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1   
 

1 . 1  

 │ JAXA ─ ─ ≤⇔≡ ╦╣√╙─≢№╢  

 

 (JAXA)≢│ 2009 ⌐ ─┼fiꜛ◦כ♥☻ ╩

≤⇔√ (H-и Transfer Vehicle: HTV)─ ∟ →⌐ ⇔≡™╢ ⇔⅛⇔⌂⅜╠

HTV ≢│ ┼ ∆╢↓≤│≢⅝⌂™√╘  1-1─╟℮⌐ ╩╙∫√ HTV-R─

─ ⅜ ╦╣≡™╢ ∕⇔≡ 2020 ≢ ─fiꜛ◦כ♥☻ ⅜ ∆╢

≢№╡ JAXA ≢│ HTV-R─ ≢ √ ╩ ⇔√ ─ ─

⅜ ↕╣≡™╢  

HTV-R─ (HTV Return Vehicle: HRV)│▪ⱳ꜡ ─ 1.5 ─ ╩

⇔ ⌂ ╩ ∫√ ╩ ⇔≡™╢√╘ ⅛╠─ 4-5 כꜟ◒─

⅜ ⌐ ∆╢ ╩ ≢⅝╢≤ ⅎ╠╣≡⅔╡[1] ─ ⌐╙ ∆╢

↓≤⅜ ≢⅝╢  

 

 

 1-1 HTV-R [2] 

 

 ◌ⱪ☿ꜟ─ │ ⅛╠─ ┘ ▪Ⱳכ♩◦☻♥ⱶ

(Launch Abort System: LAS) ─ ≢☻כ◔─≈2 ∆╢  

─ ⌐│ ꜡◔♇♩∕─╙── ─╖⌂╠∏ ─כꜟ◒

⅜ ≤⌂∫≡ↄ╢⅜ ∕─ ─ ≈⅜ LAS≢№╢ LAS≤│ ⌂Ɫ◙כ♪

⅜כꜟ◒⌐ ⇔≡™╢ ╩꜡◔♇♩⅛╠ ╡ ⇔ ╩ ∆╢◦☻♥ⱶ≢№

╢ LAS⌐⅔↑╢ ─ │  1-2─ ╡≢№╢ Ɫ◙כ♪ ╩ ⇔ LAS⌐

HTV  

(HRV) 
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╟╢ ⅜ ≤ ↕╣╢≤꜡◔♇♩ כꜟ◒─ ⅜ ↕╣╢ ⌐ ▪Ⱳ

╩♃כ⸗♩כ ⇔ ╩ ⇔ Ɫ◙כ♪ ⅛╠ ∆╢ ∕─ ⅜כꜟ◒ ⇔≡

™╢◌ⱪ☿ꜟ⅜ ╡ ↕╣ Ɽꜝ◦ꜙכ♩≢ ⇔ ⌐ ╩כꜟ◒ ∆╢   

 ≢│ ⌐ ⅝⌂ ⅜⅛⅛╢ ◌ⱪ☿ꜟ─ ─

╩ ≤∆╢  

 

 

 1-2 LAS≢─ ─ ╣[3] 

 

1 . 2  

 ⌐◌ⱪ☿ꜟ⌐⅛⅛╢ ⌐≈™≡│ ≢─ │ ♦⸗ꜟכ◔☻╘√⌂

ꜟ╩ ⇔ ⌐ ↕∑╢↓≤⌐╟╡ ╩ JAXA ⅜ ∫≡™╢[4] [5][6] ╕√ ◦Ⱶ

╩♩fi♁ⱨꜛ◦כ꜠ꜙ ™√◌ⱪ☿ꜟ─ [4][5][6]╩ ∫≡™╢⅜ ╩ ≢

⇔√╙─│ ⌂ↄ ─ ≤∆╢↓≤│≢⅝⌂™  

 ╕√ ⌐│ ⌐ ⇔≡ ─ ⌂ ⅜⅛⅛╢≤↕╣≡™

╢ ⌐ ⅜⅛⅛∫√ ─ ─ │ ⌐ ≢ ⅜⌂↕╣≡⅔╡

⌐≈™≡│ ≢ ⅜ ╘╠╣≡™╢ ∕⇔≡ ⌐⅔↑╢ ⌂

⌐⅔↑╢ ─ ─◦Ⱶꜙ꜠כ◦ꜛfi╙ ╦╣≡™╢ │▪ⱳ꜡ ≢ ™╠

╣√ ╩ ⇔ ⱴꜟ♅Ⱳ♦▫ ╩ ™ ─ ─ ╩ ⇔√

[7] │ ╛ LAS ─▪Ⱳכ⸗♩כ♃ ─ ⌐≈™≡Ɽꜝⱷכ♃☻♃♦▫

╩ ∫√[8] │☻꜠♇♪ ╩ ™√ ≤─ ╩ ™ ◦Ⱶꜙ꜠כ◦ꜛfi⸗

♦ꜟ─ ─ ╩ ∫√[9] ∕─ NASA─▪ⱳ꜡ ⌐ ╦╣√ ─

[10]╩ ™ ╩ ∫√  
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 ⇔⅛⇔⌂⅜╠ NASA─ ⌐⅔↑╢ ─ ◓ꜝⱨ│ ⌐ ≢№╡

─ ≢ ≤ ─ ╩ ≤∆╢↓≤⅜≢⅝√⅛│ ≢№╢

╕√ │ 3 ─╖≤ ─ ─ ⌐≈™≡ ⅜ ╦╣√≤│ ⅎ

⌂™  

 

1 . 3  

 ─ │⁸◌ⱪ☿ꜟ─ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟∫≡ ╠╣√ ─ ♦

╩♃כ ≤⇔ ─ ╩ ™ ─ ─ ™⅜ ─ ⌐≥─╟℮

⌂ ╩ ⅎ╢⅛╩ ╠⅛⌐∆╢↓≤≢№╢   

 NASA ╛ JAXA ≢│ ⌐◌ⱪ☿ꜟ⌐⅛⅛╢ ╩◦Ⱶꜙ꜠כ◦ꜛfi╛☻◔

╢╟⌐ꜟ♦⸗ꜟכ ⌐╟╡ ⅜ ╦╣≡™╢[4][5][6][10] ⇔⅛⇔⌂⅜╠ ─ ⌐

≈™≡─╖ ⇔√ ⅜ ↄ ─ ⌐ ⇔√ │ ⌐⌂™ ∕─√╘

─ ─ ⌐≈™≡◦Ⱶꜙ꜠כ◦ꜛfi╩ ∫√╙─⅜ ⌂ↄ ─ ─

⌐≈™≡ ⅜⌂↕╣≡™⌂™  

 ∕↓≢ ≢│ │∂╘⌐ ◦Ⱶꜙ꜠כ◦ꜛfi♁ⱨ♩ LS-DYNA ╩ ™

⸗♦ꜟ╩ ⇔ JAXA ≢ ─≢ꜟ♦⸗ꜟכ◔☻√╣╦ ⅔╟┘◦Ⱶꜙ꜠כ◦ꜛfi

[4][5][6]≤─ ╩ ™⸗♦ꜟ─ ─ ╩ ℮  

∕⇔≡ ─ ⅜ ⇔√ ╩ ™ ⌐◌ⱪ☿ꜟ⌐⅛⅛╢ ╩

╠⅛⌐∆╢ ∕↓≢ ╠╣√ ─ ╩♃כ♦ ≤⇔ 2014 ─ ─

≢ ⇔√⸗♦ꜟ╩ ™ ⱴꜟ♅Ⱳ♦▫ ♁ⱨ♩ MADYMO ⌐╟╡ ╩ ℮

╩ ™ ≢ ℮↓≤⌐╟╡ ─ ⌐ ∆╢ ─ ╩ ╠⅛⌐⇔

Ɽꜝⱷכ♃ ─ ╩ ╢  

 

1 . 4 ─  

1 ≢│ ─ ╩ ⇔ ─ ╩ ∫√  

2 ≢│ ⇔√⸗♦ꜟ ⌐ ∆╢ ∕⇔≡ JAXA ╛ NASA

≢ ╦╣√ ⌐≈™≡ ╩ ℮  

 3 ≢│ ⌐ ∆╢ ⌂ ╛ ┘ ─

⸗♦ꜟ[9]╩ ∆╢  

 4 ≢│ ⸗♦ꜟ─ ╩ ∆╢√╘⌐≤∫√ⱪ꜡☿☻⌐≈™≡ ╩

℮  

 5 ≢│ ₁⌂ ⌐≈™≡ ≤ ╩ ∫√ ╩ ⇔

⌐ ∆╢ ─ ⌐≈™≡ ╩ ℮  

 6 ≢│ ≢ ╠╣√ ╩ ⇔ ─ ⌐≈™≡ ═╢   
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2  ─  
 

2 . 1  

 ⌐ HTV-R◌ⱪ☿ꜟ⌐⅛⅛╢ ⌐≈™≡│ JAXA⌐╟∫≡ ♦⸗ꜟכ◔☻6.8%

ꜟ╩ ™ ┘⁸◦Ⱶꜙ꜠כ◦ꜛfi⅜ ╦╣≡™╢[4][5][6] ⌐╙▪ⱳ꜡ ─ ⌐ NASA

⌐╟∫≡ ╩ꜟ♦⸗ꜟכ◔☻25% ™ ⅜ ╦╣≡™╢[10]  

 ≢│ HTV-Rⱨꜟ☻◔כꜟ⸗♦ꜟ─ ─ ╩ ╢√╘⌐ ─↓≤╩ ∫√  

 

a. ⱷ♇◦ꜙ☻♃♦▫ 

b. ≤ ≤─  

1. HTV-R6.8%☻◔כꜟ⸗♦ꜟ 

2. ▪ⱳ꜡  ꜟ♦⸗ꜟכ◔☻25%

c. ≤ ≤─  

1. HTV-R6.8%☻◔כꜟ⸗♦ꜟ 

2. ▪ⱳ꜡  ꜟ♦⸗ꜟכ◔☻25%

d. ☻◔כꜟ ─ ─  

≢ꜟ♦⸗ꜟכ◔☻ .1 ™√ ╩ ™ HTV-R ◌ⱪ☿ꜟ≤▪ⱳ꜡◌ⱪ☿ꜟ─ⱨꜟ☻

╩ꜟ♦⸗ꜟכ◔ ∆╢ ∕⇔≡ ♦⸗ꜟכ◔☻ꜟⱨ≥ꜟ♦⸗ꜟכ◔☻─╣∙╣⧵

ꜟ─ ╩ ╣⌐ ∆╢ ≢№╢ⱨꜟכ♪ ╩ ™ ╩ ™

⅜ ∆╢⅛╩ ∆╢  

 

─ ╩ ╢↓≤⌐╟╡ ↕╣√ⱨꜟ☻◔כꜟ⸗♦ꜟ│ ≢─ ⅜⌂

™√╘ ╩ ℮↓≤│≢⅝⌂™╙── ≢ ⌐ ∂╢ ╩ ≢⅝╢╙─≤

↕╣╢  

 ≢│ ⸗♦ꜟ⌐ ∆╢ ≤⸗♦ꜟ─ ─√╘⌐ ≤⌂╢

╛ ⌐≈™≡─ ╩ ℮  

 

2 . 2 [12][13][14][15] 

 ╩ ∆╢ ⅜ ⌐ ⇔√ ⌐ ∆╢ ⌐│ von-Karman▪ⱪ꜡כ

♅[12]≤Wagner▪ⱪ꜡[13]♅כ─ 2≈⅜№╢  

von-Karman▪ⱪ꜡כ♅│ ⌐ ≠™√ ≢№╡ ↓─ ╩ ™ [14]│

╩ ∆╢ ⅜ ⌐ ↑╢ ὃ ╩ ⌐╟╡ ⇔√ ⇔⅛⇔⌂⅜
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╠ ⌐ ⅜ ╡ ⅜╡─ ╩ ⇔≡™⌂™√╘ ╟╡╙ ⅜ ↕ↄ

╙╠╣╢  

 

ὃ
ςυφ

ςτσ

τ”Ὑ

σά

ὺ

Ὑ
 (  2-1) 

ὃ  ⌐ ∂╢  

” ─  

Ὑ ─  

m ─  

ὺ ─  

 ─ ╡ ⅜╡⌐╟╡⅛⅛╢ ╩ ⇔√ │ Wagner⌐╟∫≡ ↕╣ Miloh [15]

│ ὦ ⌐ ↑≡ ≢ ↕╣╢ semi-Wagner ╩ ⇔≡™╢ ⌂⅔

2-3─ ─ ─ │ ⅛╠ ⌐ ╘╠╣√╙─≢№╢  

 
ὃ

ρ

ςά
ὅ
ὦ

Ὑ
”“Ὑὺ (  2-2) 

 

ὅ
ὦ

Ὑ
υȢυπ

ὦ

Ὑ
τȢρω

ὦ

Ὑ
τȢςφ

ὦ

Ὑ
 (  2-3) 

 

ὦ
ρ

ψ

σά

τ”Ὑ
Ὑ (  2-4) 

HTV-R ◌ⱪ☿ꜟ ▪ⱳ꜡◌ⱪ☿ꜟ≥∟╠╙ │ ≢№╡ ◌ⱪ☿ꜟ╩ ↑∏⌐

⌐ ↕∑√ ⌐│ ≢ ╩≤╢√╘ ─ ╩ ∆╢↓≤⅜

≢№╢  

 

2 . 3 ⱨꜟכ♪  

 ⅜ ⌐ ⅛╠ ↑╢ ⌐ ∆╢ ╩ ◘▬☼≢ ℮─│ ⌐ ≢№

╢ ∕↓≢ √⇔╩fi►♄ꜟכ◔☻ ╩ ™√ ⅜ ╦╣╢⅜ ─╖╩

√⇔√∞↑≢│ ⅜ √↕╣⌂™√╘ ╣╩ ∆╢↓≤│≢⅝⌂™ ∕─╟

℮⌂ ≢ ™╠╣╢ ⌐ⱨꜟכ♪ ≤ ┌╣╢╙─⅜№╢  

 NASA─▪ⱳ꜡ ─ꜟ☿ⱪ◌ꜟכ◔☻25% ╙↓─ ⌐ ∫≡ ╦╣√[10]  

 ─♫ⱦ◄כ♩☻ה◒☻ │ Ὡ╩ ─ ⱬ◒♩ꜟ≤∆╢≤ 2-5

≢ ↕╣╢  

 ‬○

‬ὸ
○​ה○

ρ

”
​ὴ ’​○ Ὣ▄ (  2-5) 

↓─ ╩ ─ U ↕ L≢ ╩ ℮ ∆╢≤ ↕

│ ─╟℮⌐ ↕╣╢  
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ὠ
ὺ

Ὗ
 

ὢ
ὼ

ὒ
 

†
ὸὟ

ὒ
 

ὖ
ὴ

”Ὗ
 

↓╣╠╩ ™╢↓≤⌐╟╡ 2-5│ 2-6─╟℮⌐ ∆↓≤⅜≢⅝╢  

 ‬╥

‬†
╥​ה╥ ​ ὖ

’

Ὗὒ
​╥

ὒὫ

Ὗ
▄ (  2-6) 

↓─ ╟╡ ╣╩ ∆╢ 2≈─ ⅜ ⅛╣ ∕╣∙╣│꜠▬ⱡꜟ☼ ≤ⱨꜟכ

♪ ≤ ┌╣≡™╢  

꜠▬ⱡꜟ☼  ὙὩ  

ⱨꜟכ♪   Ὂὶ  

 ╟╡ ╩ ℮ │꜠▬ⱡꜟ☼ ≤ⱨꜟכ♪ ╩ ⌐∆╣┌ ◘▬☼≤

∂ ╩ ≢⅝╢≤ ⅎ╠╣╢ ⇔⅛⇔⌂⅜╠ ꜠▬ⱡꜟ☼ ⱨꜟכ♪ ≥∟╠╙

⌐ √∆↓≤│≢⅝⌂™ ─ ╛◌ⱪ☿ꜟ─ ≢│꜠▬ⱡꜟ☼ │

⌐ ⅝™ ≤⌂╢√╘ 2-6≢꜠▬ⱡꜟ☼ ─ ╟╡╙ⱨꜟכ♪ ─ ⅜ ≤

⌂╢ ∕─√╘ NASA─ ⌐⅔™≡│ⱨꜟכ♪ ╩ ⌐∆╢↓≤⌐╟╡ ╦╣

√[10]  

 ─ ⌐ √⇔≥ɠ╩ꜟכ◔☻╢∆ ⌐ ⱨꜟכ♪ ╩ ⌐∆╢√╘⌐ √∆√

╘⌐ ─♃◒□ⱨꜟכ◔☻⅝═╢ │  2-1─≤⅔╡≢№╢  

 

 2-1 ⱨꜟכ♪  

 ⱨꜟ☻◔כ◔☻ ꜟ♦⸗ꜟכꜟⱨ□◒♃ ☻◔כꜟ⸗♦ꜟ 

 ὸ ‗ ‗ὸ 

 ὺ ‗ ‗ὺ 

 ὥ ρ ὥ 

 ɻ ‗  ‗ ‌ 

 

 ╕√ ╩ ℮ ⌐│ⱨꜟכ♪ ─╖⌂╠∏ ╙ √↕⌂ↄ≡│⌂╠

⌂™ ╩ √∆√╘⌐ ─♃◒□ⱨꜟכ◔☻⅝═╢ │  2-2─ ╡≢№

╢  
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 2-2  

 ⱨꜟ☻◔כ◔☻ ꜟ♦⸗ꜟכꜟⱨ□◒♃ ☻◔כꜟ⸗♦ꜟ 

↕ L ‗  ‗ὒ 

 ά ‗ ‗ά 

 ⱷfi♩ Ὅ ‗ ‗Ὅכ⸗

 

2 . 4 NASA⌐╟╢ [10] 

 NASA │▪ⱳ꜡ ─ ⌐ ╩ꜟ☿ⱪ◌ꜟכ◔☻25% ™  2-1 ─╟℮⌐◌ⱪ☿ꜟ╩

⅛╠ ╡ → ╡ ─╟℮⌐⇔≡ ⌐ √ ⌐◌ⱪ☿ꜟ╩ ∆ ⌐╟∫≡

⅜ ╦╣√  

 ∕─ ™╠╣√◌ⱪ☿ꜟ─ ◘▬☼⌐⅔↑╢ │  2-2 ╛ ─♩ⱷfiכ⸗

│  2-3⌐ ⇔√ ╡≢№╢  

 ↓─ ⌐⅔™≡│⁸ ─◌ⱪ☿ꜟ─ ⅝(pitch, roll) (Vh) (Vv)

╩ ≤⇔ ≤ ─ ╩ ∫√ ⇔⅛⇔⌂⅜╠ ─◓ꜝⱨ│

3 ─╖≤ ⌂ↄ ⌐ ⌂╙─≢№╢  

 ⇔™ ─ │ NASA─ [10]╩ ↕╣√™  

 

 

 2-1 NASA ─ [10] 
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 2-2 ▪ⱳ꜡ ◘▬☼◌ⱪ☿ꜟ [10] 

 

 2-3 ▪ⱳ꜡◌ⱪ☿ꜟ─  

 ꜟכ◔☻ꜟⱨ ꜟכ◔☻25% 

[kg] 60.96 3900 

Ix(yaw) [ ËÇÍ] τȢπψ τρψπ 

Iy(pitch) [ ËÇÍ] υȢρτ υςχπ 

Iz(roll) [ ËÇÍ] υȢττ υυφπ 
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2 . 5 JAXA ⌐╟╢ [4][5][6] 

JAXA≢│ HTV-R◌ⱪ☿ꜟ─ ꜟכ◔☻6.8% ╩ ⇔≡ ⅜ ╦╣≡™╢ ╕

√ ◦Ⱶꜙ꜠כ◦ꜛfi♁ⱨ♩MSC Dytran⌐╟╢ ╙ ╦╣≡™╢ ⇔√◌

ⱪ☿ꜟ─ ≤ ╩  2-4 ≤  2-3 ⌐ ∆ ▪ⱳ꜡◌ⱪ☿ꜟ≤ ═⁸ ─ ⅜ ↄ

⌐ ™ ≤⌂∫≡⅔╡ ╙ ⅝™╙─≤⌂∫≡™╢  

  2-4≢─◌ⱪ☿ꜟ─ │♩ⱷfiכ⸗ ≢ ⇔√Ɽꜝⱷכ♃≢№╡ JAXA

─ ≢ ⇔√ ─ ⅜♩ⱷfiכ⸗ ⅛⌐ ⌂╢ ↓─ ⌐╟╢ ─

⌐≈™≡│ ≢ ╩ ℮  

 

 2-4 HTV-R◌ⱪ☿ꜟ  

 ꜟכ◔☻ꜟⱨ ꜟכ◔☻6.8% 

[kg] 1.67 4900 

Ix(yaw)[ ËÇÍ] πȢπρςρ ψσςς 

Iy(pitch) ËÇÍ πȢπρσψ ωτωρ 

Iz(roll) ËÇÍ πȢπρτφ ρππτς 

 

 

 2-3 HTV-R◌ⱪ☿ꜟ [16] 

 

 JAXA ≢│  2-4⌐ ∆ ⌐╟╡◌ⱪ☿ꜟ╩ ⌐ ↕∑ NASA─ ≤ ∂ↄ

pitch, roll, Vv, Vh╩ ≤⇔◌ⱪ☿ꜟ⌐⅛⅛╢ ─ ╩ ∫√ ─ ⌐│◌

ⱪ☿ꜟ⌐ⱴכ◌כ╩ ⇔◌ⱷꜝ⌐╟╡ⱴכ◌כ─ ╩ ™∕─ ⅛╠ ╩

∆╢ ≤◌ⱪ☿ꜟ ⌐ ╩ ↕∑ ─ ╩ ℮ 2 ≈─
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⌐╟╡ ╦╣√ ╕√ ◦Ⱶꜙ꜠כ◦ꜛfi♁ⱨ♩MSC Dytran╩ ⇔ ╩ ™

≤─ ╩ ∫≡™╢   

 

 

 2-4 JAXA [5] 

 

 JAXA ─ ≢│ ─ ↕⅜ ⅛∫√√╘⌐ ─ ⅜ ⌐ ∫≡

⇔╕∫√√╘⌐ pitch⅜ ↕™ ─ │ ≤⌂∫√ ╕√ ⌐⅔™≡│

─ ⅜ ⌐ ↕ↄ⌂⅛∫√↓≤⅜ ≢◦Ⱶꜙ꜠כ◦ꜛfi ⌐ ⇔≡ ⌂

⅜ ↕╣≡⇔╕∫√  

 ⇔⅛⇔⌂⅜╠ pitch⅜ 30 deg ≢│ ⌐╟╢ ≤◦Ⱶꜙ꜠כ◦ꜛfi

⅜ ™ ╩ ∑√  2-5│ pitch30 deg Vv2.6 m/s Vh-2.6 m/s⌐⅔↑╢ z ─

─ ≢♃כ♦ ⅜ ⅜ ╩ ⇔≡⅔╡ ™™ ⅜ ╠╣

╢  

 

 

 2-5 JAXA ≤ ─ [5] 
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2 . 6 [17] 

⌐│ ◦Ⱶꜙ꜠כ◦ꜛfi♁ⱨ♩─ 1≈≢№╢ LS-DYNA ╩ ™√ LS-DYNA

≤│ ╩ ≢ ℮ ≤ ╩ ≢ ℮

─ 2 ≈╩ ⌡ ⅎ≡⅔╡ ⌐ ⌐ ≠ↄ ╩ ™╢

♁ⱨ♩≢№╢  

 │⁸ (◌ⱪ☿ꜟ )≤ ( )─ ╩ ℮ ⅜№╢√╘

─ ╩ ↕∑╢ ⅜№╢ LS-DYNA ⌐│ ≤⇔≡ ALE(Arbitrary 

Lagrangian Eulerian) SPH(Smoothed Particle Hydrodynamics) ICFD(Incompressible Fluid 

Solver) ⅜ ↕╣≡™╢ ─ ─╟℮⌐ ⅜ ⌐ ⅝ↄ ∆╢─⌐ ™≡

⅔╡ ╕√◌ⱪ☿ꜟ─ ⌐⅔™≡ [11]─№╢ ALE ╩ ™╢↓≤≤⇔√  

 LS-DYNA ⌐ ↕╣≡™╢ ALE ⌐≈™≡ ╩∆╢  

 ALE ⌐⅔↑╢ ╣│  2-6⌐ ⇔√ ╡≢№╡ │∕─ ⌐ ↕╣√

≢№╢ꜝ◓ꜝfi☺▼ⱷ♇◦ꜙ≤ ∆╢ ∕⇔≡ │ ALE ⱷ♇◦ꜙ≢ ∆╢

╕∏ ╩ ™ ╩ ↕∑╢ ↓─ ⅜ꜙ◦♇ⱷכꜝ▬○™⌂⅛

╩∆╢ ∕⇔≡ ╩ꜙ◦♇ⱷכꜝ▬○√⇔ ─ ⌐ ⇔ ─ⱷ♇◦ꜙ⌐ ─

⅜ⱴ♇Ⱨfi◓↕╣╢ ↓─ ╩ 1≈─☻♥♇ⱪ ≢ ℮ ⌂⅔ ↓─ ╩ⱴ

♇Ⱨfi◓⇔⌂⅔∆↓≤│ (advection)≤ ┌╣≡™╢  

 LS-DYNA ⌐│ ─ ≤⇔≡ ─ ⅜ ↕╣≡™╢⅜ │Ɑ♫ꜟ♥

▫◌♇ⱪꜞfi◓ ╩ ⇔√ Ɑ♫ꜟ♥▫◌♇ⱪꜞfi◓ │  2-7⌐ ⇔√╟℮⌐

─ ⅜ ─ ⌐ ╡ ╪∞ ⌐ ∕─ ╡ ╪∞ ⌐ ∂≡ ⌂┌⌡╩

╢ ≢№╢  

 

 2-6 ALE [17] 

 

 ꜙ◦♇ⱷכꜝ▬○
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 2-7 Ɑ♫ꜟ♥▫◌♇ⱪꜞfi◓ [17] 

 

2 . 7 ⸗♦ꜟ 

 ⇔√ ─◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ⌐≈™≡ ╩ ℮ (  2-8 ) 

a. 16m ⅝ 12m ↕ 10m─ ⌐ ≤ ─ ╩ ⇔√  

b. ◌ⱪ☿ꜟ│ ≤⇔ ◦▼ꜟ ≢ ⇔√  

c. │ ALE ♁ꜞ♇♪ ≢ ⇔√  

d. ─ ∆═≡⌐ ╩ ⇔√  

e. ⌐ ╩⅛↑√  

f. ♃▬ⱶ☻♥♇ⱪ│◒כꜝfi ╩ √∆╟℮⌐ ⌐ ↕╣╢╟℮⌐⇔√  

g. ◌ⱪ☿ꜟ│ ╩ ╪≢ ∆╢╟℮◌ⱪ☿ꜟ─ ⅜ ⅛╠ 0.5m ─ ⅛

╠ ╩ ∫√  

h. ⌐⅔™≡ ≢ ↕╣≡™╢─⅜ ⌐ ↕╣√ ≢ ≢

↕╣≡™╢─⅜◌ⱪ☿ꜟ─ ⌐ ↕╣≡⅔╡◌ⱪ☿ꜟ─ ⅝⌐ ∆╢

≢№╢  

i. ≢ ↕╣√ ─◌ⱪ☿ꜟ─ ⅝(pitch) (Vv) (Vh)╩

≤⇔≡ ╩ ™ ⌐⅔↑╢◌ⱪ☿ꜟ⌐⅛⅛╢ ╩ ≤⇔

√  

j. ◌ⱪ☿ꜟ─ │◌ⱪ☿ꜟ─ ⌐ ╣√ ⌐№╢⅜ │◌ⱪ☿ꜟ─ │

⌐ ⇔≡ ⌐№╢≤⇔√ ↓╣⌐≈™≡│ 5 ≢ ╩ ═╢  

k. ─ │♃כ♦ ─ ≢│ ─ ⌐╟∫≡ ∂√

⌐○ⱨ☿♇♩╩≤╡ ⌐◌ⱪ☿ꜟ⌐⅛⅛╢ (Ax, Az)⅜ 0⌐⌂╢╟℮⌐

⇔√ ╕√ ╩ 0s≤∆╢√╘⌐ ─ ⌐≈™≡╙○ⱨ☿♇♩╩≤∫√  

⌂⅔ ⇔√ │  2-5─ ╡≢№╢  
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 2-8 ⸗♦ꜟ 

 

 2-5  

   

[kg/m3] 1.293 1000 

[PaהS] 1.71×10-5 0.001 

  

16m

10m

x z

x

z

+Vh 

+Vv

 

pitch
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3 כꜟ◒  ─  
 

3 . 1  

≢│ 2 ≢ ╩ ∫√ ╩ ™≡ ╠╣√ ╩ ≤⇔≡

╩ ℮ ∕↓≢ ≢│ ─ꜞ☻◒─ ≤⌂╢ ≢ ⇔√

♄ⱵכHybrid-й╛◦Ⱶꜙ꜠כ◦ꜛfi⌐ ™╠╣╢◖fiⱧꜙכ♃⸗♦ꜟ⌐≈™≡ ∆╢  

 ╕√ ╩ ℮⌐ √∫≡│ ─ ─⸗♦ꜟ[9]╩ ™╢⅜↓─⸗♦ꜟ⌐

≈™≡╙ ╩ ℮  

 

3 . 2 [18] 

 ─ ≤ ─№╢≤↕╣╢ ─ ⌂≥╩ ⌐ ↕╣╢ ╩

≤™™ ∕╣∙╣─ ⌐≈™≡ ⌂ ⌐ ≠⅝ ꜞ☻◒ ╛ ⅜

╘╠╣≡™╢  

 ─ ╩ ⌐ ∆╢√╘⌐ ℮™≥ꜟכ◔☻ ⅜№╢ ∕─ ─ ≈

≢ ╙╟ↄ ™╠╣╢╙─⌐ ╢№⅜(Abbreviated Injury Scale: AIS)ꜟכ◔☻  

3-1⌐ ≤ ─ AIS☻◖▪╩ ∆ AIS☻◖▪│ 1-6─ 6 ─ ≢№╡ 1⅜

6⅜ ╩ ∆╢  

 

 3-1 ⌐⅔↑╢ AIS☻◖▪─ [18] 

AIS ─ ™   

1  ╘╕™  1 ─  

2  1 ─  

 

2-3 ─  

 

3  1-6 ─  

 

4 ─  

╕√│ ╩ ℮ 2-3 ─

 

4  6-24 ─  

 

 ╕√│ ╩ ℮ 4 ─

 

 

5  24 ╩ ⅎ╢  

100cc ─  

─  
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─ ⌐ ⇔√ ╛ │ ₁ ∆╢⅜ ≢│ ─ ≤

⌐▪ⱷꜞ◌ (NASA)⅜ ─ Orion ─ ⌐▪ⱷꜞ◌─

(Wyle)⅜ כꜟ◒√╘ ╩ⱬכ☻≤⇔√ ╩ ⇔√[19][20](  3-2

) Ⱶ♇◦ꜛfi⅜ ╡ ↕╣√ (Nominal)≢│ AIS1 ─ ╩ 5%

LAS ─Ɽꜝ◦ꜙכ♩⅜ ⅛⌂⅛∫√ ⌂≥ ─↓≤⅜ ⇔√ (Off-Nominal)≢

│ AIS1─ ⅜ 19% ⌐∆╢↓≤⅜ NASA ⌐╟∫≡ ⇔≡™╢[19]  3-2⌐⅔

↑╢ │ ╡╟⌐Ⱪכ◌◒☻ꜞ─ ─ ╩ √∆ ╩ ⇔≡™╢

⌐ ─ ⌐≈™≡ ∆╢  

 

 3-2 ⌐⅔↑╢ ≤ ↕╣╢ [20] 

( ) 
 

↕╣╢  
Nominal Off-Nominal 

HIC15( ) 340 470  

BrIC( ) 0.04 0.07 ┘╕╪  

( )[N] 880 1000  

( )[N] 580 1100  

√╦╖( )[mm] 25 32  

( )[N] 5800 6500  

 

3 .2 .1 HIC 

HIC(Head Injury Criterion)│▪ⱷꜞ◌ (NHTSA)⅜ ╘√ ⌐

∆╢ ≢№╢ ─ 3 ⌐╟∫≡ ╘╠╣ 3-1≢ ⅎ╠╣╢  

 ─ ─ ™⌐╟╡ HIC15≤ HIC36⅜№╢⅜ ≢│ ≤─

⅜ ™≤↕╣≡™╢ HIC15⅜ ™╠╣╢↓≤⅜ ™√╘ ≢│ HIC15╩ ∆

╢  

 
ὌὍὅ ὸ ὸ

ρ

ὸ ὸ
ὥὸὨὸ

Ȣ

 (  3-1) 

ὥὸ ─ 3 [G] 

ὸ ─ ─ [s] 

ὸ Ô⌐ ⇔≡ HIC⅜ ⌐⌂╢ [s] 

√∞⇔ HIC15≢│ὸ ὸ ρυ ÍÓ HIC36≢│ὸ ὸ σφ ÍÓ 
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3 .2 .2 BrIC 

BrIC(Brain Injury Criteria)│ ⌐ ─ ⌐ ∆╢ ≢№╡ ─

⌐╟∫≡ ╘╠╣ 3-2─ ≢ ⅎ╠╣╢ ┘╕╪ ─╟℮⌂

─ ⌐ ™╢↓≤⅜ ↕╣≡™╢[22] ⇔⅛⇔⌂⅜╠ ⇔™ ≢№╡

BrIC⌐ ⇔≡ ⌂ ⅜№╢≤│ ⅎ⌂™ NASA─ ╘√Nominal ─ │ 0.04

≢№╢⅜ 0.04≤™℮ │ NASA ╙ ⌐ ⌐ ⇔√ ≢№╢≤⇔≡™

╢[20]  

 

ὄὶὍὅ
‫

‫

‫

‫

‫

‫
 (  3-2) 

‫ȟ‫ȟ‫  ─ x,y,z ╕╦╡─ [rad/s] 

‫ ȟ‫ ȟ‫  x,y,z─ ⌐ 66.3,53.8,41.5[rad/s] 

√∞⇔ x ╕╦╡⅜ ╩⅛⇔→╢ y ╕╦╡⅜℮⌂∏ↄ ⅜ ⌐ ╢

≢№╢  

 

3 .2 .3  

 ⌐│ ─ ⅜⅛⅛╡ ╢  

NASA─ ≢│ Nominal │ 880N 580N≤⇔≡™╢  

 

3 .2 .4 √╦╖ 

 √╦╖│ ─ ⌐ ∆╢ ≢№╡ ⌐╟╢ ╛ ─

⌐ ↕╣╢ ≢№╢ ⌐⅔™≡│ ─ │◄▪Ᵽ♇◓⌐╟╢

≢│ 63mm ╢╟⌐♩ꜟⱬ♩כ◦ ⌂ ≢ 50mm⅜ ⌐ ™╠╣╢  

⌂⅔ NASA─ ≢│ Nominal │ 25mm≤⇔≡™╢  

 

3 .2 .5  

│ ⌐ ≢ ™╠╣╢ ≢ ─ ─ ⌐ ↕╣

≡™╢ ⌂⅔ ≢│ NASA─ ╘√ 5800N╩ ≤⇔√  
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3 . 3 ♄Ⱶ[18]כ 

 ♄Ⱶכ≤│ ╛ⱪꜝ☻♅♇◒≢≢⅝√ ≤ ∕╣╩ ℮ ╩ ⇔√ⱪꜝ

☻♅♇◒╛ ⅛╠ ╠╣≡™╢ ╩ ⇔√╙─≢№╢ ∕⇔≡ ─ ⅜

─ ≤ ⌐⌂╢╟℮⌐ ⌐ ╩ ∫≡ ↕╣≡™╢ ♄Ⱶכ⌐│

─ Hybrid-й THOR╛ ─ ES-2⌂≥⅜№╢ ≢│ ♄Ⱶ

╡№≢כ ≢╙╟ↄ ╦╣≡™╢ Hybrid-й╩ ⇔√  

 ╛ ≢│ ♄Ⱶכ╩ ™√ ≤ ⌐◖fiⱧꜙכ♃⸗♦ꜟ╩

™≡◦Ⱶꜙ꜠כ◦ꜛfi╩ ℮↓≤⅜ ™ ◦Ⱶꜙ꜠כ◦ꜛfi⌐│ⱴꜟ♅Ⱳ♦▫ ╛

⅜ ⌐ ™╠╣╢  

 ⱴꜟ♅Ⱳ♦▫ ≤│ ─ ─ ╩ ─╖⅜ ╩ ∟ ─ │

≢№╢≤╖⌂∆ ≢№╡ ⌐ ═ ⅜ ↕ↄ ≢ ╩ ℮

↓≤⅜≢⅝ ─ ─ ╛ ─ ─ ⌐ ≢№╢ ≢│

─ ╩ ↄ─ ≢ ℮√╘ ⱴꜟ♅Ⱳ♦▫ ⅜ ≢№╢≤ ⅎ╠╣╢ ⌂⅔

♁ⱨ♩⌐│ MADYMO ╩ ™√ MADYMO ─ ⇔™ ⌐≈™≡│ TASS ─

ΓTheory Manual[21]Δ╩ ↕╣√™  

 

3 . 4 ⸗♦ꜟ 

 ≢│ ⅜ ⇔√◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ[9]╩ ™≡ ╩ ℮

│ (JARI)⌐╟∫≡ ╦╣√☻꜠♇♪ ─ ≤◦Ⱶꜙ꜠כ◦ꜛfi

≤─ ╩ ™ ─ ─ ⌐≈™≡™™ ⅜ ╠╣╢⸗♦ꜟ╩ ⇔√

─ ╛ ⌐≈™≡│ ─ [9]╩ ↕╣√™  

─ ⇔√⸗♦ꜟ⌐⅔™≡│ │ ⇔≥♩כ◦ ♄Ⱶכ⌐│ ╛Ⱬ

ꜟⱷ♇♩│ ↕∑≡™⌂™ ╕√ ╩כⱬꜟ♩≢♄Ⱶ♩כ◦ ⇔ ⌐│Ⱬ♇♪꜠

☻♩╩ ⇔≡™╢ ⸗♦ꜟ─ ┘ ─ ╡ ⌐≈™≡│  3-1─ ╡≢№╢  

 

 3-1 ─⸗♦ꜟ[9]  
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4   
 

4 . 1  

 2 ─ ≢ ⇔√ ╩ ╡ HTV-Rⱨꜟ☻◔כꜟ⸗♦ꜟ─ ─ ╩ ∫

√ ≢│∕─ ─ ─ ╩ ℮  

 

4 . 2 ⱷ♇◦ꜙ◘▬☼─ ≤ ≤─  

 HTV-R ⱨꜟ☻◔כꜟ⸗♦ꜟ╩ ™ ⱷ♇◦ꜙ◘▬☼─ ╩ ∫√ ╕√ ◌ⱪ☿ꜟ⅜

⅛∑∏⌐ ⇔√ │ 2.2 ≢ ⇔√◌ⱪ☿ꜟ⌐ ∂╢ ─ ⌐ ∆╢

⅜ ⅎ╢√╘ ╩ ─ ≤ semi-Wagner─ ≤ ╩ ∫√  

 

4 .2 .1  

│  4-1─ ╡≢№╢ ╕√ │ ─ⱷ♇◦ꜙ◘▬☼│ ≢

─ⱷ♇◦ꜙ◘▬☼│ 5Ɽ♃כfi≢ ∫√ ∕─ ─ⱷ♇◦ꜙ◘▬☼│  4-2─ ╡≢№╢

ⱷ♇◦ꜙ◘▬☼≤│ⱷ♇◦ꜙ─ ─ ↕─↓≤≢№╡ ╩ ∆╢↓≤⌐╟╡⁸LS-

DYNA ─ⱪꜞⱳ☻♩≢ ⌐ⱷ♇◦ꜙ⅜ ↕╣╢  

 

 4-1 ⱷ♇◦ꜙ☻♃♦▫⌐⅔↑╢  

pitch[deg] 0 

Vv[m/s] ( ─ ) 5 

Vh[m/s] 0 

 

 4-2 ⱷ♇◦ꜙⱤ♃כfi 

Case Name 
ⱷ♇◦ꜙ

◘▬☼[m] 

ⱷ♇◦ꜙ

◘▬☼[m] 

 

[ ] 

mesh1  

 

0.05 

0.065 703 

mesh2 0.07 558 

mesh3 0.08 380 

mesh4 0.1 194 

mesh5 0.15 58 
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4 .2 .2  

 ─ ∕╣∙╣─ⱷ♇◦ꜙⱤ♃כfi─ ⌐ ∂√ ⅔╟┘ │  4-3

─ ╡≢№╢  

╕√ ↕╣√ ─ ◓ꜝⱨ│  4-1≢№╢ ⌂⅔ ⌐ ⇔≡

─○ⱨ☿♇♩│≤∫≡™⌂™ ╕√ ─ │ ╩ 0s≤⇔≡™╢  

 ⱷ♇◦ꜙ⅜ ™mesh4,5⌐⅔™≡│mesh1,2,3⌐ ═ ─Ⱨכ◒─ ⅜ ↄ⌂╡

Ⱨכ◒─ ⅜ ⅝ↄ⌂∫√ ╕√ mesh1,2,3│ ─Ⱨכ◒─ ≤Ⱨכ◒ ⅜╒≤╪

≥ ∆╢ ≤⌂∫√ ╕√ ╟╡╙ ↕ↄ ╙╠╣≡™╢ ─ ╟╡│∆

═≡─ ⌐⅔™≡ ⅝™ ≤⌂╡ semi-Wagner ─ ⌐ ™ ≤⌂∫√  

 

 4-3 ◌ⱪ☿ꜟ⌐⅛⅛╢ ⅔╟┘  

Case Name z ÍȾÓ  

mesh1 92.0 

mesh2 98.7 

mesh3 96.9 

mesh4 140 

mesh5 135 

─ ⌐╟╢  60.7 

semi-Wagner ⌐╟╢  119.9 

 

 

 4-1 ⱷ♇◦ꜙⱤ♃כfi⌐ ∆╢ ─  

 

-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150

0.07 0.09 0.11 0.13 0.15 0.17 0.19

[m
/s

2
]

[s]

mesh1

mesh2

mesh3

mesh4

mesh5
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4 .2 .3  

 ⱷ♇◦ꜙ◘▬☼╩ ⅛ↄ⇔√↓≤⌐╟╡mesh1,2,3⌐⅔™≡ ─ ≤⌂╡ ⅜

╠╣√ ∕─√╘ ⅜ ╙ ↕™ mesh3╩ ─◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ

⌐ ⌐∆╢  

 

4 . 3 HTV-R☻◔כꜟ⸗♦ꜟ 

 ╩ ™≡ HTV-R6.8%☻◔כꜟ⸗♦ꜟ─ ╩ ∫√ ⱷ♇◦ꜙ◘▬☼⌐

≈™≡│4.2 ≢ ⅝ ⇔√ⱷ♇◦ꜙ◘▬☼╩ ╟╡ ⱷ♇◦ꜙ╩3.4mm

ⱷ♇◦ꜙ╩ 5.44mm≤ ⇔√  

╕∏ ≡™⅔⌐ꜟ♦⸗ꜟכ◔☻ ≤─ ╩ ℮  

 ∕⇔≡ 2.5 ≢ ╩⇔√╟℮⌐ JAXA≢ ╦╣√ ≤ ─ ╩ ⇔

─ꜟ♦⸗ꜟכ◔☻≡ ─ ╩ ℮ ⌂⅔ JAXA ⌐⅔™≡ ≤ ⌐™™

⅜ ╠╣√ pitch30 deg ≢─ ≤─ ╩ ℮  

 

4 .3 .1 ≤─  

 

4.3.1.1  

 ≤─ ⌐⅔™≡│  4-4⌐ ∆≤⅔╡ 3 ╩ ≤⇔√   

 

 4-4 ≤─ ⌐⅔↑╢  

pitch[deg] Vv[m/s] Vh[m/s] 

0 1.37 0 

0 1.85 0 

0 2.64 0 

 

4.3.1.2  

 ◌ⱪ☿ꜟ╩ ⌐ ↕∑√ ⌐ ∂√ ≤ ─ ─◓ꜝⱨ│  4-2 ─

╡≢№╢ ∆═≡─ ⌐⅔™≡ ↕ↄ ╙╠╣≡™╢ ─ ╟╡╙ ⅝⌂ ≤

⌂╡ semi-Wagner ╟╡ ↕™ ≤⌂∫√ ↕ↄ⌂∫√ ⌐≈™≡│ ⌐≡ ℮  
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 4-2 HTV-R☻◔כꜟ⸗♦ꜟ ≤─  

 

4.3.1.3  

 JAXA ≢─ ─ ╙ ⌐ ≤─ ⅜ ╦╣≡™╢ ∕─ ─ ⅜  4-3

─ ╡≢№╢ JAXA─ ⌐⅔™≡╙ ⅜ ─ ╟╡╙ ⅝ↄ semi-Wagner

─ ╟╡╙ ↕™ ≤⌂∫≡™╢ ↓╣╟╡ HTV-R ─ꜟ♦⸗ꜟכ◔☻ ╙ ≢№

╢≤ ⅎ╠╣╢  

 

 

 4-3 JAXA ≤─ [6] 

0

100

200

300

400

500

600

0 0.5 1 1.5 2 2.5 3

[m
/s

]

Vv[m/s]

semi-Wagner

─






























































































