≤ Fig.6-19╩ ∆╢≤ ⌂

ↄ≤╙2 ─ ⅜ ≢№╢ ╕√ ─◘▬☼⅜ ⅝ↄ⌂╢╒≥ ⌐⌂╢√╘

│ ┘╢ JONSWAP─ │ ה │ ⅝ↄ ∆╢  

↓─╟℮⌐ ≢│ ⌐Ů≤Tm─ ╩ ⌐ ⇔≡⅔↑┌ ╩

⌐ ™√ ≤ ─ ⅜ ≤⌂╢  

Table 6-3 Record length and running frequency in Ů=10%. 

 
 

 
Fig.6-19 Measurable range in the test tank. 
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(4) ≤ ─  

│ ⅜ 8 ─ ─ ≢№∫√ (6-10)⌐╟╣┌ Ŭ⅜ ↕ↄ⌂╢╒≥

⅜ ↄ⌂╢↓≤⅜╦⅛╢⅜ ∕╣│ ⌐╟∫≡ ⌂╢ Fig.6-20│

⌐ Ŭ╩ ⇔√ ≢ 8 ─ Ŭ8sec.⌐≡ ⇔√ ╩ⱪ꜡♇♩⇔√ ↓─ ⌐

╟╣┌ ─ ⌐⌂╢╒≥Ŭ│ ↕ↄ⌂╢ ╟∫≡ ─ ╛

─ ─ ⌐ ╩ ™⌂⅜╠ ⌂ ╩ ⅎ⌂↑╣┌⌂╠⌂™  

 
Fig.6-20 Relationship between mean wave period and damping coefficient Ŭ. 

 

6.3.3 ─ ≤ɢ2  

 ɬ2 │ ₐ№╢ ⅜ 0 1─ ⌐ ℮ ∕─ │ɢ2 ⌐
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0.00043m4]≢№╢ ↓─ ╩(6-13)⌐ ⇔≡ k=1 1 ─ ─ᾀ ╩ ╘╢ Fig.6-21│

ᾀ─ ≢№╢ ─ │ (6-12)≢ ╘√k=1─ ─ɬ2 ╩ ⱪ꜡♇

♩⇔√ ↓─ ⌐╟╣┌ ─ │ 1─ɬ2 ⌐ ∫≡™╢  

 
Fig.6-21 Relationship between the distribution of the values of the sum of squares of variances and the ɢ2 

distribution with 1 degree of freedom. 

 

 (6-12)╩ ™╣┌ k╩ ∆╢∞↑≢ ↕╣√ ─ ─ ⅜ ≢⅝

╢ ⅎ┌ k=1⌐⅔™≡ ⅜95%≤⌂╢ ↕╣√ ─ ᾀ⅜ ⌐ ≢⅝
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≢⅝╢ √∞⇔ ᾀ│ ↕╣√ ≢№╢√╘ (6-13)╩ ™≡ ⌐ ╩ ≈ὼ⌐

⇔⌂↑╣┌⌂╠⌂™ ↓─ ⌐│ 6.3.1─Table 6-2⌐ ⇔√╟℮⌂ ─[

─ , ─ ]⅜ ≢№╢ ↓╣│ ╩ ₁ ⅎ≡◦Ⱶꜙ꜠כ◦ꜛfi╩
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─ ⌐ ≠™√ ⌐ ∆╢↓≤╩ ⅎ╣┌ ─ ꜟⱩכ♥╩↑∞

⇔≡⅔↑┌ ™ ╕√ ≢│ 95%╩ ─ ≤⇔√⅜ ↓╣│√ↄ↕╪─ ╩

∫√ ⌐ ⅛╠ ⅝ↄ ╣√ │ ≤⇔≡ ∆╢ ≢№╢ ─5%╩

∆╢↓≤⅜ ⅛≥℮⅛⌐≈™≡│ ─ ⅜ ≢№╢  
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⇔√ ≤∆╢  

 ᵓ ⅜95≤⌂╢ɬ2 ─ᾀ╩ ╘╢  

 ᵔᵒ─ ⌐⅔↑╢ᵑ≢ ╘√ ─ ⅔╟┘ᵒ─ ─ ╩ ™≡

ᾀ╩ ⌐ ∆╢ ↓╣⅜ ─ ─ ─ ─ ≢ ─ ─ ≢

№╢  

 ᵕᵔ─ ─ ─ ⌐╟∫≡ ─ ─ ─ ⅝↕╩ ∆╢↓≤≢ (6-9)╩ ™

≡ ─ ╩ ∆╢  

 

6.4 ⌐ ∆╢ ┼─  

╕≢─ │ ╩ ⇔√ ≢№╢ ─ │ V≤ ─ ∆

╢ ™ ɢ╩ ⇔≡ ≤ ─ ╩ ⅎ⌂↑╣┌⌂╠⌂™ ∆⌂╦∟

╩ ⇔⌂⅜╠ ⌐≡ ╩ ℮≤ ∆╢ ™ ─ ⅜ V≤ ɢ⌐╟∫≡ ∆╢

√╘ ∕─ ╩ ⇔≡(6-10)╩ ∆╢ ≢│ (ɢ=180Á)≤ ™ (ɢ=0Á)─2 ⌐

╡ ∆╢ ⌐│ ₐ☻Ɑ◒♩ꜝⱶ─ ╗ │ ≢⌂↑╣┌⌂╠⌂™ ≤e™℮ ⅛╠

↕╣╢ ☻Ɑ◒♩ꜝⱶS(ɤ)╩ ™ ☻Ɑ◒♩ꜝⱶὛ‫ ⌐ ∆╢ 25)╩ ™╢  
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Fig.6-22 Encounter wave spectra by heading angle. 

Fig.6-22│ 15.55ktFn=0.147≢ ─ ≢ ↕╣╢ ™ ☻Ɑ◒♩ꜝⱶ╩ ISSC
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ꜝⱶ─ ╩ ≢ ∆╢≤ ─ ™ ☻Ɑ◒♩ꜝⱶ S(ɤe)⅜ ↕╣╢ ╕√ ™

≢─ ╩♃כ♦ ∆╢≤ ─S(ɤe)╩ ╢  

Fig.6-23│ Fig.6-22─ S(ɤe)╩(6-3)⌐ ⇔≡ ⇔√ ™ ⌐⅔↑╢

3m ≢№╢ ╕√ Table 6-4│ Fig.6-23⌐ ⇔√∕╣∙╣─ ⅛╠(6-

10)─ ⌐ ⌂ ╩ ╘√ ≢ Fig.6-24│ ≤ ─ ╩ ╘√

≢№╢ ↓╣╠─ ⌐╟╣┌ ™ ─ Fig.6-23─ ⅔╟┘Table 6-4

─Ɫ♇♅fi◓─ ─ │ ⌐ ↕ↄ №╢ ─ ⅜ ╢↓≤⅜╦⅛╢ ⇔√⅜∫

≡ ╩ ∆╢√╘⌐│ Fig.6-24⌐≡ Ů=10%⌐≡ ╩ ╣┌151.7

≤⌂╢ ╩ ╦⌂↑╣┌⌂╠∏ ⌐│ ⇔™ ⌂⅔ ⱦꜙכⱨ◊כ♩ 4 ─

Ὄϳ=1mὝ=4 ≢ ™ 15.55kt╩ ℮ ─Ů=10%─

│15.2≢ ⌂ ≤⌂╢  

 
Fig.6-23 Autocorrelation functions by encounter wave spectrum. 

Table 6-4 Results of [Ŭ,ɤp] by calculation conditions. 

 
 

 
Fig.6-24 Relationship between the accuracy band Ů (%) and record length Tm by calculation conditions. 
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6.5 ╕≤╘ 

≢│ ─ ≤ ─ ⌐≈™≡◦Ⱶꜙ꜠כ◦ꜛfi ⅔

╟┘ ╩ ™≡ ⇔√ ╕≤╘╢≤ ─≤⅔╡≢№╢  

 

1) ◦Ⱶꜙ꜠כ◦ꜛfi ⌐╟∫≡ ╘√ ─ ╛ ─ ─ ╩

™╢≤ ─ ≤ ─ ⅜ ⌐ ≢⅝ ─ ≤⌂╢  

2) │ ☻Ɑ◒♩ꜝⱶ╩ ⅎ╢↓≤≢ ⌐ ≢⅝╢─≢ ∕╣╩ ™≡

─ ╩ ⅎ┌◦Ⱶꜙ꜠כ◦ꜛfi⅜ ⌂√╘ ≢№╢ ☻Ɑ◒♩ꜝⱶ─ ה

ה ╩ ₁ ⅎ≡ ╩ ╘√ ☻Ɑ◒♩ꜝⱶ─Ⱨכ◒─ ╩

⌐ ȹɤ=0.1≢ ∆╣┌ │n=15≢╙ ─ ≤⇔√n=152─ ≤─

│ ↕™↓≤⅜ ≢⅝ ↓─ ╩ ⌐ ↕∑╣┌╟╡ ⌐ ─ ⅜

≤⌂╢  

3) ⌐╟∫≡ ╘√ ─ ─ │ ◦Ⱶꜙ꜠כ◦ꜛfi ⌐╟╢

─Ⱨכ◒─ ⌐ ∫≡™╢ ─ ─ │ k=1─ ɢ2 ⌐ ∫≡⅔

╡ ↓─ ╩ ⅎ┌ ╩ ╘√ ─ ─ ⅜ ⌐≢⅝╢  

╡⌡℮ה (4 ⌐ Ů≤ Tm─ ╩ ⇔√ ⌐╟╢≤ ℮⌡╡

≢ ╩ ∆╢√╘⌐│ ⌐ ⇔≡ 2 ─ ⅜ ≢№╢  

5) ≢│ ⌐Ů≤Tm─ ╩ ⌐ ⇔≡⅔ↄ↓≤≢

╩ ⌐ ™√ ≤ ─ ⅜ ≤⌂╢  

6) ─ ─Ů≤Tm─ ╩ ⇔√ ⌐╟╢≤ ≢│ ╟

╡╙ ─ ≢ ™ ™ ≢│ ─ ⅜ ≤⌂╡ ─ ⅜

⇔™ ⅜№╢  

7) ≢│℮⌡╡ ≤ ⌐ ≤ ─ ╩ ⇔√⅜

╩ ⅎ╢≤ ⌐⅔↑╢ ╙ ⌐⇔≡⅔ↄ ⅜№╢ 4 ─ ⌐╟╣┌

☻Ɑ◒♩ꜝⱶ╩ ⌐ ⇔ ⇔√ ⅜ ╩ ⅎ╢√╘ ⌐⅔↑

╢ │℮⌡╡ ⌐⅔↑╢ ≤ ⌐⅔↑╢ ─ ⌐№╢≤ ╦╣

╢ ╕√ ─ ☻Ɑ◒♩ꜝⱶ─┌╠≈⅝╩ ⇔≡ ─ ─ ╩

⌐⇔≡⅔ↄ ⅜№╢  
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 ⅛╠─ │ ─ ה ⅔╟┘ ⌐╟∫≡ ╠╣√

⌐ ≠™≡ ╦╣ ╩ ↕∑╢ ⌂ ╩ ⇔≡™╢ ↓─ ─ ─

ⱨ꜡כ⌐ ╩ ╖ ╗↓≤≢ ─ ∞↑≢│ ≢⅝⌂™╟

℮⌂ ⌂ ⇔™ ╩ ∆╢↓≤⅜ ≤⌂╢  

⇔⅛⇔ ⌐ ∆╢ Ɽꜝⱷכ♃│ ⌐ ╢√╘⌐ ⌂ ה ⌐ ⅜⅛

⅛╢↓≤ ─ ⌐ ═ ─ │ ⅜1 ∟╢↓≤⌂≥⌐╟∫≡

─ ⅜ ∆ ⌐│ ↕╣╢ ─ ⌐ ⅜ ╢ ∕╣╠─ ⌐╟∫≡

─ ┼─ ⅜ ╕⌂⅛∫√ ≤™℮↓≤⅜ ≢№╢  

≢│ ─ ╩ ⇔≡ ⅛╠─ ⱨ꜡כ ⌐ ╩

⌐ ∆╢ ╩ ╘╢√╘⌐ ∆═⅝ ₁─ ╩ ⌐⇔ ∕╣∙╣─ ⌐ ⇔

≡ ─ ─√╘─ ╩ ∫√ ≢│ ⌐⅔↑╢ ≢ ╠╣√

╩ ∆╢≤≤╙⌐ ─ ⌐≈™≡ ═╢  

 

3 ─  

1 ה ⌐≡ ↕╣√ ╩♃כ♦ ⇔≡ ─ ≢ ╩ ∆

╢ ─ ╛ ⌐≈™≡ ≤≤╙⌐ ⇔√ ⱪ꜡Ɑꜝ⅜ ∆╢╒≥─ ⇔™

≢⌂™ ⌐ ↕╣≡™╢ ⅜ ─ / RTIM│

∞↑≢⌂ↄ ╛ ⌐╟╢ ╩ ⌐ ╖ ╘╢√╘⌐ ⌐ ⇔√

≢№╢ ╕√ ─ ─ ⌂≥╩ ⌐ ⇔√

∞↑╩ ⇔≡ ╩ ℮ ⌂ OLTM╙ ⅜

⌐ ≢№╣┌ ─ ⌐ ≢ OLTM⌐ ∆╢ │↕╠⌐ ╘╠╣╢═⅝

≢№╢  

2RTIM╩ ™╢ ─ ─ ⅜ ≢ ≢

│◄fi♩ꜝfi☻ ↕LE╩ ™╢ ╩ ⇔√ LE⌐╟∫≡ „ ─‫

⅜ ⌂ ⅜ ⌐⌂╢  

3 ≢ ⅜ ⅝ↄ⌂╢ ⌐⅔™≡ ⱪ꜡Ɑꜝ ─2 ⌐ ∆╢

─ ⌐╟∫≡ɖo─1 ⅜ ─ ≤ ⌂╢⅜ ⇔√ ɖo┼─ │

⌐ ↕ↄ ≢⅝╢ ≢№∫√ ⇔⅛⇔ ⱳ▬fi♩─ⱪ꜡Ɑꜝ ⅜ ≢№╢

⌐│ ─ │ ╢ ⌂⅔ ⌐⅔™≡│ ╟╡╙ │ ↕ↄ⌂╢─

≢ ╩ ⅎ⌂™ ╡ⱪ꜡Ɑꜝ ─ ┼─ │ ⇔≡ ™  

4 ⌐⅔™≡ ∆╢☻ꜝ☻♩─ │ ⱪ꜡Ɑꜝ ⅜ ⅝™ ─ ⌐ ═≡

↕ↄ⌂╢⅜ ⱪ꜡Ɑꜝ⅜ ⇔⌂™ ╛⅛⌂ ה ≢│∕─ ─ │ ↕™√╘

⌐ ╓∆ │ ↕™ 5mה 10─ ⌐⅔↑

╢ ≢│ ☻ꜝ☻♩ │ ⅜ ™ ─ ≤ ∆╢⅜ ⅜ ⅝ↄ⌂
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∫√ ⌐⅔™≡☻ꜝ☻♩⅜ ⌐ ↕ↄ⌂╢ ↓─ │ ╩ ™√ ┼─

│ ↕™⅜ ─ ⅜ ⌂↓≤╩ ⇔≡™╢  

5 ─♃כ♦ ⌐╟∫≡ ⱪ꜡Ɑꜝ ─ 1/3⌐№√╢ⱪ꜡Ɑꜝ ⅜ ⌐ ∆

╢≤ ⅜MCR⌐ ∆╢ ╩ ⅎ╢↓≤⅜ ≢⅝√ ⱪ꜡Ɑꜝ ⅜ⱪ

꜡Ɑꜝ ─ 1/10≢№╣┌ ╛⅛⌂ ╩ ⇔≡™╢ ─ ⌐ ⇔≡ 20%─

MCR⌐ ∆╢ ─0.85⌐≤≥╕╢ ╩ ↑╢ ⅛╠ ↓─1/10

╩ⱪ꜡Ɑꜝ ─ ≤ ⇔ ↓─ ╩ ≤⇔≡ⱪ꜡Ɑꜝ─ ╩ ╘╢

↓≤╩ ⇔√  

 

4  

1 ה╡⌡℮ ℮⌡╡Ὓ ‫ Ὓ ‫ ⌐⅔™≡ ─ ╩ ℮ ╩

⇔√ ה╡⌡℮ ⌐⅔↑╢ ☻Ɑ◒♩ꜝⱶ╩3‫ Ὓ ‫ Ὓ ╢∆≥‫ ─

│ │ ☻Ɑ◒♩ꜝⱶ─ ≢┌╠≈ↄ3─‫ ╩ ⅎ╢ ∕╣╩ ⌐⇔√ ─

│ ╩ ≈⌐ ⇔√ ⌐⌂╢⅜ ─ ╩ ⅎ╢ ⌂

≢№╢ ↓─╟℮⌐℮⌡╡≤ ─2 ─ ╩ ╗ ≢ ╩ ∆╢

╩ ╘≡ ≤ ∆╢ │ ─ ⌐╟╢┌╠≈⅝╩ ⇔

≡ ⌐≡ ∆╢ ⅜№╢ ↓─ ≤⌂╢ ☻Ɑ◒♩ꜝⱶ─ ─

│ ⌐⌂╢ ↓─ │ ─ ─ ⅜ ⌂╠┌ ₁─

─ ‐‐‫ȟ ↄ≡╙Ὓ⌂⅜‫ ‫ȟὛ ⅜‫ ⅎ╠╣╢≤ ╕╢  

2 ─ ⌐╟╣┌ ⌐≤∫≡ ⌂ ─ ⅜

⌐ ∆╢ ⅛╠ ⌐ ╕╢ ∕─ ─ ╩ ™≡ ה╡⌡℮

⌐⅔↑╢ ─ 1/n ─ ⅜ ≢⅝╢ 1/n ╩ ╘╢

⌐ ─ ⌐ ↑ ╦∑╢ Ŭ│ ☻Ɑ◒♩ꜝⱶ─Ᵽfi♪ Ɽꜝ

ⱷכ♃Ů⌐ ∆╢√╘ ─☻Ɑ◒♩ꜝⱶ─Ů╩ ╘⌂↑╣┌⌂╠⌂™ Ů⅜ ⅝ↄ⌂╢⌐

≈╣≡Ŭ│ ╛⅛⌐ ∆╢⅜ Ů⅜0.4 ╕≢│Ŭ─ ─ ⅜ ↕™ ↓℮⇔≡ 1/n

─ ╩ ⌐ ⇔≡│⌂╠⌂™↓≤╩ ⅎ╢≤ Ů=0─ ─Ŭ─ ╩ ™╢─⅜

™  

3 ≤∆╢ ⅜∕─ ─ ╡⌐ ∆╢ ™╩ ∆ ≤⇔≡ ⅜

─±10%─ ⌐ ╢ ╩±10% ≤ ⇔ ╩ ⌐ ╡±10%

╩ ⇔√ ∕─ ±10% │Ὓ ‫ȟὛ ὑ≥‫ ‫ ─ɤ⌐ ∆╢

⌐╟∫≡ ∆╢ ↓╣│ ─ ⌐ ⇔≡╙ ∂↓≤≢ ɤ⌐ ∆╢ 3 ─ ╩

⇔⌂↑╣┌⌂╠⌂™ ∕─ ─ ≤⇔≡ ☻Ɑ◒♩ꜝⱶ─ ╩ ↕∑√

─ ─±10% ╩ ╘√≤↓╤ ☻Ɑ◒♩ꜝⱶ─ ⌂╡ ‎ ⅜ ⅝ↄ⌂╢

≤±10% │ ⇔≡™ↄ↓≤⅜ ≢⅝√ ⇔⅛⇔ ℮⌡╡─Ⱨכ◒ ⅜ ⅝™ ⌐

‎ ς≤⇔≡╙±10% │ ⅝ↄ⌂╠∏ ─ ⌐ ⅝⌂┌╠≈⅝⅜

╢  
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ה╡⌡4℮ ╩ ∆╢Ochi-Hubble☻Ɑ◒♩ꜝⱶ│ 6≈─Ɽꜝⱷכ♃╩ ∆╢↓

≤≢ ₁─ ─ ☻Ɑ◒♩ꜝⱶ╩ ≢⅝╢⅜∕─ │ ⇔™ 3‫ Ὓ ‫

Ὓ │‫ ⌐☻Ɑ◒♩ꜝⱶ ⅜ ╕╢⅜ ≢│ ─ ─ ⅜ ↄ⌂™  

 

5  

1 ⌐ ™╢ ╟╡ ↕╣≡™╢ ─ ╩ ⇔ ∕╣╠─

╩ ™√ ─ ⌐≈™≡ ⇔√ ╕√ ⌐ ∆╢

⌐╟∫≡ ⌐≥─ ─ ╩ ╓∆⅛╩ ⇔√ ─ ⌐╟∫≡

─ ─ ─ ╛ ⅜Ⱨכ◒≤⌂╢ ─ ─

⅜ ⌐ ⅝⌂ ╩ ╓∆↓≤⅜ ≢⅝√  

2 ─ ╩ ⇔√ ╩ ℮√╘⌐│ ─ ─ ╩⸗♦ꜟ ⇔⌂↑

╣┌⌂╠⌂™≤ ⅎ ─ ⌐ ╩ ∆╢ ╩ ⇔√ ⇔√

≤ ─ ≤╩ ↕∑╢↓≤≢∕─ ™╩ ∆╢≤≤╙⌐ ⌐╟∫≡∕╣╠╩

⇔√ ₐ │ ⇔™ ╩ ∆╢≤ ⅎ ⌐ ∆╢ ─

─ ╩♀꜡≤⇔≡ ╩ ℮ ₑ≤™℮ ─ ⌐╟╣┌ ≢─

⌂ ─ ≢№╢ ╩ ─ ⌐ ⇔≡ ⅎ╢↓≤⅜ ≢№╢

─ │ ∕─ ─ ╩ ⇔√ ─⌂⅛≢ ─ ╩ ⅎ

╢ ╕√ ⇔√ ╩ ™≡ ╩ ⇔ ─Ⱨכ◒ ─ ⅜

┼ ⅝ↄ ∆╢↓≤╩ ∆╣┌ ⌂ ≢ ─ ╛ ╩ ╘

╢↓≤⅜≢⅝╢↓≤╩ ⇔√  

3 ⌐⅔™≡╙ ╩ ≤⇔√ ─ ≢│ ─ ™⌐╟╢

─ ╩ ≢⅝∏ ⌂ ╩ ⅎ╢─≢ ─ ╩ ⇔√ ⌐╟∫≡

↕╣√ ╩ ™╢ ─ ╩ ⅎ√ ⌐⌂╢╒≥

⅜ ⅝ↄ⌂╢√╘ │ ↕ↄ⌂╢ ∕─√╘ ╩ ⇔√

╩ ™≡ ℮ ─ │ ⌐⅔™≡╙ ≢

∆╢≤ ⇔√ ─ ⌐ ═≡ ↕⌂ ≤⌂╢  

4 ≡∫╟⌐◓fi▫♥כꜟכ◙▼► ╩ ⇔≡ ∆╢ ─ ⅜ ↕╣≈≈

№╡ ∕─ ╩ ™╣┌ ♀꜡⸗♦ꜟ─ ⅜ ≢ ∕─ ─ ╩ ⇔√  

 

6  

1 ─ ⅜ ⌐╟∫≡ ⅝ↄ ⌂╢↓≤╩ ⌐⇔ ≤

─ ╩ ⌐ ∆╢ ╩ ⇔√ ◦Ⱶꜙ꜠כ◦ꜛfi⌐≡

∆╢ ⌐ ⌂ ה ─ ─ │ ⌐ ℮↓≤⅜╦⅛∫√ ╕√

─ ⅝↕╩ ∆ ─ ─ │ ɢ2 ⌐ ℮↓≤╩ ⇔√ ↓─ ɢ2 │

─♃כ♦ ⅔╟┘∕─ ⌐ ≈↓≤╩ ⇔√  

2 ╩ ™╢≤ ≤ ─ ⅜ ≢⅝╢─≢ ◦Ⱶꜙ꜠כ◦ꜛfi
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╩ ╦⌂ↄ≡╙ ⅜≢⅝╢ ↓─ │☻Ɑ◒♩ꜝⱶ⅛╠ ≢⅝╢√╘ ≢

☻כ◔ ╛ ⌂≥─ ─√╘─ ╩ ∆╢ ⌐ ≈  

 

 ≢│ ⅛╠─ ⱨ꜡כ⌐ ─ ╩ ╖ ╗↓≤≢ √⌂

╩ ≢⅝╢ ⱨ꜡כ ╩ ⌐ ™≡ ∕─√╘⌐ ─

⌐ ∆╢ ╩ ∫√ ∕╣│ ᵑ ─ ᵒ ᵓ

ᵔ ─4≈─Ɽכ♩⌐ ↑≡∕╣∙╣⌐ ⌂ ╩ ⅎ╢╙─≢№∫√⅜ ─

⌐⅔™≡ ⅜ ∫√  

 

1 ╛⅛⌂ ╩ ⇔≡ ─ⱪ꜡Ɑꜝ ⌐ ∆╢☻ꜝ☻♩ ╩ ⇔√

⌐╟∫≡ ⱪ꜡Ɑꜝ ─ ┼─ │ ↕™≤⇔√⅜ ⌐⅔↑╢

╩ ∆╢√╘─⸗♦ꜟ ╩ ∫≡ ⌐ ⇔⌂↑╣┌⌂╠⌂™  

2 ⱪ꜡Ɑꜝ꜠כ◦fi◓│ ⌐ ╩ ╓∆↓≤│ ╠⅛≢№╢⅜ ≤ ┼

╓∆ ⌐ ∆╢ ⌂ ╩ ╘╢ ⅜№╢ ╕√ ⱪ꜡Ɑꜝ꜠כ◦fi◓ ⌐ ⅝ↄ

╩ ╓∆ⱪ꜡Ɑꜝ ⌐ ∆╢ ה ─◒ꜟ♩ה ╩♃כ♦ ה ↕∑⌂↑╣

┌⌂╠⌂™  

3 ─ ╩ ╢√╘⌐│ ─┌╠≈⅝╩ ⌐ ⇔⌂↑╣┌⌂╠

⌂™ ∕─√╘⌐ ɤ⌐ ∆╢ 3 Ὓ ‫ȟὛ ‫ȟὑ ‫ ─ ╩ ⌐ ∆╢

╩ ⅎ ∕─ ⌐╟∫≡ ─┌╠≈⅝╩ ⇔⌂↑╣┌⌂╠⌂™  

4 ⌐⅔↑╢ │ ⌐⅔↑╢ ╩ ∆╢√╘⌐│

┼─ ⅜ ≢ ∕─ ╩ ⇔⌂↑╣┌⌂╠⌂™  

5 4 ─ ╩ ∆╣┌ ─☻Ɑ◒♩ꜝⱶ≤ ─☻Ɑ◒♩ꜝⱶ─ ⅜ ⌂╢

│ ☻Ɑ◒♩ꜝⱶ─ ⌐╟╡ ☻Ɑ◒♩ꜝⱶ⅜ ╩ ↑╢≤ ↕╣╢√╘ ∕

─ ⌐≈™≡─ ⅜ ≢№╢  

6 ─ ה ─√╘⌐│ ⅛↕⅜ ╢ ─ ╩

⌐∆╢ ⅜№╢ ∕─√╘⌐ ─ ─♃כ♦ ╩ ™≈≈ ─ ╩

⌐ ≢⅝╢ ╩ ™≡ ⇔√ ╩♃כ♦ ⌐ ⇔⌂↑╣┌⌂╠⌂™  

7 ─ ─√╘⌐│ ╙ ⌂ ⌐≡ ╩ ╦⌡┌⌂╠⌂™ ∕─√

╘⌐│ ⌐⅔↑╢ ─┌╠≈⅝─ ╩ ™√ ⅜ ≤

⌂╢√╘ ─ ⌐╟╢ ⌐ ∆╢ ™╩ ⌐ ⌐⇔≡⅔⅛⌂↑╣┌⌂╠⌂™  

8 ╩ ⌐ ∆╢√╘⌐│ ╩ ≢⅝╢╟℮⌐ ⌐ ∆╢ ─

⅜ ≢№╢  

9 ≢─ ╩ ⅎ╢≤ ⌐⅔↑╢ ≤ ─ ╩ ∆

╢ ⅜№╢─≢ ─ ☻Ɑ◒♩ꜝⱶ─┌╠≈⅝╩ ⇔≡ ─ ─

╩ ⌐⇔≡⅔⅛⌂↑╣┌⌂╠⌂™  
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 ╕∏│ ╩╕≤╘╢⌐№√╡ ⌂↔ ╩ ⅝╕⇔√  

⌐ ↄ ⇔ →╕∆ ╕√ ─ ≤↔ ↔ה ⅝╕⇔√

 ⅔╟┘  ⌐ ╟╡ ⇔ →╕∆  

 ─ ≤⌂∫√ ╩ ™√ ╕√ ╛

⌐⅔↑╢ ─ ⌐ ⇔≡ ⅝ ⌂↔ ╩ ╡╕⇔√ ⌐ ⇔╕

∆  

⅜ ↄ─↓≤╩ ╪∞ ≢│ 4 ─ ╩ ↔∆

╩ ╘╢√╘─ ⅜ 3 ─3 ⌐ ╦╣╕∆ ╡ ╣┌ 1981─3 ⌐

╦╣√ ⌐⅔™≡ ─ ⌐ ╩ ∟ 1 ╩ ⇔√↓≤⅜

┼ ╦╢⅝∫⅛↑≢⇔√ ─ 1 │

⅜ ⅔╟┘ ─ ╩↕╣≡™╕⇔√ │∕─ ─ ╩

╘√3 ╩ ─ ☺ꜗⱤfi ⱴꜞfiꜚ♫▬♥♇♪ ≤≤╙⌐

─↔ ╩ ↑╕⇔√ ⅛╠│ ה ─ ╛ ה

⌐≈™≡ ┘╕⇔√ ∕─ ⌐≥╣∞↑─↓≤⅜ ≢⅝≡™√─⅛│ ™⌐ ≢№

╡╕∆⅜ ≤⌐╙⅛ↄ⌐╙ ─↔ ─ ₈ ─ ⌐⅔↑╢ ─

⌐ ∆╢ ≡⌐ⱴכ♥℮™≥₉ ╩╕≤╘╢↓≤⅜≢⅝╕⇔√ ╩│

∂╘↔ ⅝╕⇔√ ⌐ ↄ ╩ ⇔ →╕∆  

 ─ 1987⅛╠ ≢│ ─╙≤

⌐↔ ⅝╕⇔√ ─

☺ꜗⱤfi ⱴꜞfiꜚ♫▬♥♇♪

☺ꜗⱤfi ⱴ

ꜞfiꜚ♫▬♥♇♪ ╠ ↄ─ ≤≤╙⌐ ₁─ ╩ ™≈≈ ─↓≤┌⅛╡≢│

⌂ↄ ─№╡ ⌂≥⌐ ⇔≡╙ ™⌐ ⇔√ ╩ ⅛⇔ↄ ™╕∆

⌐ הⱶ♄ה ⌂≥⌐ ∆╢ ה / ╛ ─

─ ⌐ ה ₁ ↕∑≡ ™√↓≤│ ♥◒ⱡ ⌐ ™⌐ ∫≡⅔╡

⌐ ⅎ╕∑╪  

≤ ⇔≡ ╩ ≤⇔≡ ╙ ╘√ ⌐ ∆╢ ╙

⇔≡™╕⇔√ ⌐ SR─ ⌐ ╦∫√↓≤⅜∕─ ─ ⌐

⅝ↄ ⇔√≤ ™╕∆ ─ ╩ ≤⇔√ SR210⌐⅔™≡│

⅜ SR ≢⇔√⅜ ₈ ─ ⱪ꜡◓ꜝⱶ─ ╩

∑╟ ₉≤─ ╩ ↑≡ ─ⱪ꜡◓ꜝⱶ─ ╩ ⇔ ⇔╕⇔√ ↓

─↓≤⅜ ∕─ ─ⱪ꜡◓ꜝⱶ ─ ⌐⌂╡╕⇔√ ∕─ │ ⅜SR ≤⌂∫≡ ™ↄ≈

⅛─SR ⌐ ╦╡╕⇔√ ⌐ ╘≡ ⇔√SR208≢│ ─

╩│∂╘ ה ה
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ה ╛ ╩ ∆╢ ─ ₁⌐⅔ ⌐

⅛⅛╣√↓≤ ─ ─ ⌐ ╩ ⌡↕∑↕∑≡ ™√↓≤│

⌐ ⇔╕∆ ╛ ─ ─ ₁≤ ⌐ ─ ↄ

≢ ╛╡⌂⅜╠─ ⅝─ ⅜ ⇔ↄ ™ ↕╣╕∆ SR208≢│ ─

─√╘─₈ ⌐ ∆╢ ─ / ⌐ ∆╢ ה ₉╩

⇔╕⇔√ SR233│ SR208╩ⱬכ☻⌐ ⸗♬♃ꜞfi◓♦כ♃⅛╠ ╩ ∆╢↓≤

≢ ╩ ∆╢◦☻♥ⱶ ⅜ ≢⇔√ ─ │ ⅔╟┘ⱪ꜡Ɑꜝ─

─ ≢⇔√ SR244≢│ ☻כⱬ♃כ♦─♃כ♦ ♃כ♦≥

◦☻♥ⱶ ╩ ⇔╕⇔√ SR228≢│ ─ ה ≤ ≤─

╩ ⇔╕⇔√ ∕─ SR216≤ SR217≢│ ─╙≤ ─ ─

⌂≥─ ⌐ ↕∑≡ ⅝╕⇔√  

↓╣╠─ ⌐ ↕∑≡ ™√↓≤⌐╟╢ ה ─ │ ⌐ ∆╢

╩ ╘√↓≤│ ℮╕≢╙№╡╕∑╪ ∕╣╠│ ─ ⌐⇔∫⅛╡≤ ↕╣≡™╕∆

ה ─ ה ≤─ ⅜ ∞∫√ ⌐ ∕─╟℮⌂ ⌐ ↕∑≡

™√↓≤│ ⌐ ⌂↓≤≢№╡ ╕√ ≤─≈⌂⅜╡≤™℮ ⌂ ╩ √≤ ∫≡⅔

╡╕∆  

│20019 ⌐ ╩ ⇔ ה ╩ ≤⇔√ ╩ ℮♥◒ⱡ ╩2002

10⌐ ∟ →≡ ⌐ ∫≡⅔╡╕∆ ∕℮↓℮⇔≡™╢2005⌐ ╟╡ ₈

⅜ ─ ╩◘ⱳכ♩⇔≡ↄ╣╢ ╩ ⇔≡™╢⅜ │≥℮⅛ ₉≤─ ⅜

№╡ ⅔ ⅝ ↑⇔≡ ≤⇔≡ ⅝╕⇔√ ∕↓≢│ ─ 3 ─ ≤⌂

╢ ⱪ꜡◓ꜝⱶ─ ╩ ⌐ ⌐ ⇔╕⇔√  

SR ⅜ ⇔√ │ ▬♬◦▪♥▫Ⱪ RIOS╩ 2007⌐

∟ →╠╣╕⇔√ ⌐ ∫≡ ↕╣≡⅝√ ╩ ∆╢↓≤⌐╟╡ ─

╩ ⌐ ™꜠ⱬꜟ≢ ה ≢⅝╢◦☻♥ⱶ ╩ ≤⇔√▬♬◦▪♥▫Ⱪ≢∆

ⅎ≡ ─ ⌐ ∆╢ ה ─ ╩ ∆╢↓≤╙ ⅝⌂ ≢∆ 2011⅛

╠│ RIOS─ ⱪ꜡◓ꜝⱶ╩ ↕╣√ ⌐ ╕√ 2021⅛╠│ ⌐

⅜ ⅝ ⅜╣≡ ⌐ ∫≡⅔╡╕∆ RIOS─◦☻♥ⱶ◘ⱳכ♩ⱷfiⱣכ⌐ ⅎ≡ ↑√↓≤≢

RIOS╩ ∂≡ ↄ─↓≤╩ ┘⌂⅜╠ ₁─◦☻♥ⱶ╩ ⇔╕⇔√⅜ ∕─ ⌐ ╟

╡₈ ╕≢─ ╩ ⌐╕≤╘≡╖≡│≥℮⅛ ₉≤─⅔ ╩ ⅝╕⇔√ ∕℮™℮↓

≤╙№╡ RIOS⌐⅔↑╢ ⅔╟┘ RIOS◦☻♥ⱶ⌐╟∫≡ ⇔√ ─ │

⌐ ↕∑≡ ™≡⅔╡╕∆ RIOS─◦☻♥ⱶ ⌐ ⇔≡ ╛⅛⌐↔ ⅝╕⇔√

⅔╟┘◦☻♥ⱶ◘ⱳכ♩ⱷfiⱣכ≤⇔≡≤╙⌐ ⌐ ⇔≡⅝√

≤ ⱬ♬♇◒♁ꜞꜙכ◦ꜛfi ⌐

⇔╕∆  

⅜ ⇔╕∆⅜ SR ⌐≡ ≤⌂╡╕⇔√

⅛╠2005⌐ ─LCV(Life Cycle Value)⌐ ∆╢ ─ ─
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╩ ⅝╕⇔√ ∕─ ╩ ℮↓≤≢ ─ ╩ ⇔≡─ ⅜ ↕╣≡™╢↓≤⅜

ↄ╦⅛╡ ™╟™╟ ⌐ ─ ה ⅜ ↕╣╢ ⅜ ╢≤ ∂╕⇔√

∕─ ╙ ™ ₁─ ה ╩ ⅝ ∕╣╠╩ ∆╢↓≤≢ ─ ─

→⌐≈⌂⅜∫√┌⅛╡≢⌂ↄ ♥◒ⱡ ─ ─ ⌐⅔™≡╙ ⅝⌂ ⅎ≤⌂╡╕√ ╘≡

⌐⅔ ⇔ →╕∆  

2011⌐ ─ ╟╡ ₈ ─ ─ ≢ ─

─◘ⱳכ♩╩⇔≡ↄ╣⌂™⅛ ₉≤─⅔ ╩ ⅝ 5 ≢⇔√⅜ ┼─ ⌐ ╦╠

∑≡ ⅝╕⇔√ ╠≤─ ╩ ∂≡ ─ ─ ⌂ ⅜ ↄ╦⅛∫√╟℮⌐ ™

╕∆ ≢│ ┌⅛╡≢⌂ↄ ─ ─ ─

ⱨ▫כ☺ⱦꜞ☻♃♦▫⌂≥ ₁⌂ ⌐ ↕∑≡ ⅝╕⇔√ ↓─╟℮⌂ ⅝ ╩ ⅎ≡

↕™╕⇔√ ⌐ ⇔╕∆ ╕√ ה Ɫ▬Ⱪꜞ♇♪

⌐ ↑ ╣≡ ⅝ ⌐ ∆╢ ⌐ ⇔≡ ⌐ ╩ ⌡√

╩│∂╘≤⇔√ ─ ⌐ ↄ ⇔ →╕∆ ⅛≤

⌐ ╢ ┼─ ≢ ⌐ ⇔√ │ ⱴꜞ♥

♇◒ ⌐╙ ⇔╕∆  

↓─ ≢─ ⅜↔ ≤⌂╡ 2016⅛╠ ⌐ ╢╕≢ SR208SR233╩ⱬכ☻

≤⇔√ ⸗♬♃ꜞfi◓♦כ♃ ◦☻♥ⱶ╩ ≤ ⇔≡⅔╡╕∆

─ ─ ⅔╟┘ⱴꜞ♥♇

◒ ≤│ ◦☻♥ⱶ ╩ ∂≡ ─ ─ ⌐≈™≡ ↄ─

⌂ ╩ ⌡╢↓≤⅜≢⅝╕⇔√ ⌂⅔ ∕─ ⸗♬♃ꜞfi◓♦כ♃ ◦☻♥ⱶ⌐ ⌂

╛ ⌐╟╢ ⌐│ RIOS◦☻♥ⱶ⌐╟╢ ╩ ™≡™╢↓≤╩ ⇔╕∆  

≢№╢ ⌐╕≤╘╢╟℮⌐ ™≡ ⅝∕─ ─∆═≡⌐ ╡ ╛⅛

⌂╢↔ ה ╩ ⅝╕⇔√ ╩│∂╘ ↄ─ ₁⌐↔ ⅝╕⇔√↓≤ ╟╡

⇔ →╕∆  

⌐ ╩╕≤╘╢⌐№√∫≡ ™╤™╤⌂ ─◓ꜝⱨ ╛∕─ №╢

™│ ⌐ ∆╢ ⌐ ⅝ ∫≡ↄ╣ ╕√ №╡≤№╠╝╢ ╩ ™≡ↄ╣√ ─

⌐ ⇔╕∆  
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1 ◦Ⱶꜙ꜠כ◦ꜛfi⌐≈™≡ 

 2 ≢ ⇔√(2-2)╩ ™√ ◦Ⱶꜙ꜠כ◦ꜛfi─ ⌐≈™≡ ═╢  

 

1-1 ⌐ ∆╢ ⌐╟╢ ╡ ™  

╩ ⇔≡™╢ ⌐ ∆╢ ≤⇔≡ ⱪ꜡Ɑꜝ (XP) ⌐╟╢ ה ה

ⱷfi♩(XR,YR,MR)כ⸗ (XH, XD,YD,MD)⅔╟┘ ה ⌐╟╢ (XA,YA,MA,XW,YW,MW)

⅜№╡ │∕╣╠─ ⅜ ╡ ∫√ ( )≢ ∆╢ ↓─ ⌐⅔↑╢ ⌐

∆╢ ─♩ⱷfiכ⸗ה ╡ ™ │ ≢ ↕╣╢  

ὢ ὢ ὢ ὢ ὢ ὢ π
ὣ ὣ ὣ ὣ                        π
ὓ ὓ ὓ ὓ                   π

                          (A1-1) 

 (A1-1)╩ ∆╢╕≢ ╡ ⇔ ╩ ∫≡ ↄ↓≤≢ V ♪ꜞⱨ♩ Ŭ⅔╟┘ ŭ

╩ ∆╢  

 

1-2 ╡ ™ ─ ─  

(1)  

 ─ XH│ ╩Ⱪכ◌ ™≡ ─ ╩ ⌐≡ ∆╢  

(2)♪ꜞⱨ♩⌐╟╢ ♩ⱷfiכ⸗ה  

 ♪ꜞⱨ♩⌐╟╢ ה ⱷfi♩(XDכ⸗ה YD⅔╟┘MD)│ ♪ꜞⱨ♩ Ŭ Lwl

B (dfda) CB⅔╟┘⅔ V≤⇔√≤⅝ ≢№╢  

MHWLwD

YHWLwD

XHHD

CVdLM

CVdLY

CXX

ÖÖÖÖ-=

ÖÖÖÖ-=

Ö-=

22

2

2
1
2
1

r

r
                    (A1-2) 

( )
( )2

080166

41

2

13

2

1

21

2

/ddd

.
B
dC.K

L
BC.

L
dK

L
dC

KKC

C

af

B

WL
B

WL

WL
MH

YH

XH

+=

--=

+Ö=

=

ÖÖ+Ö=

Ö=

p

a

aaa
a

                       (A1-3) 

(3)⌐╟╢ ♩ⱷfiכ⸗ה  

 ⌐ ∆╢ XAה YA⅔╟┘ │ⱷfi♩MAכ⸗ ≢№╢  
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MAAOALaA

YAALaA

XAATaA

CULAM

CUAY

CUAX

ÖÖÖÖ=

ÖÖÖ=

ÖÖÖ-=

2

2

2

2
1
2
1
2
1

r

r

r

                    (A1-4) 

↓↓≢ ɟa UA AL AT Loa

CXA CYA CMA ♩ⱷfiכ⸗ ≢№╢  

₁ ₁─ ⌐ ∆╢ ╩ ╘≡ (A1-4)⌐╟╡ ⌐╟╢ ה ⱷכ⸗┘╟⅔

fi♩╩ ∆╢ ⅔╟┘ ♩ⱷfiכ⸗ │ №

╠⅛∂╘ ⱬכ♥♃כ♦≡⌐☻כⱩꜟ ⇔≡⅔⅝ ₁ ₁─ ⌐⅔↑╢ ╩

⌐ ╘≡⅔ↄ ∕─╟℮⌐ ⇔√ ה ♩ⱷfiכ⸗ה ╩(A1-4)⌐ ⇔≡

₁ ₁─ ⌐⅔↑╢ ה (XA YA)כ⸗הⱷfi♩MA╩ ∆╢  

⌂⅔ 5 ≤ ɰ│ 5 ≤ ὠ ⅔╟┘ ʔ ⌐╟╡

⌐≡ ╘╢  

… … —

Ὗ Ὗ ὠ ςὟὠÃÏÓ…

  ÔÁÎ

                           (A1-5) 

↓↓≢ ὠ (=V) ɗ UW ɢw0 ╩0°≤⇔√ ≢№╢  

 

(4)⌐╟╢ ♩ⱷfiכ⸗ה 79),80) 

⌐╟╢ ה ⱷfi♩(XRכ⸗ה YR⅔╟┘MR)│ ⌐╟∫≡ ╘╢  

ὢ ρ ὸ ὊÓÉÎ‏
ὣ ρ ὥ ὊÃÏÓ‏

ὓ Ὀ ὥὈ ὊÃÏÓ‏
ὥ ςȢσςὅ πȢωπτὅ πȢπςχφ
Ὀ ωȢφτὅ ψȢςςὅ πȢππχχ

ρ ὸ πȢςψὅ πȢυυ

                          (A1-6) 

Ὂ ” Ȣ
Ȣ
ὃὠ ÓÉÎ‏

ὠ ρ ύὠρ σȢφὛȢ Ȣ

Ὓ ρ
Ͻ

                           (A1-7) 

↓↓≢ ŭ AR ȿ ▪☻Ɑ◒♩ V N (1-w)

P ⱪ꜡ⱭꜝⱧ♇♅ CB DHR ─ DR ─x ≢№╢  
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(5)⌐╟╢ ─♩ⱷfiכ⸗ה  

 ⌐╟∫≡ ∂╢ │♩ⱷfiכ⸗ה x ⅜ ὢ y

⅜ ὣ z ╡ ⅜ ♩ⱷfiכ⸗ ὓ ≤

┌╣╢  

⌐╟╢ Ὑ ὢ │ 1m⌐ ∆╢ ╩Ὑ Ὄϳ ℮⌡╡

1m⌐ ∆╢ ╩Ὑ Ὄϳ ╩H1/3W℮⌡╡ ╩H1/3S≤⇔√

≤⅝ ≢ ↕╣╢  

ὢ
Ὑ ὠȟὝȟ…
Ὄϳ

Ὄϳ

ὢ
Ὑ ὠȟὝȟ…
Ὄϳ

Ὄϳ

ὢ ὢ ὢ

 ὃρ ψ 

 ⌐╟╢ │ ─ ⌐≡ ╘╢  

 ─ │ ⌐ ∆╢ ≤ ⌐⅔↑╢

⅛╠ ∫≡™╢≤ ╦╣≡™╢─≢ ∕╣╠╩ ⅎ≡ ≤∆

╢  

 ─ │ ≤ ☻Ɑ◒♩ꜝⱶ─ ⌡

╦∑ ─ ≠ↄ ─ ⌐╟∫≡ ╘╢ ☻Ɑ◒♩ꜝⱶ│ ⌐ ∆ITTC(1978)≢

↕╣√ ╩ ™╢ ╕√ │COS2ɬ ≤∆╢  

☻Ɑ◒♩ꜝⱶ  

Ὓ‫ ρχσὌϳὝ ‫ ÅØÐφωρὝ‫
ς
“
ÃÏÓ… ὃρ ω 

    ℮⌡╡☻Ɑ◒♩ꜝⱶ 

Ὓ‫ ρχσὌϳὝ ‫ ÅØÐφωρὝ‫  ὃρ ρπ 

 ≤℮⌡╡ ₁⌐ ™ ≢ ⇔≡ ─ ╩ ╘╢  

 ╘√ ⌐ ( ≤℮⌡╡ )─ ╩ ↑╢  

 ─ ≤℮⌡╡─ ╩ ⇔ ╦∑≡ ╩ ╘╢ 

  

∆⌂╦∟ №╢ ( ™ )⅔╟┘ ( )⌐⅔↑╢

│ №╠⅛∂╘₈ ⅝ ₉╩ ₁ ⅎ≡ №√╡─

─ ╩ꜟⱩכ♥ ⇔≡⅔⅝ ה ⌐⅔↑╢ ♃כ♦│

⌐╟∫≡ ∆╢ ⌂ ⌐╟∫≡ ὣ≤ὓ ─ ╩ ℮  
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(6)ⱪ꜡Ɑꜝ ─  

 ⱪ꜡Ɑꜝ XP│ ╩(1t) ╩ɟwⱪ꜡Ɑꜝ ╩N ⱪ꜡Ɑꜝ

╩DP ⱪ꜡Ɑꜝ ╩KT≤∆╢≤ ≤⌂╢  

    ( ) TpwP KDNtX ÖÖÖÖ-= 421 r                                   (A1-11) 

 ≢ ⇔≡™╢ ⌐╟╣┌ ⅜ ╕╢≤ (A1-12)─↔≤

ↄ J⅜ ╕╢─≢ ∕─ ─KT⅜POC(Propeller Open Characteristics)⅛╠ ╕╡ (A1-11)

⌐≡ⱪ꜡Ɑꜝ XP⅜ ≢⅝╢ ⌂⅔ KT◌כⱩ│ ∆╢╙─≤⇔ ∕─

─ ╩ ↄ⅔≡⇔≥♃כ♦  

( )

( ) TpwP

T
p

KDNtX

JaJaaK
DN
VwJN,V

ÖÖÖÖ-=­

Ö+Ö+=­
Ö
-=­

42

2
210

1

1

r
                      (A1-12) 

 

1-3 ╡ ™ ─  

╕∏ (A1-1)─ ≤ ⅛╠ ─ ≤⇔≡ ♪ꜞⱨ♩ Ŭ╩ ╘╢ ⌐ ∕

─ ╩ ™≡ ŭ╩ ∆╢ ╕∫√Ŭ≤ŭ╩ (A1-1)─ ⌐ ∆╢ ╩

↕∑╢√╘ V╩ ↕∑ ŭ≤Ŭ╩ ∆╢ ↓─ ╩ ╡ ∆↓≤≢ V

♪ꜞⱨ♩ Ŭ⅔╟┘ ŭ─ ╩ ╘╢ XW⅜ ⅝ ⌐ XA⅜

⌐╟╡ ∆╢  

♪ꜞⱨ♩ Ŭ╩ ╘╢ │ ≢№╢  

ρ
ς
”ὒ ὨϽὠ Ὀ ὥὈ ὑ ‌ȿ‌ȿ

ρ
ς
”ὒ ὨϽὠ Ὀ ὥὈ ὑ ςὨρ ὥ ‌

ρ ὥ ὓ ὓ ὣ ὣ Ὀ ὥὈ π 

(A1-13) 

 ╕√ ŭ│ ⌐╟∫≡ ╘╢  

‏
ρ
ς
ίὭὲ

ς
Ὀ ὥὈ Ὂ

ὓ ὓ ”ὒ ὨϽὠ‌

Ὂ
Ὂ

ρ
ς”ὒ ὨϽὠ

  

ữ
Ử
Ữ

Ử
ử

 (A1-14) 

 ↓↓≢ │ⱷfi♩MAכ⸗ ─ │ⱷfi♩MWכ⸗ ─ ⌐

∆╢√╘ ─ ⌐ ∫≡ │ ⌐ ⅝ↄ⌂╢  

╡ ™ ╩ ╟ↄ ↄ√╘⌐ ─ ≤∆╢  

ᵑ ─ ὠ≤ ─ Ўὠ╩☿♇♩∆╢  
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ᵒ ὠ⌐⅔↑╢ ‌≤ ╩‏ ∆╢  

ᵓ ὠȟ‌ȟ‏─ ─ ὢ╩ ∆╢  ὠȟὢ ᴼὠȟὢ 

   

☻ꜝ☻♩
⌐╟╢

P

W

R

H

A

PWRHA

X
X
X
X
X

XXXXXX

+

++++=

          

ᵔ ─ ⌐╟╡ ─ ╩ ™≡ ─╟℮⌐ ╩ ∆╢  

VVV,X
VVV,X
D-=<
D+=>

121

121

0
0

            

ᵕ ὠ─ ─ ‌≤ ╩‏ ⇔≡ ὢ╩ ╘╢ ὠȟὢ ᴼὠ ȟὢ  

ᵖ ⌐ ─ ≢ ╩↕╠⌐ ⅛∆  

VVV,X
VVV,X
D-=<
D+=>

232

132

0
0

            

ᵗ ≈ ─ kX≤ ☻♥♇ⱪ─ 1+kX ─ ⅜ ∆╢╕≢ ᵔ ᵖ─ ╡

⇔ ╩ ℮ ∆⌂╦∟ ─ │ ⌐╟╡ ∆╢  

   ὢ Ͻὢ π 

↓─ ≢ ╪∞ ⌐ ⅜Ᵽꜝfi☻∆╢ ⅜ ∆╢  

ᵘ t ─ ╩ ⇔√ ⌐ ⌐≡ ╩ ∆╢ ὠ⌐≡ᵗ─ ╩ ⇔√

≢ ∆╢≤ ὠ ὠ ὠ ςϳ   ὠ ὠ ὠ ςϳ ╩ ∆╢↓≤⌐⌂╢  

  ↓─ ─ 3a ≤ 3d ╩ ⇔ 3X╩ ╘≡⅔ↄ ᴼὠ ȟὢ  

  
Fig.A1-1 Procedure for calculating converging ship speeds. 

 

ᵙ ὠȟὢ ȟὠ ȟὢ ȟὠ ȟὢ ─ ⌐╟╡ ≤ ╩Ⱪכ◌─ ∆╢

↓≤≢ ⅜♀꜡ ⅜ ↕╣╢ ≤⌂╢ ὠz╩ ╘╢  

ᵚ ⌐╟╡ ╕∫√ ὠz─ ─ ‌z≤ z‏╩ ╘╢  
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1-4 ⅔╟┘ ─  

 ⌐╟╣┌ (A1-1)─ ╡ ⇔ ⌐≡ √ (VŭŬ)⌐╟∫≡ ≤⇔√

⌐⅔↑╢ RT≤ ɖ⅜ ╕╢ ⌐╟╡ ⌐⅔↑╢◄fi☺fi P⅜

≢⅝╢ ↕╠⌐ ⅜ ╕╣┌ K╩ ⅎ╢↓≤≢ ─(2-1)⌐≡

⅜ ≢⅝╢  

1-5  

 ⌐ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟∫≡ (Pure Car Carrier)⌐ ∆╢ ─

─ ╩ ∆ Table A1-2⅔╟┘Fig.A1-2│ Table A1-1⌐ ∆ ⅜ ⌐≡

≤ ⅜ ─ ╩ ≢ ⌐ ( ⅛™ 0°≢ ⅝│ ≤ ∂)

⅜ ⇔√ ─ ה ה ⅔╟┘ ה ─ ╩ ⇔√ ≢№╢  

Table A1-1 Principal dimensions and calculation conditions. 

Kind of ship PCC 

Lpp 190m 

Breadth 32.2m 

Ship speed 19.3kt 

Ship course 0° Northward 

Wind speed 2m/s 

Wind direction 0° 360° 1°steps 

Significant wave height of swell 5m 

Mean wave period of swell 10sec. 

Mean wave direction of swell 0° 

Significant wave height of wind wave 5m 

Mean wave period of wind wave 8sec. 

Mean wave direction of wind wave Same as wind direction 

Table A1-2 An example of the ship performance simulation. 
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Fig.A1-2 An example of the ship performance simulation. 

 

Table A1-2⅔╟┘ Fig.A1-2⌐╟╣┌ ⅜ 60° 90°⌐⅔™≡♪ꜞⱨ♩ ⅔╟┘ ⅜

⅝™⅜ ⅔╟┘ │ ⅜0°─ ⅜ ⅝™ Fig.A1-3⌐╟╣┌ 90°

⌐⅔↑╢ ⅜ 0° ─ ⌐ ═≡ ⇔≡™╢√╘⌐ ♪ꜞⱨ♩ ה ⅜ ⅝ↄ

⌂╢ 60° 90°⌐⅔™≡ ⅜ ⇔≡™╢  

≢│ ♪ꜞⱨ♩╛ ⌐╟╢ │ ⌐ ╓∆ │ ↕⅛∫√⅜ ♪ꜞⱨ

♩ ╛ ⅜ ⅝ↄ⌂╢≤ ⌐ ⅜ ∂╢√╘ ─ ⅛╠─ ⅜ ≢№

╢  

 

 

FigA1-3 Calculations of mean resistance wind-generated waves. 
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 ⱪ꜡Ɑꜝ ─  

2-1  

ⱪ꜡Ɑꜝ ┼─ │ ╛ ─ ⌐╟∫≡ ₁ ₁ ⇔≡™╢ ↓─
─↓≤╩ ⱪ꜡Ɑꜝ ≤ ┬  
ⱪ꜡Ɑꜝ ┼─ ─ ─ │ ─ ≤ ─ ≤⇔
≡ ⅎ≡ ∆╢↓≤⅜≢⅝╢ ™ ⱪ꜡Ɑꜝ ┼─ 0u

∕─ ≤∆╢≤ ⱪ꜡Ɑꜝ ┼─ │ ≢ ⅎ╠╣╢  
 

() ( )bwyqx +Ö=+++= tcosuuuuutu ew 0###            (A2-1) 

 
↓↓≢ x#u│ ╣ q#u│ ╣ y#u│ ╣ wu ⱪ꜡Ɑꜝ ⌐⅔↑╢ ─
╩ ⇔√ ⌐╟╢ⱪ꜡Ɑꜝ ─ ≢№╢  
(A2-1)⌐╟╢≤ ─ 0u≤∕─ │ ≤ ─ ─
≢ ⅎ╠╣╢ ∕─ 0u≤ ╩ ╘╢  

│ ≢№╢  
 

                     (A2-2) 

 
 ╩Ⱶ♇♪◦♇ⱪ ☿fi♃כꜝ▬fi ≤∆╢ │ ⅛╠

─ ⌐№╢ ™ │ ╩0°≤⇔ ╩90° ╩180°≤∆╢  

 

Fig.A2-1 Coordinate system. 
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(A2-2)╩ ⇔≡ ╩ ╘╢≤ ≤⌂╢  

         (A3-3) 

─ ⱳ♥fi◦ꜗꜟ │ ≢ ⅎ╠╣╢  

              (A2-4) 

─ ─ │ (A2-4)╩ ⌐≡ ∆╢↓≤≢ ≤⌂╢  

( ) ( )

( ) ( )awccwcwz

ccwc
w
zf

+Ö=Ö-Ö-ÖÖÖÖ-=

Ö-Ö-ÖÖ-Ö=
µ
µ
=

-

-

tcosusinkycoskxtcosecos

sinkycoskxtcoscoske
g

x
u

ewe
kz

a

e
kzaw

w

0

   (A2-5) 

ccacwz sinkycoskx,ecosu kz
aw Ö-Ö-=ÖÖÖ-= -

0              (A2-6) 

↓↓≢ ─ ─ⱪ꜡Ɑꜝ│ ─☿fi♃כꜝ▬fi ⌐№╢─≢ ⱪ꜡Ɑꜝ│ ⅛╠
─ ⌐№╢ ╕√ ─ ⌐╟╡ ⅜ ╩ ↑≡ ≢

│⅛⌂╡ ⅜ ∆╢↓≤⅜ ╠╣≡™╢ ∕─√╘ (A2-6)─ ⌐∕─ ╩ ⇔⌂™≤
™↑⌂™ ↓↓≢│ ─ ≢ ─ ╩ ⇔≡⅔ↄ ↓─ ─Ɽꜝⱷכ♃≤⇔≡│ ≤
≢№╢─≢ ≤∆╢≤ ⌐⅔↑╢(A2-6)│ ≤⌂╢  

( ) cacwzcw cosk,ecos,Cu P
Pkd

aw ÖÖ=ÖÖÖÖ-= - ?0           (A2-7) 

(A2-3)─ ()tq# ≤ ()ty# ╩ ─ ⌐ ⇔≡ ∆╢ G ╡⌐ ╣q
⅜ ∂√≤⅝⌐G⅛╠ r∞↑ ╣√ P ⌐№╢ⱪ꜡Ɑꜝ│ Fig.A2-2─↔≤ↄP¡ ⌐
∆╢ ↓℮⇔≡ ╣⌐╟╢ⱪ꜡Ɑꜝ ─ ⅜ ⱪ꜡Ɑꜝ ─ ╣⌐╟╢
⌐⌂╢  

 
Fig.A2-2 Velocity component in the longitudinal direction of the ship caused by the angular velocity of 

pitching. 
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ⱪ꜡Ɑꜝ ─ ╩ ( )GppG zdd -= ≤∆╢≤ GP≤ⱪ꜡Ɑꜝ ─⌂∆ a≤r,
pGd ─ │ ≢№╢  
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╕√ ─ ≢│ 3─╟℮⌐G⅛╠ y ⌐ PGy ∞↑∏╣√ ⌐ⱪ꜡Ɑꜝ⅜№╢
⇔√⅜∫≡ ╣─ ≤ ⌐∕─ PGy ⅜꜠Ᵽכ≤⌂∫≡ ╣⌐╟╢ ⅜
∂╢ ─ │ ⱪ꜡Ɑꜝ ⅜☿fi♃כꜝ▬fi ─√╘↓─꜠Ᵽכ│♀꜡≢№╢  

yy ## Ö-= pGyu                            (A2-9) 

 

Fig.A2-3 Velocity component in the longitudinal direction of the ship caused by the angular velocity of yawing. 

 

⇔√⅜∫≡ ⌐╟╢ⱪ꜡Ɑꜝ ─ │ ≤⌂╢  
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(A2-1)⌐ (A2-5)(A2-7)⅔╟┘(A2-10)╩ ⇔≡ ─ ╩ ≤⇔≡
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⌂⅔ ─≤⅔╡ ─ⱪ꜡Ɑꜝ│☿fi♃כꜝ▬fi ⌐№╢─≢ 0=PGy ≢№╢ ⇔√⅜
∫≡ ⌐│ ╣─ │ ∂⌂™ (A2-11)╩ ∆╢  
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↓℮⇔≡ ⱪ꜡Ɑꜝ ─ ≤ ⅜ ≢⅝╢ ⌂⅔ ↓─ ≢ ╕╢ⱪ꜡Ɑꜝ

─ │ Fig.A2-1─ ≥⅔╡x ─ ─ ≢№╢ ∆⌂╦∟ ↓↓≢─ⱪ꜡Ɑ

ꜝ │ ⅜ ╗ ⌐ ⇔√ ╩ ≤⇔≡™╢↓≤⌐ ⅜ ≢№╢  
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2-2  

 RIOS◦☻♥ⱶ⌐⅔↑╢ ◖fi♥♫ 20.13kt ╩ ∆  

1 Lpp 175m 

2 B 25.4m 

3 draft 9.8025m 

4 Dp 6.5625m 

5 Distance from midship to Propeller position -8.3m 

6 Distance from center line to Propeller shaft center 0m 

7 Distance from base line to Propeller shaft center 3.5m 

8 Distance from midship to center of gravity -3.5m 

9 Height of center of gravity 7.77875m 

10 Distance from center line to center of gravity 0m 

11 Wave amplitude 1m 

12 Coefficients of quadratic approximation for KT 

(KT=A0+A1*J+A2*J2) 

A0=0.4857, A1=-0.3215, A2=-0.1176 

13 Coefficients of quadratic approximation for KQ 

(KQ=B0+B1*J+B2*J2) 

B0=0.0679, B1=-0.0262, B2=-0.0257 

14 Propeller rotation 100rpm 

15 (1-w) 0.697 

 
Fig.A2-4 An Example which calculated the propeller inflow velocity fluctuation in regular waves. 
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 ⌐⅔↑╢ ─ ─  

 ╩ ⇔ ⇔≡™╢ ≢│ ⱪ꜡Ɑꜝ ⅜ ₁ ₁ ∆╢ ⱪ꜡Ɑꜝ

⅜ ↕ↄ(ⱪ꜡Ɑꜝ⅜ ⌐ ≠ↄ)⌂╢≤ ⱪ꜡Ɑꜝ ⅜ ↄ⌂╢↓≤⅜ ╠╣≡™╢ ↓

↓≢│ ↓─ ⅜ ⌐≥─╟℮⌐ ╩ ╓∆⅛╩ ( ─ 3.8)∆╢√╘⌐ ⌂

╩ ∆╢ⱪ꜡Ɑꜝ ⌐⅔↑╢ ─ ─ ⌐≈™≡ ═╢  

 

3-1  

 │ ─№╢ ( ↕)≤ ─ ⌂ ╩ ∆╙─≢№╢ ∆⌂╦∟

()tZr │№╢ P ( )zyx ,, ??? ≢─ ─ ╩ ( )P;tZa ─ ╩

( )P;twV ≤∆╢≤ ≢ ↕╣╢  

 

( ) ( ) ( )P;tP;tZP;tZ war V-=               (A3-1) 

 
╕√ P ( )zyx ,, ??? ⌐⅔↑╢ ─ ( )P;tZa │ ╣ ()tz ╣ ()tq
╣ ()tf ─ ⌐ ↑≡ ─╟℮⌐ ∆↓≤⅜≢⅝╢  
 

( ) () () ()tttP;tZ yxa fqV Ö+Ö-= ??               (A3-2) 

 
(A3-2)╩(A3-1)⌐ ⇔≡ ( )P;tZr ╩ ≢ ╘╢  
 

( ) () () () ( )P;ttttP;tZ wyxr VfqV -Ö+Ö-= ??           (A3-3) 

 
Fig.A3-1 Coordinate system 

 

 ⱪ꜡Ɑꜝ ⌐⅔↑╢ ╩ ∆╢↓≤╩ ⅎ╢ 1 ─ │ ⱪ꜡Ɑꜝ│☿fi

fi▬ꜝכ♃ ⌐№╢─≢ P │( )zyx ??? ,0, = ─√╘ ╣ ()tf ─ │♀꜡≤⌂╢ ∆⌂╦∟

≤⌂╢  

( ) () () ( )PtttPtZ wxr ;; VqV -Ö-= ?                 (A3-4) 
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 ─ ╩ ∆╢≤ ╣⅔╟┘ ╣─ ≤ ⅜ ↕╣╢ ╣

─ ≤ ╩ Vez ,a ╣─ ≤ ╩ qeq ,a ⅔╟┘ ╩ʁ≤⇔ ∕─ ™

╩ ew ≤⇔√ (A3-4)│ ─╟℮⌐ ≢⅝╢  

( ) ( ) ( ) ( )cwVewqewV qV coscoscoscos; xewaeaxear ktttPtZ ?? --+Ö-+=    (A3-5) 
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 (A3-7)─ ─ Zra≤ Ůzr╩ ™≡ ⌐ ═╢ ⌐╟∫≡ ─

╩ ∆╢  

 

3-2 ⱪ꜡Ɑꜝ ⌐⅔↑╢ ─ ─♃כ♦  

 ⌐≡ ─ ⅜ ╕∫√─≢ ↓↓≢│∕─ ╩ ™≡

─ ╩♃כ♦ ∆╢ ╩ ∆ │ ☻Ɑ◒♩ꜝⱶ⅛╠ ─

╩♃כ♦ ∆╢ ╩ ☻Ɑ◒♩ꜝⱶ⅛╠─ ⌐

∆╢╙─≢№╢  

№╢1 ≢ ↕╣√ ─ ╩ ∆ ()twV │ ⌐ ─ ─ ⌡ ╦∑
≤⇔≡ ∆↓≤⅜≢⅝╢ ∆⌂╦∟ ≢№╢  
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↓↓≢ wiV │ ─ ii Tpw 2= │ ─ ie│ ─ p20 ≢
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⌂⅔ ─ ()twV ─ ⅝↕─ │ ☻Ɑ◒♩ꜝⱶ≤™℮ ()wS~ ⌐╟∫≡ ↕╣╢
☻Ɑ◒♩ꜝⱶ ()wS~ │ ⌐│ ¤<<-¤w ─ ⌐ ↕╣╢⅜ ↓╣│ ≢№╢⅛╠w
─ ─ ╩ ─ ⌐ ╡ ⇔ ↓╣╩w─ ─ ⌐─╖ ∆╢ ⅜ ™─≢ ∕─╟
℮⌂ ⌐╟╢╙─╩ ()wS ≤ ∆≤ ¤<w0֔ ≢│ () ()ww S
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 ⌐ ─ ╩ ∆╢ │ (A3-9)⌐⅔↑╢ ─ n│ ≢│⌂

ↄ ─m ∞≤∆╢≤ ≤⌂╢  
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+=              (A3-11) 

↓↓≢ ie│0 2ˊ⌐ ∆╢ ≢№╢  

 ╕√ ⅎ┌ ≢ ∆ISSC☻Ɑ◒♩ꜝⱶ╩(A3-11)⌐ ∆╣┌ ☻Ɑ◒♩ꜝⱶ⌐

⇔√ ⅜♃כ♦ ≢⅝╢  

Ὓ‫ πȢρρὌϳ
Ὕ
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‫Ὕ
ς“

ÅØÐπȢττ
‫Ὕ
ς“

 (A3-12) 

 №╢ ─☻Ɑ◒♩ꜝⱶSSR(ɤ)│ (A3-12)─ ☻Ɑ◒♩ꜝⱶ S(ɤ)≤

A(ɤ)⌐╟∫≡ ⌐≡ ╘╢  

Ὓ ‫
ὃ‫
‟

3(A3-13) ‫ 

↓↓≢ ʁ│ ─ ≢№╢  

 (A3-11)─ ☻Ɑ◒♩ꜝⱶ╩(A3-13)─ ☻Ɑ◒♩ꜝⱶ⌐ ⅝ ⅎ╢↓≤≢

─ ⅜ ⌐≡ ≢⅝╢  

ὤ ὸ ÃÏÓ‫ὸ ‐ ‐‫ ςὛ ‫  (A3-14) ‫‏

↓↓≢ Zrp│ⱪ꜡Ɑꜝ ⌐⅔↑╢ ─ Ůzrp│ⱪ꜡Ɑꜝ ⌐⅔↑╢

─ ɤe│ ™ ≢№╢  

 ⌂⅔ ה╡⌡℮ ⌐⅔↑╢ ╩ ℮ │ ─4.3.1⌐ ™ ☻Ɑ◒♩

ꜝⱶ3 Ὓ⌐‫─(A3-13)╩‫ ⇔√ ╩ ™╣┌ ™  

Ὓ ‫
ὃ‫
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3 ‫
ὃ‫
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3 ‫ 3‫ ς3 ‫3 ‫ÃÏÓʀ‫ ‐ ‫  (A3-15) 
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↓↓≢ 3 ‫ ℮⌡╡─ ☻Ɑ◒♩ꜝⱶ 3 ‫ ─ ☻Ɑ◒♩ꜝⱶ ʀ ‫ ℮⌡╡─ꜝfi

♄ⱶ ʀ ‫ ─ꜝfi♄ⱶ ≢№╢  

 ⌂⅔ ה╡⌡℮ ─ ─ (A3-15)─ │ ≢№╢  
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 ⌐╟╡ ה╡⌡℮ ⌐⅔↑╢ ─ │ 3 ‫ 3 fi♄ⱶꜝ┘╟⅔‫

─ ʀ ‫ ‐ ‫ ╩ ⅎ╢↓≤≢ (A3-14)(A13-16)╩ ™≡ ∆╢↓≤⅜≢⅝╢  

 

3-3  

 Fig.A3-2│ ⱪ꜡Ɑꜝ ⌐⅔↑╢ ─ ╩ ⇔√ ≢№╢ Lpp=175m─

◖fi♥♫ ⅜ 3m 10 ╩Vs=20.1kt⌐≡ ⇔≡™╢≤

⅝─ ≢№╢ ⌐ ™√ ☻Ɑ◒♩ꜝⱶ│ (A3-12)─ISSC(1964)

☻Ɑ◒♩ꜝⱶ≢№╢ ↓℮⇔≡ ⱪ꜡Ɑꜝ ⌐⅔↑╢ ⌐╟∫≡ ⱪ꜡Ɑꜝ

─ ╛ⱪ꜡Ɑꜝ ─ ₁ ₁─ ⅜ ≢⅝╢  

 

 
Fig.A3-2 Example of generated time series of relative displacement response at propeller position. 
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4 ⌐ ⇔√ ≈─ ─ ☻Ɑ◒♩ꜝⱶ─

⌐ ∆╢┌╠≈⅝ 
─4.3.1⌐⅔™≡ ₐ(4-7)≢ ↕∑√ 21,k= ─ ₁─ │ ()wek ≤⇔≡

≥─╟℮⌂ꜝfi♄ⱶ ╩ ⅎ≡╙ │ ⌂╢╙── ⅜ ⇔™ ─ ☻Ɑ◒♩ꜝ

ⱶ⅜ ↕╣╢ ₑ≤™℮↓≤╩ ═√ ☻Ɑ◒♩ꜝⱶ⅜ ⌂╢ ⅜ ⌂ ≢№╢

↓≤╩ ⌐∆╢√╘⌐ ☻Ɑ◒♩ꜝⱶ⅜ ⌂∫≡™⌂™ ⌐⅔↑╢ ↕⌂ ⌐

⇔≡ ⌂╡ ℮ ⌐⅔↑╢ ⅜ ⌐ ⅝™↓≤╩ ∆╢  

↓↓≢│ │ ⌂╢⅜ ∂ ☻Ɑ◒♩ꜝⱶ( ⅎ┌ S1(ɤ))╩ ™≡ ⇔√ כ♦

♃╩☻Ɑ◒♩ꜝⱶ ⇔≡ ╘√☻Ɑ◒♩ꜝⱶ│ ╒╓ ∂ ⌐⌂╢↓≤╩ ∆ ╕√ ≈─☻

Ɑ◒♩ꜝⱶ(S1(ɤ) S2(ɤ))⅜ ⌂╡ ℮ ≢│☻Ɑ◒♩ꜝⱶ─ ⅜ ⅝ↄ ∆╢↓≤╩ ∆↓

≤≢ ↓─ ⌂╡ ℮ ⌐ ∆╢ ⅜ ≢№╢↓≤╩ ╠⅛⌐∆╢  

 

4-1 ─ ⅔╟┘☻Ɑ◒♩ꜝⱶ ─ ─  

 ☻Ɑ◒♩ꜝⱶ ─ ⌐ ∆╢ ╩ ∂╢ ⌐ ─ ⅔╟┘ ☻Ɑ◒♩ꜝⱶ

─ ⌂ ╩ ⇔≡⅔ↄ  

 │ ⅎ╠╣√ ☻Ɑ◒♩ꜝⱶ⌐╟∫≡ ─ ╩ ∆╢ ≢№╢  

( ) ( ) ( )[ ] 2,1,cos20 =+=ñ
¤ ktdStx kkk wewww               (A4-1) 

 ╕√ ☻Ɑ◒♩ꜝⱶSɜ(ɤ)│ ≢ ↕╣╢  

() () () ()() () (){ } () () ()wwwwewewwwwwh 321212121 cos2 SSSSSSSS ++=-++=    (A4-2) 
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 Fig.A4-1│ (A4-1)─ Ɑ◒♩ꜝⱶ S2(ɤ)≤⇔≡ ISSC(1964)☻Ɑ◒♩ꜝⱶ╩ ™≡ ╕√

Ů(ɤ)│ ⌐≡ ⅎ≡ ╩ ⇔√ ≢№╢ ⌂⅔ ↓↓≢│ 7

ה 1m╩ ☻Ɑ◒♩ꜝⱶ ⌐ ⇔≡ ╘√ ☻Ɑ◒♩ꜝⱶ╩ ™≡™╢ ȹt

╩0.2≤⇔≡ 0 ♃כ♦)1023.8 5,120)─ ─ ╩ ⇔√ ╕√ Fig.A4-

2│Fig.A4-1─ ─0 300─ ╩ ⇔√ ≢№╢  

 

 

Fig.A4-1 Time series of water surface fluctuations generated using ISSC wave spectra and 

uniform random numbers. 

 

Fig.A4-2 Enlarged view of the time axis from 0 to 300 seconds in Fig. A4-1. 

 

 ↓─ ─ ─ Ȓ╩ ∆╢≤0.2452281 (m)≢ ╩H1/3=4Ȓ≢ ╘

╢≤ H1/3=0.981 (m)≢№╢ ∆⌂╦∟ 1m ─ ⅜ ≢⅝≡™╢  

 ─ ╠⅛♃כ♦ ☻Ɑ◒♩ꜝⱶ╩ ╘╢√╘⌐ FFT ⌐╟╢☻Ɑ◒♩ꜝⱶ

╩ ∫√ ─♃כ♦ ⅜5,120─√╘ 212)♃כ♦─4,096 )╩ ™√FFT ╩

∫√ Fig.A4-3│ ╩ ∫≡™⌂™ ─☻Ɑ◒♩ꜝⱶ≢№╢ Ɫ♬fi◓►▫fi♪►

╩ ™√⅜ Fig.A4-4─╟℮⌐╕∞ ⅜ ⅝™√╘ ⱨ▫ꜟ♃כ⌐╟╢ ╩ ⅎ√

(Fig.A4-5) 
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Fig.A4-3 Unsmoothed wave spectrum obtained by FFT analysis of the time series in Fig. A4-1. 

    

Fig.A4-4 Wave spectrum after the Hanning window processing. 

 

Fig.A4-5 Wave spectrum after processing of the Hanning window and smoothing. 
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╟╡ ⇔√ ─ Ɑ◒♩ꜝⱶ☻╠⅛♃כ♦ ⌐≡ ☻Ɑ◒♩ꜝⱶ╩ ╘╢

≤⇔≡ ╩ ⅎ╢↓≤≢ ⌂ ☻Ɑ◒♩ꜝⱶ⅜ ╠╣╢↓≤⅜ ≢⅝√  

 

4-2 ≈─ ☻Ɑ◒♩ꜝⱶ╩ ⌡ ╦∑√≤⅝─ ─ ⌐≈™≡ 

 ⌐≡ Ɑ◒♩ꜝⱶ☻ה ⱪ꜡◓ꜝⱶ─ ⅜≢⅝√ ≢│(A4-2)⌐S1(ɤ)

≤S2(ɤ)╩ ⇔≡Sɜ(ɤ)╩ ╘≡ Sɜ(ɤ)─ ⌐⅔↑╢ ─ ╩ ∆╢  

 (A4-1)─ Ů(ɤ)╩ ( )⌐≡ ⇔≡ ≈─ ☻Ɑ◒♩ꜝⱶ ⌐ ─

╩ ⇔√ Fig.A4-6│ JONSWAP☻Ɑ◒♩ꜝⱶ(Ⱨכ◒ ה16.8 1m)⌐

≡ ⇔√ ─ ─ ≢№╢  

 

Fig.A4-6 Example of wave time series generated by the JONSWAP wave spectrum. (The lower 

figure is an enlarged view of the 0-300 second time axis in the upper figure.) 

 

Fig.A4-7│JONSWAP☻Ɑ◒♩ꜝⱶS1(ɮ)≤ISSC☻Ɑ◒♩ꜝⱶS2(ɮ)⅔╟┘ №╠⅛∂

╘ ⇔√ 6 ─ ╩ ™≡ 6 ─ ╩ ⇔ ☻Ɑ◒♩ꜝⱶ ⌐≡∕╣∙╣─

☻Ɑ◒♩ꜝⱶ╩ ╘√ ≢№╢  

╕∏ ≈─ ☻Ɑ◒♩ꜝⱶ S1(ɤ),S2(ɤ)╩ ∫≡ ∕╣∙╣ 6Ɽ♃כfi─☻Ɑ◒♩ꜝⱶ╩

⇔√ ⌐ ∕╣╠╩(A4-2)─ S1(ɤ)≤ S2(ɤ)⌐ ⇔≡ 6Ɽ♃כfi─ ☻Ɑ◒♩ꜝⱶ Sɜ

(ɤ)╩ ╘╢ ∕─√╘⌐ [Ů(ɤ) Ů2(ɤ)]─ ╩ (6Ɽ♃כfi)⌐≡ ∆╢  

∕─ ╩ ╕ⅎ≡ ☻Ɑ◒♩ꜝⱶ⅜ ⌂∫≡™⌂™ ─ ( ⅎ┌ɮ=0.10.4)─
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↓─ ⅜ ─ ≢№╢↓≤╩ ⌐⇔≡⅔ↄ  

 

 

Fig.A4-7 Six wave spectra obtained by spectrum analysis of wave time series generated using 

six different phase sequences. 

 

 

Fig.A4-8 Sɖ(ɤ) generated by substituting the six patterns of S1(ɤ), S2(ɤ) and the phase difference sequence 

[Ů1(ɤ) - Ů2(ɤ)] into eq.(A4-2). 
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ⱪ꜡♇♩⇔√  

 │ ⌂╡ ℮ ⌐⅔™≡ ☻Ɑ◒♩ꜝⱶ⅜ ─ ╡⌐ ⅝ↄ ∆╢ ╩

⇔√╙─≢№╢  

 ⅛╠ ╦╣≡™╢ │ ─≤⅔╡≢№╢  

 

(1)╒≤╪≥─ ☻Ɑ◒♩ꜝⱶ│ ISSC╛ ITTC≢ ↕╣√ ↕╣√ ☻Ɑ◒♩ꜝⱶ

╩ ™╢  

(2)℮⌡╡≤ ⅜ ∆╢╟℮⌂ ─ ⌐│ S1(ɤ)≤S2(ɤ)╩ ⇔ ⇔√ ☻Ɑ

◒♩ꜝⱶ╩ ™╢ ∆⌂╦∟ Sɖ(ɤ)= S1(ɤ)+S2(ɤ)╩ ™╢─⅜ ≢№╢ ↓╣│ Fig.A4-

8─ ─ ☻Ɑ◒♩ꜝⱶ≢№╢  

 

⅛╠ ╦╣≡™╢ ─ │ ─ ☻Ɑ◒♩ꜝⱶ╩(A4-2)─╟℮⌐ ⅎ╢

≤ ─ [Ů(ɤ)Ů2(ɤ)]⌐╟╢☻Ɑ◒♩ꜝⱶ─ ─ ⅜ ↕╣⌂™ ≤™℮

↓≤≢№╢  
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5 ☻Ɑ◒♩ꜝⱶὛ ─‫ )─  

 4.4⌐⅔™≡ ⌐ ↕╣╢ ☻Ɑ◒♩ꜝⱶὛ ─‫ ─ │ 4.4─

(4-20)⌐≡ ≢⅝╢↓≤╩ ⇔√ ∕─ (4-20)─ ὃӶ│Ὓ ‫ Ὓ ≡⌐‫

„│(4-19)⌐≡∕╣∙╣ ∆╣┌ ™ ⌐ „ ╩ ╘╢√╘─(4-19)─ ─ ╩

∆  

 ─ ⌐⅔™≡ ─◌►fi♃כ │Fig.A5-1⌐ ∆≤⅔╡ ─╟℮⌐ ∆╢  

ᵑ ─ ─ ─ ╩i=1,2,ההה,Љ,ההה,m≤ ∆╢ ↓─ ⌐ꜝfi♄

ⱶ ⅜ ↕╣ ⌂╢ ⅜ ↕╣╢ ∕─ ╩☻Ɑ◒♩ꜝⱶ ∆╢↓≤≢ m

─ ☻Ɑ◒♩ꜝⱶὛ ‫ ⅜ ╠╣╢  

ᵒὛ ‫ ─ ɤ─ ╩ȹɤ≤⇔ Ὓ ‫ ─ (‫ ‫ )╩n ⌐ ∆╢ ╕

√ ɤ⌐ ∆╢ ╩ j=1,2,ההה,n≤∆╢  

  

 
Fig.A5-1 Definition of a counter number of trials (i) for generating composite wave spectra and a counter for 

dividing horizontal axis (j). 

 

─ ⌐╟╢≤ j ⌐⅔↑╢Ὓ ‫ │ ─m ∞↑ ∆╢ ↓─

⌐≈™≡ ∆╢  

 i ─ ─j ⌐⅔↑╢Ὓ ‫ │ ≢№╢  

Ὓ ‫ Ὓ ‫ Ὓ ‫ ς Ὓ ‫ Ὓ ‫ ÃÏÓ‌ Ὓ ‫ Ὓ ‫ ὅÃÏÓ‌  (A5-1) 

⌐⅔™≡ ⌐ ∆╢─│ ‌∞↑≢ ↓─ 1 2 ⌐╟∫≡│ ⇔⌂

™√╘ 3 ─╖╩ ⅎ╢  

Fig.A5-1⌐ ∆╟℮⌐(A5-1)─ 3 ⌐Ὓ ‫ ─ ─‫ ȹɤ╩ ∂╢≤ ─

i=1, 2,הה,l,הה,m
i th

ɮ

Ⱥɮ

Cjcos(ɖji)

j=1, 2,הה,n

ȺAji=CjȺɮcos(ɖji)

ɮj

trial counter

axis counter
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ɝὃ⅜ ≢ ╕╢  

ɝὃ ς Ὓ ‫ Ὓ ‫ ÃÏÓ‌ ɝ‫ ὅɝ‫ÃÏÓ‌  (A5-2) 

 i ─ ⌐2 ─ ☻Ɑ◒♩ꜝⱶ⅜ ⌂╡ ∫≡ ∆╢ ─ ὃ│

ɝὃ╩ ⇔≡ ≢ ⅎ╠╣╢  

ὃ ὅɝ‫ ÃÏÓ‌    ȟ   Ὥ ρȟỄȟЉȟỄȟά (A5-3) 

 ─↓≤│ Љ ─ ≢╙ ∂╟℮⌐ ↕╣ (A5-3)─i╩Љ⌐ ⅎ╢∞↑≢ ™

⌐⇔≡ m ⇔≡m ─ ─2 ╩ ╘╢ ὃ ─2 ∆⌂╦∟

╩ ╘╢√╘ ◌►fi♃כi⌐≈™≡2 ╩ ℮ ↓─ ╩Ὥ Љ─ ≤Ὥ Љ─

⌐ ↑≡ ℮√╘ ─╟℮⌐2≈─ ⌐ ↑╢ ⅝Ᵽכ│ ╩ ∆  

ὃ ὃ ȟЉ ὃ ЉȟЉ ὓ ὓ (A5-4) 

 (A5-4)─ 1 │ ≤⌂╢  

ὓ ὅɝ‫ ÃÏÓ‌ ὅɝ‫ ÃÏÓ‌Љ
Љ

ὅɝ‫ ÃÏÓ‌
ὅɝ‫
ς

 (A5-5) 

 (A5-4)─ 2 │Ὥ Љ─ ≢№╢↓≤⌐ ∆╢≤ ≤⌂╢  

ὓ ὅɝ‫ ÃÏÓ‌ ÃÏÓ‌Љ
Љ

ὅɝ‫
ÃÏÓ‌ ‌Љ ÃÏÓ‌ ‌Љ

ς
Љ

ὅɝ‫
ς

ÃÏÓ‌ ‌Љ ÃÏÓ‌ ‌Љ
Љ
π 

(A5-6) 

 (A5-5)⅔╟┘(A5-6)╩(A5-4)⌐ ∆╢≤ ╩ ╢  

ὃ
ὅɝ‫
ς

 (A5-7) 

 (A5-7)│ ⌐ ⇔√(4-19)≢№╢ (A5-7)╩ ☻Ɑ◒♩ꜝⱶὛ ‫ȟὛ ╩‫ ™≡

∆╢≤ ≢№╢  

ὃ ς Ὓ ‫ ɝ‫ Ὓ ‫ ɝ‫  (A5-8) 

∆⌂╦∟ ─ │∕╣∙╣─ ☻Ɑ◒♩ꜝⱶ─ ╩ ∂≡ ╩ ℮↓≤≢ ╠

╣╢  
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6 Global Seaway Statistics(GSS)♃כ♦

⌐≈™≡ 

5 ≢ ™√ ─ ─₈Global Seaway StatisticsGSS₉64)│ Young and Holland

⅜3 ⌐╦√╢₈radar measurements of the GEOSAT satellite₉─ ⌐ ≠™≡ ╘√₈Atlas of 

the oceans₉⌐ ⇔≡ Soding⅜North Atlantic♦כ♃ ISSC1994⌐ ≠ↄ ╩ ⅎ≡

⇔√ ╢№≢♃כ♦ Soding ╠│ Atlas of the oceans ♦כ♃ AO♦כ♃ ⌐

⅜ ╕╣≡™⌂™↓≤⌐ ⇔ ↓─AO♦כ♃⌐ ─╟℮⌂ ≢ ─ ╩ ∆

╢↓≤╩ ╖√  

 

  ─ │ISSC─ North Atlantic ♦כ♃(NA♦כ♃)╩ ⌐∆╢ NA♦כ

♃│ FigA6-1─ ⌐⅔↑╢ⱳ▬fi♩NO.125,126,120─ ⌐ ⇔√

─ ╢№≢♃כ♦  

  NA♦כ♃│ Table A6-1─≤⅔╡ ≤ ─ ─ ╢№≢♃כ♦  

  NA♦כ♃⅛╠ ∕─ ≤ ─ ╩ ╘╢  

  ∕─ ╩ ⌐♃כ♦AO╢⌂╠⅛↑∞♃כ♦ ⇔≡ ╩ ∆╢  

  ⌐ ╙NA♦כ♃╩╙≤⌐ ╩ ╖╢  

 

 
Fig.A6-1 Map of area subdivisions64). 
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Table A6-1 Wave frequency of occurrence in the North Atlantic Ocean64).

 

 

∕─╟℮⌐⇔≡ ╠╣√ ╩♃כ♦ Soding╠│₈Global Seaway Statistics₉≤

↑ ⌐ ⇔√ ⌂⅔ ─ │ ─↔≤ↄ ☻Ɑ◒♩ꜝⱶ─ ♩ⱷfiכ⸗

≢ ↕╣≡™╢ ☻Ɑ◒♩ꜝⱶ─ ╢╟⌐♩ⱷfiכ⸗ T1│ ─

╩ɤ ☻Ɑ◒♩ꜝⱶ╩S(ɤ)≤∆╢≤  ⌐╟∫≡ ╘╢↓≤⅜≢⅝╢  
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1
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w
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 GSS─ │ ─≤⅔╡≢№╢ 

ה ─ ╩ Table A6-2─╟℮⌐ NO.1126─ 126 ⌐ ⇔ ⌐ ╩

⇔≡™╢  

ה 1 21╩20─ (1 )⌐ ⇔ ╕√ 0 26m╩22─

( │ ≢№╢)⌐ ⇔ ⌐ ≤ ─ ╩

⇔≡™╢  
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Table A6-2 Wave frequency of occurrence in the No.121 sea area in Fig. A6-1. 
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7 Walden ─ ╩ ™√ ─♩ⱷfiכ⸗→

─ ⌐≈™≡ 

7-1 Walden≤IACS─ ─  

─♩ⱷfiכ⸗→  │ ⌂ ⌐⅔™≡╙ ⌐ ⅎ℮╢ ╩ ╘╢

√╘⌐ ≢№╢ ─♩ⱷfiכ⸗→ ╩ ℮ ⌐ ⌂ ─ ≈≤⇔≡ Walden

⅜ ⇔√ ─ 5.3─Table 5-2⅜ ↄ ™╠╣╢⅜ ∕─ ╩

╕ⅎ≡ ─ ╩ ╘╢≤ ⌐⌂╢ ≤─ ⅜ ⅛╠⇔┌⇔┌

↕╣╢ ∆⌂╦∟ Walden─ ╩♃כ♦ ™√ │ ⌂ ⌐⌂╢  

∕─ ╩ ⇔≡ IACSInternational Association of Classification Societies

│GWSGlobal Wave Statistics61 ╩♃כ♦ ⇔≡ ⇔√ ╩ ⇔ →

─♩ⱷfiכ⸗ ⌐ ™╢↓≤╩ ⇔≡™╢ IACS ─ 65)│ Fig.A7-1

⌐ ∆GWS ─ ™ ≢ ⇔√₈8 9 1516₉─4≈─ ╩♃כ♦─ ה ה

⇔√╙─≢№╢ Table A7-1│ IACS ─ ≢№╢  

 

 
Fig.A7-1 Map of area subdivisions of GWS61). 
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Table A7-1 Wave frequency of occurrence table proposed by IACS. 

 

 

 Table A7-2│ Walden─ ─ ⌐⅔↑╢ ╩ ∆ ≢ ™ ≢ ⇔√

[ 5 7 14.75m15.75m]⌐ 0.02≤ ↕™ ≢│№╢⅜ Table A7-1─
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⅜7 ─ │ ⅜10m ⌐⌂╢≤ ∆╢↓≤⅜ ↕╣╢ IACS♦כ♃─

⅜ ∂╢ ─ │♀꜡≢ ⌐ ∫≡™╢  

√∞⇔ ⌐IACS─ ⌐ ™ ╩ ∆╢─≢│⌂ↄ ↓─ ─ ↕⌂

─ ┼─ ─ ╩ ⇔≡⅔ↄ↓≤⅜ ─ ⌐≤∫≡│ ≢№╢  

 

Table A7-2 Wave frequency of occurrence table proposed Walden (North Atlantic Ocean, whole year). 
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Fig.A7-2 Exceeding Probability of significant wave heights in the mean wave period 5 sec to 7 sec class 

divisions. 

 

 
Fig.A7-3 Occurrence Probability of significant wave heights in the mean wave period 5 sec to 7 sec class 

divisions. 
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7-2 ─ ™⌐╟╢ ┼─  

 ≢│Table A7-1⅔╟┘Table A7-2─ ╩♃כ♦ ™≡ ╩ ℮ Fig.A7-4│

─ ─♩ⱷfiכ⸗→ №√╡─ , 0kt, ≢

№╢ ↓─ ⌐╟╢≤ 5 ⌐ ─Ⱨכ◒⅜№╢ ╕√ Fig.A7-5│

⌐╟╢ 0kt, ╩ ∆ Fig.A7-5⌐╟╢≤ 10-8꜠ ⱬꜟ⌐⅔™≡Walden♦כ

♃⌐╟╢ ⅜IACS♦כ♃⌐╟╢ ⌐ ⇔≡1.66≤⌂∫≡™╢  

 

 
Fig.A7-4 Significant value of longitudinal bending moment per unit significant wave height (0kt, Head sea). 

 

 

Fig.A7-5 The influence of differences in wave occurrence frequency tables on long-term prediction. 
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7-3 ╩ ⇔√ ─  

 Table A7-3─ │ Walden─ ) ─ ⅜7 ╕≢─

≢ ⅛≈ 10m╩ ⅎ╢ ─ ╩ ∆ ↓─ ─ │ 0.011%≤ ↕™

↓─ ↕⌂ ⅜ ⌐≥─ ─ ╩ ╓∆⅛╩ 5.5.5(a)─ ⌐≡ ∆

╢ ∆⌂╦∟ ⅜ ≢ ╪∞ ╩ ⇔≡ ∆╢ ─ ╩ ℮  

 

Table A7-3 Designation of short period and large wave height classifications to be avoided in Walden wave 

data. 

 

 

Fig.A7-6 Long-term prediction results for the case of avoidance. 

 

 Fig.7-6│ Table A7-3─ ╩ ≤⇔≡ ╩ ∫√ ≤ ≥⅔╡─ ⌐╟╢

╩ ⇔√╙─≢ ╩ ∆╢ │ ≥⅔╡─ ⌐ ═ 10-
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8꜠ ⱬꜟ⌐⅔™≡0.65≤ ↕™ ∕─ │ ⱪ꜡♇♩⇔√IACS♦כ♃⌐╟╢

⌐ ≠™≡™╢ ↓℮⇔≡ ─ ⌐ ↕⌂ ⅜ ⌐ ⅝⌂ ╩ ╓⇔

≡™╢↓≤⅜╦⅛╢  

 ⌐╟╡ ⌐№√∫≡│ ≢│ ↓╡ⅎ⌂™≤ ╦╣╢ ─ ╛

─ ╩ ⅛⌐ ⅎ╢ ─ ╩ ∆╢≤ ⌂ ≤⌂╢  
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8 ─  
4.4⌐⅔™≡ ☻Ɑ◒♩ꜝⱶ ()whS ─ ╩(4-19)≢ ╘ ⌐╟╢(4-20)

⌐ ∆╢≤ ()whS ─ A─ ⅜ ╕╢↓≤╩ ⇔√ ↓╣│ ⌐≈™≡

╙ ≢⅝╢ ↓↓≢│ ⌐╟╢(4-20)⌐ ⇔≡ ⌐↕╠⌐ ∆╢  

(4-8)≢ ↕╣╢ ≢─ ─ ╛ │ (4-1)≤

(4-2)≢ ╕╢ │ ⅎ╠╣√w⌐ ⇔≡ ─ ⅜ ⅎ╠╣╢⅛╠ ↓─

│(4-17)─ ≤ ∂╟℮⌐ ()whS ─ ╩ ∂╢↓≤≢ ≢№╢ (4-2)

─ ─ │ ()whS ─(4-8)╩ ∆╢≤ ≤⌂╢ ⌂⅔ (4-1)─

╩ ╘╢ ⌐(4-8)╩ ∆╢≤ ─ ≤⌂╢  

Ὑ ς
Ὑ ‫
‒

Ὓ ‫ Ὓ ‫ ςὛ ‫Ὓ ‐‫ÃÏÓ‫ ‐ ‫ Ὠ(A8-1) ‫ 

 (A8-1)│ ─w⌐ ⇔≡ ☻Ɑ◒♩ꜝⱶ─ ‐‫ ‐ │‫ ⌐ ⅜№╢√

╘ ⌐ ⅜ ╕╢ (A1)│ ☻Ɑ◒♩ꜝⱶ⌐ ╩ ↑ ╦∑√ ─

╩ ╘╢↓≤≢№╡ ↓─ ─ ╩ ∆╢⌐│ ()whS ─ ╩ ∆╣┌ ™

jww= ⌐⅔↑╢ ()whS ─ ╩ ( )jS wh ≤∆╢≤ ∕─ A│ ⌐╟╡ ╘╢↓≤⅜≢⅝╢  

ὃ Ў‫Ὓ ‫ Ễ Ὓ ‫ Ễ Ὓ ‫  ȟ     Ὦ ρȟỄȟὲ (A8-2) 

↓↓≢ wD│ ()whS ⅜ ∆╢ ╩ ⇔√ ╖ n│ ─ ≢

☻Ɑ◒♩ꜝⱶ─ ≢№╢  

(A8-2)⌐⅔™≡ ()whS ─ jww= ⌐⅔↑╢ ( )jS wh ⅜ ≤⌂╢ ↓↓≢ (A8-2)─ ₁⌐

⌂ ( )jS ww hÖD ╩ ─√╘⌐ jx╩ ™≡ ─╟℮⌐ ⅝ ∆  

ᾀ ὼ Ễ ὼ Ễ ὼ ȟ     Ὦ ρȟỄȟὲ (A8-3) 

↓↓≢ jx│ ⅜0 ⅜ 2
xjs ─ ≢№╢  

₁⌐ ⌂n ─ ─ ─ ()zf │ jx─ ()xfj ─

√√╖ ╖ ≢ ⅎ╠╣╢ ∆⌂╦∟ (A8-3)─ │ ≢№╢  

Ὢᾀ Ὢὼ Ὢz ὼ Ễz Ὢzὼ Ễz Ὢz ὼ

Ễ ὪὼỄὪὼ ᾀ ὼ ὨὼỄὨὼ  ȟὮ ρȟỄȟὲ 
(A8-4) 

↓─ ()zf ╩ⱨכꜞ◄ ⇔≡ ₁⌐ ⌂ ─ ⌐ ∆╢ ()ty ╩ ╘╢  

‪ὸ ÅØÐὭὸᾀὪᾀὨᾀ (A8-5) 

↕╠⌐ (A8-5)⌐(A8-3)⅔╟┘(A8-4)╩ ∆╢≤ ⅜ ╠╣╢  
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‪ὸ ÅØÐὭὸὼ Ὢὼ Ὠὼ ÅØÐὭὸὼ Ὢὼ ὨὼỄ ÅØÐὭὸὼ Ὢὼ Ὠὼ

‪ ὸ‪ ὸỄ‪ ὸ 

(A8-6) 

∆⌂╦∟ ()whS ─ ─ ()ty │ ₁─ ()tjy ─ ─ ≢ ∆↓≤⅜≢⅝╢

()whS ─ │4.3.5─(4-15)⌐ ∆≤⅔╡ρ “Ѝὥ ὼϳ ≤⌂∫≡⅔╡ ∕─

─ ─ │ ⌐ ∆0 ⱬ♇☿ꜟ ὐ‍ὸ≤⌂╢  

ὐ‍ὸ
ς
“

ÃÏÓὸὼ

‍ ὼ
Ὠὼ ȟ ‍ Ў‫

ὅ
„

Ѝς (A8-7) 

↓↓≢ ὅ│4.3.5≢ ═√ jww= ⌐⅔™≡ ()whS ⅜ ∆╢ ─ ≢№╢ ╕√ „ │(4-19)

⌐≡ ╘╠╣╢ ≢№╢ ↓℮⇔≡ (A8-6)│ ≤⌂╢  

‪ὸ ὐ‍ὸὐ‍ὸỄὐ‍ὸ ὐ‍ὸ   ȟ‍ Ѝς    ȟὮ ρȟςȟỄȟὲ (A8-8) 

╟╡ ─(A8-1)─ 3 ⌐ ∆╢ │ 0 ⱬ♇☿ꜟ ─ ≢

≢⅝╢↓≤⅜ ╢ ( )tJ jb0 ─ │ t=0⌐⅔↑╢ 1│ ∂≢ ()whS ─ ─ jC ≤

xjs ≢ ╕╢ jb ⅜ 2≢№╢ ─ ↑ ≤⌂╢ ∕─ ≤⇔≡ ()ty │t=0 ─╖

⅜ ╩ ≈ ()ty ─ ─ │ ─ ⌐ ∆╟℮⌐ ─●►☻ ─ ≢ ≢⅝╢  

‪ὸ Ὂ ÅØÐὉὸ ÅØÐὉὸ  (A8-9) 

↓℮⇔≡ (A8-9)─ ⅜ ╕╣┌ ∕─ ╩ⱨכꜞ◄ ∆╢↓≤≢ ⌐ ∆╟℮⌐

─ 3 ⌐ ∆╢ ╩ ╘╢↓≤⅜≢⅝╢  

Ὢᾀ
ρ
“
ÃÏÓὸᾀÅØÐὉὸ Ὠὸ (A8-10) 

⌂⅔ 9⌐ ∆≤⅔╡●►☻ ─ⱨכꜞ◄ │●►☻ ≢№╢√╘ (A8-9)─

│ ≢№╢ ∆⌂╦∟ (A8-10)│ ≤⌂╢  

Ὢᾀ
ρ
ς“

“
Ὁ
ÅØÐ

ᾀ
τὉ
 (A8-11) 

─ ⌐ ∆╢ ⅜ ⌐ ℮≤™℮(A8-11)─ │ 4.4─

⌐╟╢(4-20)≤ ∆╢ ↓↓≢ ↓─ ⅜ ∆╢√╘─(A8-11)─ E│

≤⌂╢  

Ὁ
„
ς
 (A8-12) 

(A8-12)─„ │ 4.4─(4-19)⌐ ⇔√ ─ ≢№╢ ↓╣│ ()w1S ≤

()w2S ⅔╟┘ ⅜ ⅎ╠╣╢≤ ≢⅝╢ ↓℮⇔≡ ⌐≡

⌂ ⅜ ╕╢≤⇔√4.4─ ⅜ ⌂ ⅛╠ ≢⅝√  

⇔√⅜∫≡ (4-20)─ ╩ ™╢↓≤≢ ╛ ⌐ ↕╣╢

─ ╛ ⌂≥─ ⅜ ≢⅝╢  
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9 ●►☻ ─ⱨכꜞ◄  

 ↓↓≢│ ●►☻ ≢ ⇔√ ☻Ɑ◒♩ꜝⱶ─ ⌐ ∆╢ ‪ὸ╩ⱨכꜞ◄

∆╢≤●►☻ ⌐⌂╢↓≤╩ ∆  

‪ὸ ÅØÐὉὸ  (A9-1) 

 ʕὸ≤Æᾀ─ⱨכꜞ◄ │ ≢№╢  

Ὢᾀ
ρ
ς“

Ὡ Ͻ‪ὸὨὸ ‪ὸ Ὡ ϽὪᾀὨᾀ (A9-2) 

 (A9-2)─Ὢᾀ╩z⌐ ⇔≡ ∆╢≤ ≤⌂╢  

ὨὪᾀ
Ὠᾀ

ρ
ς“

ὨὩ
Ὠᾀ

Ͻ‪ὸὨὸ
ρ
ς“

ὮὸὩ ‪ὸὨὸ (A9-3) 

 ⌐ (A9-1)─‪ὸ╩t⌐ ⇔≡ ⇔ ⌐ j╩ ↑≡ ∆╢≤ ≤⌂╢  

Ὦ
ςὉ
‪ὸ
Ὠὸ

ὮὸÅØÐὉὸ  (A9-4) 

 ↓↓≢ (A9-3)╩ ⌐≡ ⇔√ (A9-4)╩ ™╢≤ ╩ ╢  

ὨὪᾀ
Ὠᾀ

ρ
ς“

ὮὸὩ Ὡ Ὠὸ
ρ
ς“

ὮὸὩ Ὡ Ὠὸ 

ρ
ς“

Ὦ
ςὉ
Ὡ Ὡ

Ὦ
ςὉ
Ὡ ὮᾀὩ Ὠὸ 

ρ
ς“

Ὦ
ςὉ

Ὦᾀ Ὡ Ὡ Ὠὸ
ᾀ
ςὧ
ρ
ς“

Ὡ ‪ὸὨὸ
ᾀ
ςὉ
Ὢᾀ 

(A9-5) 

 (A9-5)╩ ⇔ ∕─ ╩ ∆╢≤ ≤⌂╢  

ὨὪᾀ
Ὢᾀ

ᾀ
ςὉ
Ὠᾀ ᶌ ὰὲὪᾀ

ρ
ςὉ
ᾀ
ς
ὥ (A9-6) 

 ↕╠⌐ (A9-6)─ ⌐ ⇔≡ ╩ ╢↓≤≢ ∆╢≤ ≤⌂╢  

Ὢᾀ ÅØÐὥ ÅØÐ
ᾀ
τὉ

ὃϽÅØÐ
ᾀ
τὉ
 (A9-7) 

 (A9-7)─ !│Æπ ὃ≢ ↕╣ ≤⌂╢  

Ὢπ ὃ
ρ
ς“

Ὡ ϽϽϽὩ Ὠὸ
ρ
ς“

“
Ὁ
 (A9-8) 

 ⌂⅔(A9-8)─ │●►☻─ ╩ ™√ ↓↓≢ (A9-8)╩(A9-7)⌐ ∆╢≤

─●►☻ ╩ ╢  

Ὢᾀ
ρ
ς“

“
Ὁ
ÅØÐ

ᾀ
τὉ
 (A9-9) 



- 206 - 
 

 

  

 



- 207 - 
 

10 ╩ ™√  

⌐ ╩ ∆╢ ≈─ ⅝⌂ │ ─ ≢№╢ ∕─√╘

⌐│ ╩ ∆╢ ─ ╩ ⇔⌂↑╣┌⌂╠⌂™ ─ ╩ ╘

╢√╘⌐│ (2-1)≢ ⇔√ №√╡─ F⌐ ⅎ≡ ⌐ ∆╢

∆⌂╦∟ ⅜ ≢№╢ ↓─ │ ≤ ─ ⌐╟∫≡ ≢⅝╢

╩ ™√ ⌐≈™≡ ═╢  

─ ╩ ∆╢ ≤⇔≡ 3.2⌐ ∆ ≤ ─ ╩ ™≡

╩ ╘╢ ⅜ ⅎ╠╣╢ ↓╣│ ⌐⅔↑╢ H, T

⌐ ╠╣╢ ╩ ⇔√ ≢ ⌂ Vsl(H,T)╩ ⇔≡

─ ╩ ╘╢ ≢№╢ ⅜╦⅛∫≡™╢─≢ ╘√ ⌐╟╡

⅜ ≢⅝╢ ≢│ ⌐⅔↑╢ ─ ⌐ ⌐ ↕╣╢

p(H,T)╩ ™╢ ∆⌂╦∟ ─ ⌐ ™ ─╟℮⌐

p(H,T)╩ ╖ ≤⇔≡ ₁⌐ ╘√Vsl(H,T)≤ ↑ ╦∑╢↓≤≢ №╠╝╢ ⌐

∆╢↓≤╩ ⇔√ ─ ─ Vm╩ ∆╢  

ὠ
᷿ ᷿ ὠ ὌȟὝϽὴὌȟὝὨὌὨὝ

᷿ ᷿ ὴὌȟὝὨὌὨὝ
 (A10-1) 

 ⌂⅔ Vsl(H,T)│ ה ⌐ ⇔√ ה ⌐╟╢

⌐ ∆╢ Nominal Speed LossNSL╩ ⇔≡ ↕╣

╢  

 ↕╠⌐ ╩i ⌐ ⇔≡ i 6─Fig.A6-1╩ ─↓≤ ⌐pi(H,T)╩

⇔≡⅔ↄ↓≤⅜ ≢№╢ ∕─ │ ─ Vmi╩ ╘√ ⌐ ∕╣╠╩

⇔≡ ⌐⅔↑╢Vm╩ ∆╢ ∕─ ─Vm│ ≤⌂╢  

ὠ
ρ
ὲ

ὠ
ρ
ὲ

Ḁ ὠ ὌȟὝϽὴὌȟὝὨὌὨὝ

Ḁ ὴὌȟὝὨὌὨὝ
   ȟ É ρȟỄȟÎ (A10-2) 

 (A10-2)│ ∆╢ ─ ™╩ ≢⅝╢ ⅜(A10-1)≤ ⌂╢  

 Lpp=175m─◖fi♥♫ ⅜ Table A10-1─ ─ ╩ 20.13kt≢ ⇔√

─ Vm╩ ⇔√ Table A10-2│ ₁─ ≢─ Vsl(H,T)╩ ∆ ꜟⱩכ♥

─ ╩(A10-1)⌐ ⇔≡Vm╩ ╘╢≤19.03kt≢№∫√  

(A10-1)⅔╟┘(A10-2)│ ─ ╩ ⌐╟∫≡ ∆╢↓≤≢

─ ╩ ⌐ ≢⅝╢↓≤⅜ ≢№╢ ↓─ │ ⌐ ≢⅝╢ ⌐⅔

™≡ ┼ ⇔╛∆™ ⌂⅔ ╩ ╘╢√╘⌐(A10-1)№╢™│(A10-2)╩

∆╢ ⌐│ ⌐ ⇔≡2.3.5⌐ ═╢≤⅔╡─ ⅜№╢  
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Table A10-1 Wave frequency of North Atlantic Ocean in winter by Walden 

 

 

Table A10-2 Attainable ship speed in an actual sea. 
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11 ⌐ ℮ ─ ⅜ 1 ─ɬ2

⌐ ℮↓≤─  

6.3.3⌐⅔™≡ ⌐ ℮ ─ ⅜ k=1─ɬ2 ⌐ ℮≤⇔≡

─ ╩ ∆╢ ╩ ⇔√ ↓↓≢│ ₐ ⌐ ℮ ─ ⅜ k=1─

ɬ2 ⌐ ℮ₑ↓≤╩ 81)∆╢  

‘ȟ„ πȟρ─ ⌐ ℮ x─ 2 x2╩ ⌐≡ √⌂ z

≤ ∆╢  

ᾀ ὼ (A11-1) 

 x│ ⌐ ℮√╘ Ὢὼ│ ≢№╢  

Ὢὼ
ρ

Ѝς“
ÅØÐ

ὼ
ς
 (A11-2) 

 (A11-1)─z─ ╩Ὣᾀ ∕─ ╩Ὂᾀ≤∆╢ Ὂᾀ│ ≢№╢  

Ὂᾀ ὖὤ ᾀ ὖὢ ᾀ ὖ Ѝᾀ ὢ Ѝᾀ (A11-3) 

 (A11-3)│ (A11-2)╩ Ѝᾀ ὢ Ѝᾀ─ ≢ ∆╢↓≤⌐ ⌂╠⌂™  

Ὂᾀ ὪὼὨὼ
Ѝ

Ѝ
 (A11-4) 

 Ὣᾀ│Ὂᾀ─ ─√╘ ≢№╢  

Ὣᾀ
ὨὊᾀ
Ὠᾀ

Ὠ
Ὠᾀ ὪὼὨὼ

Ѝᾀ

Ѝᾀ

Ὠ
Ὠᾀ

ρ
Ѝς“
ÅØÐ

ὼς

ς Ὠὼ
ς
Ѝς“
ὨЍᾀ
ὨᾀÅØÐ

ᾀ
ς

Ѝᾀ

Ѝᾀ

ρ
Ѝς“
ᾀ
ρ
ςÅØÐ

ᾀ
ς

ρ
ςɜρςϳ

ᾀ
ς

ρ
ςÅØÐ

ᾀ
ς 

(A11-5) 

(A11-5)│ (6-12)⌐⅔™≡k=1≤⇔√ ─ɬ2 ─ ≢№╢  
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