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1   

1.1  

⁸╒╓ ≡─ ⁸ ⁸ ⁸ ⌐⅔™≡⁸CFD

⅜ ⇔≡⅔╡⁸ ⌐⅔™≡⁸ ─ │№╢╙── CFD ─ ⅜ ─

╩ √⇔≡™╢≤™ⅎ╢[1]⁹ ⁸CFD │ ⌐⅔™≡ ⌂╢ ⁸

⅜ ╘╠╣≡™╢⁹ ⁸╟╡ ⌂ ⸗♦ꜟ ה ┼─ ⁸

─ 3 │ ⌐ ⅜ ╕∫≡™╢⁹ 

CFD─ │ ⌐ ♠כⱳ☻כ♃כ⸗⁸∏╠╕ ─ Formula 1
TM─ⱴ

◦fi ≢╙ ↕╣≡™╢⁹ ⌂ ⌐ ™ ─ⱶכ♅ ה ◖

☻♩╩ ∆╢ ⅝⅜№╡⁸∕─ ☻ⱳfi◘כ─ ╛♅ꜗfiⱧ○fi◦♇ⱪ ╩

≤⇔≡ ─ ™ⱴ◦fi╩ ∆╢ ⅜№╢⁹ ⅛╠ ♃כ♦╢╣╠

│ ╩ ∆╢ ⅜⌂↕╣≡™╢ │ ™⅜⁸◖☻♩⅜ ⌐ ↄ⌂╢⁹

◖☻♩ ─ 2008 │⁸ │ⱶכ♅ ⌂ↄ≤╙ 2 ─ ╩ ∟⁸

∞↑≢ 4000 ♪ꜟ ╩ ╛⇔≡™╢≤ ╦╣≡™╢⁹╕√⁸↓╣╠ │ 1

24 ≢ ⇔≡⅔╡⁸60 80 ─☻♃♇ⱨ⅜ 3 ≢ ⌐ ⇔≡

™╢ ⁸ꜝfi♬fi◓◖☻♩∞↑≢╙ 2000 ♪ꜟ╩ ⅎ╢≤ ╦╣≡™╢⁹

Vodafone McLaren Mercedes╩ ⌐ ╢≤⁸ ≢─ │ 200ꜞ♇♩ꜟ─

╩ ≤⇔⁸ │►◊◐fi◓ ─ ⌐ ∆╢≤ ╦╣

≡™╢[2]⁹↓─ ה♩☻◖⁸╙╠⅛ ☻Ɑכ☻─ CFD│ ⌐ ⅜ ╕∫≡

™╢⁹ 

₁─ ╛ ≢│⁸ ╛ ─⸗♦ꜟ ⌐╟╢ ◖☻♩ ⅜└≤≈

─ ≢№╢⅜⁸ ⅝⌂ ≢ ⅎ╢≤⁸ ─ ╩ ∆╢ ⌐│ ◖☻♩⅜

∆╢ ⌐№╢⁹ ∫≡⁸╙─≠ↄ╡─ ⌐⅔↑╢ ⌐⅔™≡│ HPC High 

Performance Computing ╩ ⇔√ ─ ⅜ ∆⁹ 

∕↓≢ ↕╣╢ ♃כꜙfiⱧ◖כⱤכ☻⁹╢№≢₉♃כꜙfiⱧ◖כⱤכ☻₈⅜

─ ⅝⌂ │⁸ ♩♇ⱪ◒ꜝ☻─☻כⱤכ◖fiⱧꜙכ♃╩ ה ∆╢↓≤

⌐╟╡⁸ ─Ⱪ꜠▬◒☻ꜟכ╩ ⇔⁸ ╩ ∆╢≤↓╤⌐№╢⁹

╙℮ ≈─ ⌂ ╩♃כꜙfiⱧ◖כⱤכ☻⁸⅜ ⇔≡⁸ ╩ ⇔ ╘╢

─ ≢№╢⁹ ♩♇ⱪ꜠ⱬꜟ─₈ ─₉♃כꜙfiⱧ◖כⱤכ☻ │⁸

꜠ⱬꜟ─ ─ ≤╙ ™ ⅎ╢⁹∕↓⌐│⁸₈ כⱤכ☻

◖fiⱧꜙ₉♃כ╩ ⇔⁸ √⌂ ─ ╩ ↑╟℮≤ ─♩♇ⱪ꜠ⱬꜟ─

⁸ ⅜ ╕∫≡⅝√⁹ ─ⱷ◌♬☼ⱶ─ ⁸ ⌂

─ ─ ⌂≥⁸21 ─ ╩ ∆╢⌐│⁸ ╩ ⅎ√ ⅜

⇔⁸↕╠⌐⁸∕╣╠ ─ ╩ ≤⇔≡™╢⁹∕─√╘⌐╙⁸ ─ ╣√
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⅜ ™⁸∕╣∙╣─ ≤ ╩ ∆╢ ╣√ ─ ⅜ ⅜╣≡™

╢[3]⁹ 

⁸ ─ ≢│ 10
10 ─ ⅜ ╦╣≡™╢[4]⁹↓╣⌐ ⇔⁸

≢│ Table 1.1─₈Meisa₉⅜ ☻Ɑ♇◒≢№∫√⁹ ⌐⁸1◖▪≢

10
6─ ╩ ⅎ╢≤ ╦╣≡⅔╡⁸ 8Core╩ ∆╢ Meisa≢│ 8×10

6─

╩ ℮ ⅜ √⁹ 

≤↓╤⅜ 2012 ╟╡⁸ ≢│ ₈FX10♃כꜙfiⱧ◖כⱤכ☻─

Oakleaf-FX ₉╩ ╢ ╩ √⁹FX10│ Table 1.2⌐ →╠╣≡™╢ ⌐

─ ≢│ 192◖▪⅜ ≢№╡⁸↓╣⌐╟╡ ≢│ 192×10
6

╩ ⅎ╢ ⌐ ∫√⁹╕√⁸Table 1.3⌐ ↕╣╢꞉כ♥☻◒כ◦ꜛfi₈Aventador₉

⌐╟╡⁸ⱷ♇◦ꜙ │ 12
6 ⌐ ∫√⁹FX10 │ 25 ⁸

Aventador─ │ 23 ⁸ⱷ♇◦ꜙ☺▼Ⱡ꜠כ♃ ┘ ♁ⱨ♩│ ₁

≢№╢ ⅛╠⁸↓╣│ ─ ≢╙ ╢ ─ ≢№╢≤ ⅎ

╢⁹ 

⌐⅔™≡ 12
6 ─ ╩ ⅎ╢ ⌐ ╢≤⁸ ─ ≤⇔≡ ∫√

╩ ⌐ ╩⇔⁸ ≢│ ⌂ ─ ╩ ∆╢ ⅜ ╢ ⌐

╢⁹╕√⁸ ⅛╠─ ⌐⅔™≡⁸ ╢ ─ ⅜ ⇔ ─

⅜ ∆ ≢⁸ ─ ⅜ ╕╢⁹↓╣⌐╟╡⁸ ≢ ┬

─ ꜠ⱬꜟ╙ ⇔⁸ ≢ ∆╢ ⅜ ╢ ╩ ∆╢ ╙ ≤

╢⁹ 

⇔⅛⇔⁸ ⌐⅔™≡ ⅜ ℮ ╩ ⅎ╠╣⌂⅛∫√ │⁸

╛ ─◌fi≤™∫√ⱡ►Ɫ►⅜ ™ ≢№╢⁹↓─ ⅛╠⁸ ─ꜞ

☻כ♁ ≡╩ ™≡ ℮ ⅜ ╢ⱡ►Ɫ► ╩ ∆╢ ⅜№╢⁹ 

∕↓≢ ∆═⅝ │ ⱷ♇◦ꜙ ≢№╢⁹ ⌂ ╩ ℮√╘⌐│

⅛™ⱷ♇◦ꜙ⁸ ─ ╛ ─ ─ ↕⅜ ↕╣╢⁹⇔⅛⇔⁸

PC ─ ╩ ∑∏⌐ ╩ ℮≤ ╕≢⌐ ⅛╢ ⅜ ⌐ ↄ ╢ ⌐

∆╢ ⅜№╢⁹ 
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Fig.1 : ☻כⱤכ◖fiⱧꜙכ♃ FX10 (Oakleaf-FX) 

 

Table 1.1 : ◘כⱣ₈כMeisa₉☻Ɑ♇◒ ┘  

CPU Intel Xeon X5500 2.93GHz ×2 

ⱪ꜡☿♇◘  8 processor 

ⱷ⸗ꜞ 48Gbyte 

Ɫ10 ◒☻▫♦♪כGbyte 

○Ɑ꜠כ♥▫fi◓◦☻♥ⱶ Linux 

 80  

 

Table 1.2 : ₈FX10 (Oakleaf-FX)₉☻Ɑ♇◒ ┘  

CPU SPARC 64 пfx 1.848GHz ×12 

ⱪ꜡☿♇◘  192 (12×16) processor 

ⱷ⸗ꜞ 348Gbyte 

Ɫ50 ◒☻▫♦♪כGbyte 

○Ɑ꜠כ♥▫fi◓◦☻♥ⱶ Linux 

( )  25  

 

 



 

 4 

Table 1.3 : ⱷ♇◦ꜙ PC₈Aventador₉☻Ɑ♇◒ ┘  

CPU Intel Core i7 3.07GHz 

ⱪ꜡☿♇◘  8 processor 

ⱷ⸗ꜞ 24Gbyte 

Ɫ1 ◒☻▫♦♪כTbyte 

○Ɑ꜠כ♥▫fi◓◦☻♥ⱶ Windows 7 64-bit 

 23  

 

1.2  

 ⌐⁸1 ◖▪≢ 10
6ⱷ♇◦ꜙ─ ╩ ⅎ╢≤ ╦╣≡™╢⁹↓─ ⅛╠⁸

≢ ╢ Oakleaf-FX─ ◖▪ 192╩ ⌐⁸10
ꜙ◦♇ⱷ─כ♄כ○8 ⌐

⅔↑╢ ╩ ⇔ↄ ℮ ╩ ∆⁹ │ ─ 3 ≢№╢⁹ 

10ה
╩ꜙ◦♇ⱷ─כ♄כ○8 ∆╢⁹ 

10ה
─ꜙ◦♇ⱷ─כ♄כ○8 ╩ ℮⁹ 

10ה
─ꜙ◦♇ⱷ─כ♄כ○8 ┘ ─ ╩ ∆╢⁹ 
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2   

2.1  

≢ ∆╢ ⅜ ╩☻כ♁ꜞ╢ ≡ 10
─כ♄כ○8 ╩ ╢ ⁸

─ ≢ ╩ ∫√⁹ 

 

2.1.1  

≤⇔≡⁸ ⅜ ≈ ↄ─ ╩ ≤⇔⌂™ ─

╩ ™⁸ ≤ ╩ ↕∑╢ ≢ ─ ⱡ►Ɫ►╩ ╢⁹ 

≤⇔≡⁸ ≢ √ⱡ►Ɫ►╩ ⌐ 10
╩ꜙ◦♇ⱷ─כ♄כ○8 ⁸

⁸ ⇔⁸ ─ ╩ ∆╢⁹ 

≢ ⇔√ ⸗♦ꜟ│ RANS─ k-ɮSST⸗♦ꜟ≢№╢⁹ 

 

2.1.2  

─ ⌐ ∆╢ │⁸ ─ ≤ ╩ ∆╢ ≢

∆╢⁹ │10
│⁸Audi TT╩כ♄כ○4- ⌐ ⇔≡±0.1╩ ≤⇔√⁹ 
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2.2  

2.2.1  

≤⇔≡⁸2006 ⌐  ≢ ╦╣√꞉כ◒◦

ꜛ♇ⱪ₈CFD Workshop Tokyo 2005₉⌐⅔™≡⁸ ≤⇔≡ →╠╣√ Fig.2.1

2.3─ ─ ╩ ∫√⁹Table 2.1│ ─ ≢№╢⁹ 

 

 

Fig.2.1 : KRISO Container Ship (KCS) 

 

 

Fig.2.2 : Modified KRISO Tanker (KVLCC2M) 

 

 

Fig.2.3 : US Navy Combatant, DTMB 5415 

 

Table 2.1 : 
[8]

 

   

KRISO Container Ship (KCS) 0.00356 

Modified KRISO Tanker (KVLCC2M) 0.00355 

US Navy Combatant, DTMB 5415 0.00423 
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2.2.2  

≤⇔≡⁸ ⅜ ↕╣≡™╢ Audi TT╩ ≤⇔≡ ∫

√[5]⁹ ⌐ ⇔√ CAD │♃כ♦ Fig.2.4 ≢№╢⁹╕√⁸ ─ │ 0.3

≢№╢[13]⁹ 

 

 

Fig.2.4 : Audi TT─ CAD♦כ♃ 
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2.3 ♁ⱨ♩►▼▪ 

2.3.1 OpenFOAM 

 ⌐ ⇔√♁ⱨ♩►▼▪│OpenCFD ⅜ ⇔ GNU─General Public License

─ꜝ▬☿fi☻─ ≢ⱨꜞכ ↕╣≡™╢ OpenFOAM╩ ∆╢ ─

≢│ OpenFOAM-2.0.1╩ Audi TT─ ≢│ OpenFOAM-2.1.0╩ ⇔√  

OpenFOAM│ ─ ♁ꜟⱣ≤│ ⌂╡ ꜝ▬☿fi☻⌐╟╢ ⅜ ↄ

≤ ─☻כ♁ꜞ ⌐ ╦∑≡ ⌐ ↕∑╢ ⅜ ╢  

 

2.3.2 Pointwise 

 ⱷ♇◦ꜙ ⌐ ™√♁ⱨ♩►▼▪│⁸ Pointwise ⅜ ⇔⁸ VINAS

⅜ꜝ▬☿fi☻ ╩ ⇔≡™╢ Pointwise╩ ⇔√⁹Pointwise│ Gridgen

≢ ∫√ⱷ♇◦ꜙ◖fi♩꜡כꜟ ⌐ ⅎ⁸Pointwise─╖⌐ ⅎ╠╣√₈ ⱷ♇

◦ꜙ ₉ ╙ ∑ ≈♁ⱨ♩►▼▪≢№╢⁹Pointwise≢ ∆╢ ⅜

╢ ⱷ♇◦ꜙ│ ⅜ ↄ⁸ ─ ⌐ ∆╢⁹ │

ↄ⁸ ⁸ ה ⁸ ⁸ ⁸ ─ ₁⌂ ≢ ↕╣≡™╢

♁ⱨ♩►▼▪≢№╢⁹╕√⁸OpenFOAM ╙⌐Ᵽꜟ♁☻כ♁ⱪfiכ○─ ⇔≡™

╢[6]⁹ 

 

2.3.3 Fieldview 

≢ ⇔√♁ⱨ♩►▼▪│⁸ Intelligent Light ⅜ ⇔⁸

VINAS ⅜ꜝ▬☿fi☻ ╩ ⇔≡™╢ Fieldview≢№╢⁹Fieldview│ ⌂

≤ ≢ ⌂ ⌐╟╡ ⌂ ╩ ↄ ∆╢ ⅜

╢♁ⱨ♩►▼▪≢№╢⁹Fieldview─ │ Pointwise≤ ≢⁸ ↄ ™╠╣

≡™╢⁹╕√⁸Fieldview╙ OpenFOAM ⌐Ᵽꜟ♁☻כ♁ⱪfiכ○─ ⇔≡™╢[7]⁹ 

 

2.3.4 Ɫכ♪►▼▪ 

⌐⅔™≡ ⇔√Ɫכ♪►▼▪│ 1 ⌐ →╢ Table 1.1 1.3≢№

╢⁹ⱷ♇◦ꜙ ┘ │ Table 1.3─₈Aventador₉╩⁸ ─ │ Table 

1.1─₈Meisa₉╩⁸Audi TT│ Table 1.2─₈FX10 (Oakleaf-FX)₉╩ ⇔√⁹ 

 

 



 

 

 9 

2.4 [9]
 

2.4.1  

(Finite Volume Method)│⁸ ─ ⅛╠ ↕╣╢⁹ ╩

─ ∆╢◖fi♩꜡כꜟⱲꜞꜙכⱶ⌐ ⇔⁸ ╩∕╣∙╣─◖fi♩

ⱶכꜙꜞⱲꜟכ꜡ ⌐ ⇔≡ ∆╢⁹∕╣∙╣─◖fi♩꜡כꜟⱲꜞꜙכⱶ─

⌐ ╩ ⇔⁸∕↓⌐ ↕╣╢═⅝ ⅜ ↕╣╢⁹Ⱳꜞꜙכⱶ ≢─

╩◖fi♩꜡כꜟⱲꜞꜙכⱶ ≢ ∆ ⌐│ ⅜ ™╠╣╢⁹ ⁸

│ ⌂ ╩ ™≡ ↕╣╢⁹ ≤⇔≡ ◖fi♩꜡כꜟⱲꜞꜙכⱶ⌐ ⇔

≡ 1≈─ ⅜ ╠╣⁸∕↓⌐│ ◖fi♩꜡כꜟⱲꜞꜙכⱶ─ ⅜ ╣╢⁹ 

│≥─ ⌂♃▬ⱪ─ ⌐╙ ╢─≢ ⌐ ⇔≡╙ ∆

╢⁹ │◖fi♩꜡כꜟⱲꜞꜙכⱶ ─╖╩ ⇔≡⅔╡⁸ ∏⇔╙ ⌐

≠↑╠╣⌂ↄ≤╙ ™⁹↓─ │ ( ≤ ─ ╩ ∆)⅜ 2≈─◖

fi♩꜡כꜟⱲꜞꜙכⱶ─ ∆╢ ⌐≈™≡ ∂ ╩ ≈ ╡ ⌐ ≤

⌂╢⁹ 

─ ⌐ ∆╢ │ 2 ╟╡╙ ™ ─ ╩ 3 ≢ ∆╢

─⅜ ⇔™ ≢№╢⁹↓╣│ ⅜ 3 ─ ∟ ⁸ ∕⇔≡ ╩

≤∆╢⅛╠≢№╢⁹ 
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2.4.2  

☿ꜟ e─ ─ ⌐╟∫≡ɫe╩ ∆╢↓≤│⁸1 ╩ ╘╢√╘

⌐( ╣─ ⌐ ⇔≡) ⇔ↄ│ ╩ ™╢↓≤≤ ≢№╢⁹╟

≡⁸↓─ ╩ ≥ⱶ(Upwind Difference Scheme)כ◐☻ ┬⁹ כ◐☻

ⱶ⌐⅔™≡ɫe│ ≢ ↕╣╢⁹ 

 

 
↓╣│ ⌐ ╩ ∆╢ ─ ≢№╡⁸ ⇔≡ ╩ ╦⌂™⁹⇔

⅛⇔⁸ ≢ ∆╟℮⌐ │ ╩ ∂╢⁹ 

♦◌ꜟ♩ ⌐⅔™≡ ─ ⁸ P כꜝכ♥─ │ (2.1)

─ ⌐⌂╢⁹ 

 Ν(2.1) 

↓↓≢ H│ ─ ╩ ∆⁹ │ ─ ∞↑╩ ™╢ 1 כ◐☻

ⱶ≢№╢⁹ ∟ ╡ │ ≢№╡⁸ ⌐│ (2.2)─ ⌂ ╩

⇔≡™╢⁹ 

 Ν(2.2) 

↓╣╩ ( ⁸ )≤╖⌂∆≤⁸∕─ │ ≢№

╢⁹ ⌐⅔™≡ ╣⅜ ⌐ ⇔≡ ⇔≡™╢ ⌐│⁸ │ ─

∞↑≢⌂ↄ ╣⌐ ⌂ ⌐╙ ╩ ∂⁸↓─ ─ ⅝⌂ ╩ ⅝

↓∆⁹ ≤⇔≡⁸ ─ ╛ ─ ⅜ ⌐⌂╢ ╩ ∂⁸√╕⁸

⅜1 ╘√™⌂⅛⇔≢כ♄כ○ ⌂ ╩ ╢ ⌐│ ╘≡ ⅛™ ⅜

↕╣╢⁹ 
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2.4.3 ┘ ─  

│ ≤⇔≡ ╡ ╦╣╢⁹ ≢│ │ 0≢№╢⁹

 ─ ⌐│↓─ ─ ╩ ╪≢™≡3 ≢ ⇔√ ⌐╟∫≡ ↕

╣╢⁹≤↓╤⅜⁸ ≢─ ≤ ─ ⅜ ⇔⌂™ ╙№╢√╘⁸

⌐ ⇔≡ ╦╣╢ │ ℮╙─≤⌂╢⁹ 

≢│ │ ≤⇔≡ ╦╣╢ ⁸ui─ ≢  

 Ν(2.3) 

⅜ ╦╣╢⁹ ⌐ ╢╟℮⌐⁸↓─ ─ ╡ ™≤ ─ ─ │ ─

≤ ─ ╩ ∆╢─⌐ ≢№╢⁹ 

╦╡⌐⁸ ╩ ≢ ╡ ℮ ╙ ⁸ ─ ╩ ⌐ ⇔⁸

(2.4)─ ⌐ ╢⁹ 

 Ν(2.4) 

↓─ ⁸ ( ⌐ ⇔≡│ ≡─ 3≈─ )⅜◖fi♩꜡כꜟⱲꜞ

ⱶכꜙ ≢ ─ ≢ ↕╣╢ ⅜№╢⁹↓─≤⅝⁸ ≤⇔≡

⌐╟╢ ⅜ ∂╢⁹ ─ ⅝↕⅜ 0⌐ ≠↑┌↓─ │ ↕ↄ⌂╢⅜⁸ ─

≢│ ≤⌂╢⁹ 

≤ ─ 2≈─ ─ ™│ ≢─╖ ⌂ ╩ ∟⁸

≢│≥∟╠─ ≢─ ╙ ⅎ≡ ─ ⌐ ⅝⌂ │ ™⁹ 

♦◌ꜟ♩ ≢ │ ╩ ℮ ⌐ ∂╢ ─ ⌂╖⅛↑

─ ╩ ≢ ╡ ℮ │ ≢№╢⁹↓╣╠│™ↄ≈⅛─ ⌂ ─

≢№╢⁹↓╣╠─ ⌐│ ╩ ╗ ╙№╡⁸ ⅎ┌ ≢─ ─

⌐│ 

 Ν(2.5) 

⅜ ╣╢⁹ ─ ─ Ap⌐ ⇔≡↓─ ⅜ ─ ≤⇔≡ ∆╢ ⁸

↓─ │ ⌐ ╡ ╦╣╢⁹↓╣│ ─ ─ ╩ ⇔≡ ─

╩ ╢ ≢№╢⁹ ─ ⌐│⁸ ⌂ │ ⌐ ╡ ╦╣╢⁹ 

≢↓╣╠─ │◖fi♩꜡כꜟⱲꜞꜙכⱶ≢ ↕╣╢⁹ │⁸ ╩

™╢ ⅜ ╦╣⁸◖fi♩꜡כꜟⱲꜞꜙכⱶ─ ≢─ ⌐☿ꜟ─ ╩ ∆╢⁹

╕√ ⌐╟∫≡│⁸ │ ≤⇔≡ ↕╣⁸↓╣│ ≢

⌂ ╩ ≈ ╙№╢⁹( ⅜ ≢ ↕╣╢ ⁸ ™│ ∆╢ ≢

╡ ╦╣╢ ⁸ ⅎ┌ ╣⅜ →╠╣╢)⁹↓─ ⌂ │⁸

─ ≤ ─◌♇ⱪꜞfi◓─ ╡ ™⅜ ≤⌂╢⁹ 
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2.4.4 ≤ ─  

─ │ ≢№╢⁹∕─ ⁸ │ (2.6)─ ⌐⌂╢⁹ 

 Ν(2.6) 

─ ─ ─ ╡ ™│ ≤ ≢№╢⁹ 

⌐⁸ ─ ─ │ ─ ⌐ ⇔⁸∕─ ⁸

│ (2.7)─ ⌐⌂╢⁹ 

 Ν(2.7) 

↓↓≢ fi♩כꜙ♬ ⌐ ⇔≡⁸ 

 Ν(2.8) 

≢№╢⁹ │ⱬ◒♩ꜟ ≢№╢ ⁸ ⅜ ─ ⌐ ⇔≡╛╛

⌂ ╩⇔≡™╢⁹ ─ ─℮∟≢ ─ ≤ ∆

╢  

 Ν(2.9) 

│ ≢ ™√ ≤ ⌐ ≢⅝╢⅜⁸↓╣│ i ⌐ ∆╢

─ ⌐ ⅞⌂™⁹ ≢ ─ ⅜ ─ ⁸↓╣╠─ │

─ ⌐╟∫≡ ⅎ╢⁹ 

≢ ⅜ ⌐ ∆╢ 0≢⌂╡ ⌂ │ (2.9)─ ≤ ⌐ ╡

╦╣⁸ 

 Ν(2.10) 

≤⌂╢⁹↓↓≢ n │◖fi♩꜡כꜟⱲꜞꜙכⱶ─ ⌐ ≢ ┼─ ⱬ◒♩ꜟ⁸

╕√⁸j ⌐≈™≡│ ⅜ ↕╣╢⁹ ⌐ ⇔√ ⌐ɡ⅜ ≢│↓─ │

↕╣╢⁹↓─√╘⁸ ─ ╩ ™√ ≢╙ ⌐ ⌐ ╡ ╦╣╢⁹

⅜ ∆╢ ≢№∫≡╙⁸↓─ │ (2.9)⌐ ═≡ ↕ↄ⁸↓─ ─ ╡ ™│

⌐ ─ ╩ ⅎ╢∞↑≢№╢⁹⇔⅛⇔⁸↓─ │ ≢ ⅎ╢ ─╖

⌐ ⅎ╢ ≢⁸↓─ │◖fi♩꜡כꜟⱲꜞꜙכⱶ─ ≢│ ∏⇔╙ ↕ↄ⌂™⁹ 
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2.4.5 k-ɮSST⸗♦ꜟ (RANS) 

╩ ∂╢ ⌐│ ⸗♦ꜟ─ ⅜ ≤⌂╢⁹∕↓≢⁸≥─ ⌂⸗♦ꜟ

⅜ ≢№╢⅛╩ ⅎ╢℮ⅎ≢⁸ ⌐⅔™≡◄Ⱡꜟ◑כ─ ╛⁸ ⁸ ⁸

◄Ⱡꜟ◑כ─ ─ ⅜ ⌐╟∫≡ ╦╣╢≤™℮ ⌐ ∆╢⁹↓╣

⌐╟╣┌⁸ ╣─ ╩ ╩ ∆╢ ≢ ∆↓≤⅜ ╢≤™℮ │ ≢№

╡⁸ ─ ⌂ ⸗♦ꜟ⅜ ⅛╣╢⁹ 

 Ν(2.11) 

 Ν(2.12) 

(11)⌐⅔™≡⁸k│ ◄Ⱡꜟ◑⁸╡№≢כ 

 Ν(2.13) 

(11)─ ─ ─ │⁸ ⅜≤╠╣╢ ⌐ ⅜ ⌐ ╡ ≈ ⌐

⌂ ≢№╢⁹ ─ │⁸ ⌐ ╣┌ ∏⇔╙ ⇔™╙─≢│⌂™⅜⁸ ™╛

∆ↄ⁸╕√ ↄ ∆╣┌ ↄ─ ╣⌐⅔™≡ ⌂ ™ ╩ ╢ ⅜ ╢⁹

╣│╙∫≤╙ ⌂ ≤⇔≡ ◄Ⱡꜟ◑כk ⇔ↄ│

≤ ꜟכ◔☻↕ L─ 2≈Ɽꜝⱷכ♃⌐╟∫≡ ↑╠╣╢⁹ ╩ ™╢≤

─ ⅜ ╠╣╢⁹ 

 Ν(2.14) 

↓↓≢ │ ≢⁸↓─ ⌐≈™≡│ ═╢⁹ 

╙ ⌂ ⌂⸗♦ꜟ≢№╢ ⸗♦ꜟ≢│⁸k│ ─ ╩ ™

≡ ╣ ⅛╠ ⅎ╠╣⁸L│ ⌐╟∫≡ ╘ ╘╠╣√ ≤⇔≡ ⅎ╠╣

╢⁹ ⌂ ╣ ⌐ ⇔≡│ L╩ ⇔ↄ ⅎ╢ ╙ ≢№╢⅜⁸ ╩ ℮ ╣╛

3 ─ ™ ╣⌐⅔™≡│ ⇔ↄ⁸∕╣╝ⅎ ⸗♦ꜟ│ ⌂ ╣

⌐ ⇔≡─╖ ↕╣╢⁹ ⁸↓─⸗♦ꜟ│ ⸗♦ꜟ ™│ 0 ⸗♦ꜟ≤

↕╣╢⁸ 

╩ ╘ ╘╢ │ ≢№╢≤™℮ ⅛╠⁸∕─ ╩ ∆╢ ⌐

╩ ™╢ ⅜ ↕╣≡™╢⁹↓↓≢ ≥ꜟכ◔☻ ℮™≥ꜟכ◔☻↕ ⌂

ↄ≤╙ ⅜ꜟכ◔☻─≈2 ╩ ∆─⌐ ≤↕╣╢─≢⁸↓╣╠ 2≈─ ⌐

≠ↄ⸗♦ꜟ⅜ ≢№╢≤ ⅎ╢⁹ ≥∆═≡─∕─ ⌂⸗♦ꜟ≢│⁸ ◄Ⱡꜟ

kכ◑ ─ ⌐╟╡ ⅜ꜟכ◔☻ ↕╣╢⁹k ─ ⌂ ╩ ↄ

│ ⇔ↄ⌂ↄ⁸ ─ ⌐⌂╢⁹ 

 Ν(2.15) 
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↓─ ─ ─ ≤ ─ 1 │⸗♦ꜟ ─ ⅜ ™⁹╕√ ─ │

ɦ≤◄Ⱡꜟ◑כ ɚ─ ≢№╡⁸ ◄Ⱡꜟ◑כ⅜ ⌐ ◄Ⱡꜟ◑

⌐כ ∆╢ ╩ ⇔≡™╢⁹ 

2 │ ◄Ⱡꜟ◑כ─ ╩ ∆ ≢№╡⁸ ⁸ ─ ╩

™≡⸗♦ꜟ ↕╣╢⁹ 

 Ν(2.16) 

↓↓≢ɡt│ ⌐ ⇔√ ≢№╡⁸ɨk│ ⱪꜝfi♩ꜟ ≢∕─ │ ⌐

≤╖⌂∆⁹ 

(15)─ 3 │ ⌐╟╡ ◄Ⱡꜟ◑כ─ ╩ ∆ ≢№╡⁸

⅛╠ ┼─ ◄Ⱡꜟ◑כ ╩ ∆ ≢№╢⁹↓↓≢⁸ ─ ╩꜠▬

ⱡꜟ☼ ╩ ∆╢─⌐ ™╢≤⁸ (2.15)─ 3 │ ─ ⌐ ∆╢

⅜ ╢⁹ 

 Ν(2.17) 

≢ ◄Ⱡꜟ◑כ─ │⁸ ─ ╩ ™≡ ⌐ ↄ ⅜ ╢⁹ 

⁸ ─ꜟכ◔☻↕ ─ │№╕╡ ╠⅛≢│⌂ↄ⁸ ↄ─ ⅜ ↕

╣≡™╢⁹ ╙ ⌂⸗♦ꜟ≢│⁸◄Ⱡꜟ◑כ ⌐ ⅜ ≤⌂╢

⌐ ⇔⁸ ─ ⁸≈╕╡ ╣─ ≤ ─ ⅜╒╓ ╡ ∫≡™

╢≤™℮ ╩ ™╢⁹↓─ ⁸◄Ⱡꜟ◑כ ɚ≤ k≤ L│ ─ ⌐ ↑

╠╣╢⁹ 

 Ν(2.18) 

↓─ ⅎ│⁸ ꜠▬ⱡꜟ☼ ╣≢│⁸ ╠⅛ꜟכ◔☻ כ◑ꜟⱠ◄┼ꜟכ◔☻

⅜♪כ◔☻◌─ ⅝≡⅔╡⁸ ─┼ꜟכ◔☻⌂↕ ↕╣√◄Ⱡꜟ◑כ│ ∆╢≤

™℮ ⌐ ≠™≡™╢⁹ (2.18)│ ≢─◄Ⱡꜟ◑כ ─ ⌐ ≠™≡

™╢⁹ 

↓─ ⌐╟╡⁹◄Ⱡꜟ◑כ ɚ─ ╩ ™╣┌ɚ≤ L─ ⅜ ╠╣

╢ ⌐⌂╢⁹ ⇔√⸗♦ꜟ≢│⁸⸗♦ꜟ │ ─ ≤ ┘≈↑╢ ⅜ ⌂─≢⁸

≢│ │ ™╠╣⌂™⁹ 

◄Ⱡꜟ◑כ ─ ⌂ │♫ⱦ◄כ♩☻ה◒☻ ⅛╠ ↄ ⅜

╢⅜⁸ ─⸗♦ꜟ ⅜ ⌐ ⇔™─≢ ╩⸗♦ꜟ≤⇔≡╖⌂∆ ⅜╟

™⁹ ╙ ⌐ ™╠╣≡™╢⸗♦ꜟ │ ─ ⌐⌂╢⁹ 

 Ν(2.19) 

↓─♃▬ⱪ─⸗♦ꜟ≢│ │ ─ ⌐ ↕╣╢⁹ 
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 Ν(2.20) 

↓─ ⌐  ≤ ⌐ ≠ↄ⸗♦ꜟ⅜ k-ɚ⸗♦ꜟ≤ ┌╣≡⅔╡⁸ ↄ ™╠╣≡™

╢⁹↓─⸗♦ꜟ⌐│ 5≈─Ɽꜝⱷכ♃⅜ ╕╣≡⅔╡⁸ ⌐│ ─ ⅜ ™╠

╣╢⁹ 

 
k-ɮSST⸗♦ꜟ≢│ ⅜ ↕╣⁸ ─ ╩ ™╢⁹ 

 Ν(2.20) 

 Ν(2.21) 

↓─⸗♦ꜟ≢│ ╩ ─ ⌐ ↕╣╢⁹ 

 Ν(2.22) 

⸗♦ꜟ ⌐≈™≡│ k-ɚ≤ ⇔≡ ≢№╡⁸ ─ ⅜ ™╠╣╢⁹ 
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2.4.6  

⁸ ⱪ꜡☿♇◘─ ─ │ ╖⇔≈≈№╢⁹⇔√⅜∫≡⁸ ≢

│ ─↕╠⌂╢ ─ ⌐ ─ⱪ꜡☿♇◘╩ ™√ ⅜ ≤

∫≡ ≡™╢⁹ ─ⱬ◒♩ꜟ☻כⱤכ◖fiⱧꜙכ♃⌐ ∆╢ ─ │

₈◘▬☼─ ₉≢№╢⁹╕√⁸ ≢│ ⌂◖fiⱧꜙכ♃♅♇ⱪ╩

™╢ ⌐◖☻♩⅜ ™⁹ ⌐ ⌂ ─ ⌐│ ─ⱪ꜡☿♇◘⁸

♥ꜝⱣ▬♩ⱷ⸗ꜞ⁸♥ꜝⱨ꜡♇ⱪ☻─ ╩ ⇔≡™╢ ╙№╢⁹⇔⅛⇔⁸

⌂ ⌐ ↕╣√▪ꜟ◗ꜞ☼ⱶ≢│⁸ ≢ ╟ↄ ⇔

⌂™ ⅜№╢⁹ 

╙⇔⁸ ⱪכꜟ─≡═∆╩ ⌐√™⇔≡ ⇔√⌂╠┌⁸ ⌐ │

╙≥∫╙─♪כ◖ ≢⌂™ ⌐╟╡ ∆╢▪ⱶ♄כꜟ(Amdahl)─

⌐ ℮⁹╟∫≡⁸ ─ ╩ ↄ∆╢ ⌐│ ─♪כ◖ ⌂™ ╩

↕ↄ⇔⌂↑╣┌⌂╠⌂™⁹ 

╟╡ ™ │ ╩ ⌐ ⇔≡⁸∕╣∙╣─ ⌐ 1≈─ⱪ꜡☿♇◘

╩ ╡ ≡╢ ≢№╢⁹↓─ ⌂ ⁸ ─ ⅜♪כ◖ ≡─ⱪ꜡☿♇◘ ≢

─ ⌐♃כ♦─ ⇔≡ ↕╣╢⁹ ⱪ꜡☿♇◘│ ─ ╙♃כ♦─

≤∆╢─≢⁸ⱪ꜡☿♇◘ ─♃כ♦─ ⇔ↄ│ ─♃כ♦√⇔ ⅜ ≢№

╢⁹ 

 

2.4.7  

─ ╩ ∆╢ ≢ ≤⇔√ │ ≢№╢⁹ │

─  ≢ ∆╢ ⅜ ╢⁹Cd│ ⁸D │ ⁸ɟ│ ⁸u│ ⁸A

│ ≢№╢⁹ 

 Ν(2.23) 

╕√⁸ ≤ ≤─ ╩∆╢ ⌐ ∆╢ ─ │ ─ (2.24)≢№╢⁹ 

  é(2.24) 
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2.5 ┘  

2.5.1  

2.5.1.1   

2.2.1 ≢ →√ ─ │ ─ Table 2.1 2.4≢№╢[8]⁹

⌐ ∆╢ │⁸ ≡ OpenFOAM-2.1.0 ≢№╢⁹ 

 

Table 2.2 : ─⸗♦ꜟ  

No. Name L (m) S(m
2
) V (m/s) Re (-) 

1 KRISO Container Ship (KCS) 7.2786 9.4379 2.196 1.4×10
7
 

2 Modified KRISO Tanker (KVLCC2M) 4.97 6.5892 0.994 3.945×10
6
 

3 US Navy Combatant, DTMB 5415 5.72 4.861 2.1 1.26×107 

 

Table 2.3 : ─  

   

   k omega p u 

 
type fixedValue; fixedValue; zeroGradient; fixedValue; 

vallue $internalField; $internalField;   uniform 

 

type inletOutlet; inletOutlet; fixedValue; inletOutlet; 

inletValue $internalField; $internalField;   uniform (0 0 0); 

value $internalField; $internalField; $internalField; $internalField; 

 
type slip slip slip; slip; 

value         

 
type symmetryPlane;   symmetryPlane;   symmetryPlane;   symmetryPlane;   

value         

 
type kqRWallFunction; omegaWallFunction; zeroGradient; fixedValue; 

value $internalField; $internalField;   uniform 

 

 

 

 

 

 

 



 

 

 18 

2.5.1.2  Audi TT  

2.2.2 ≢ →√ Audi TT─ │ ─ Table 2.4, 2.5≢№╢⁹ ⌐

∆╢ │⁸ ≡ OpenFOAM-2.1.0 ≢№╢⁹ 

╕√⁸ ⇔√ fvScheme ┘ fvSolutions│ Fig.2.6, 2.7≢№╢⁹Fig2.6≢│

ה 2הⱪꜝ◦▪fiꜝה ─ ─ ╩ ⇔≡™╢⁹Fig.2.7≢│ ─

הⱶ☼ꜞ◗ꜟ▪ה ╩ ⇔≡™╢⁹ 

 

Table 2.4 : Audi TT─⸗♦ꜟ  

No. Name L (m) S(m
2
) V (m/s) Re (-) 

1 Audi TT 4.188 2.3 30 1.09 10
7
 

 

Table 2.5 : Audi TT─  

   

   k omega p u 

 
type fixedValue; fixedValue; zeroGradient; fixedValue; 

vallue $internalField; $internalField;   uniform 

 

type inletOutlet; inletOutlet; fixedValue; inletOutlet; 

inletValue $internalField; $internalField;   uniform (0 0 0); 

value $internalField; $internalField; $internalField; $internalField; 

 
type slip slip slip; slip; 

value         

 
type kqRWallFunction; omegaWallFunction; zeroGradient; fixedValue; 

value $internalField; $internalField;   uniform 

 
type kqRWallFunction; omegaWallFunction; zeroGradient; fixedValue; 

value $internalField; $internalField;   uniform 
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Fig.2.5 : fvSchemes 
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Fig.2.6 : fvSolutions 
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2.5.2 ⱷ♇◦ꜙ ┘  

⌐ ⇔√ⱷ♇◦ꜙ │ (♥♩ꜝ )≢№╢⁹ ⸗♦ꜟ k-ɮ

SST╩ ∆╢ ⁸ ─ⱷ♇◦ꜙ │ ↄ⁸ ⅛╠ ╣╢

⌐≈╣ │ ↄ⌂╢⁹ⱷ♇◦ꜙ─ │⁸ ⌐ ⇔≡│ 10 15 ⁸Audi 

TT⌐ ⇔≡│ⱷ♇◦ꜙ 1 ╩ √∆ ⅜№╢ 1.5 ≤⇔√⁹ 

ⱷ♇◦ꜙ ⁸ ╙ⱷ⸗ꜞ ╩ ∆╢ⱪ꜡☿☻│ⱷ♇◦ꜙ─ ≢№╢⁹

─ⱷ♇◦ꜙ│ 4Gbyte╩ ⇔ │ 5 ⁸ ∆╢ Audi TT│

≡─ 24Gbyte╩ ⇔ │ 3 4 ≢№∫√⁹ 

─ ⌐ ⇔√ ─ ⱷ♇◦ꜙ │ 200 400 ≢№╢ ⁸

─ │ ╦⌂⅛∫√⁹ ∆╢ Audi TT≢│⁸ ⅜ 1 2 ─

╩ ∫√⁹ ⌐ ⇔⁸OpenFOAM─ decomposePar│

ⱪ꜡☿♇◘⌐╟╢ ⇔⅛ √⌂™ ⁸FX10≢│ ↄ Meisa≢ ⇔⁸FX10┼♦כ

♃╩ ⇔√⁹ⱷ♇◦ꜙ 1 ⌐ ∆╢ 100 ─ │⅔╟∕ 0.5 ⁸ ⱷ

⸗ꜞ │ ≡─ 48Gbyte≢№∫√⁹ 

 

2.5.3 ◄Ⱡꜟ◑הכ ─  

2.5.3.1   

─ ◄Ⱡꜟ◑כ─ │⁸OpenFOAMꜚ[10]♪▬●כ◙כ⌐ ↕╣≡

™╢ ─ (2.25) ┘(2.26)╩ ™√⁹╕√⁸ │♁ꜟⱣ─♦ⱨ◊ꜟ♩ ≢

№╢ 8.333╩ ⇔≡™╢⁹ 

 Ν(2.25) 

 Ν(2.26) 

↓↓≢⁸U│ ≢№╢⁹ 
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2.5.3.2  Audi TT  

Audi TT─ ◄Ⱡꜟ◑כ ┘ ─ │⁸CFD Online
[11]⅜ ∆╢

╩ ⌐ ─ ╩ ™√⁹ 

 Ν(2.27) 

 Ν(2.28) 

 Ν(2.29) 

 

↓↓≢⁸U│ ⁸I│ ⁸ꜟכ◔☻↕ ≢⁸ │ ─ (2.30)╩

™√⁹ 

 Ν(2.30) 

│ ─ ─ 3.5 ≢№╢⁹ 

 

2.5.4 ─  

2.4.1 ┘ 2.4.2. ─ ⁸OpenFOAM⌐╟╢ ╩ ∫√⁹ │ ╩

⇔⌂™ ≢⁸OpenFOAM ≢│ simpleFoam≤ ┌╣╢⁹ ⌐ ⇔√

│ 3 ─ ≢ ═╢⁹ 

 

2.5.5 ─ ┘  

2.4.3 ≢ ∫√ ─ ⌐ ∆╢ ╩ ∆╢ ⌐⁸ ─ ≤

╩ ⇔√⁹ 

⌐ ⇔≡│ ⌐ ⇔≡ 10
כ♄כ○4- ⇔√ ⁸ ⅜ ≢№

╢≤ ∆╢╙─≤⇔√⁹Audi TT⌐ ⇔≡│ ⌐ ⇔≡±0.1 ─ ╩

⇔⁸↓╣⌐ ≡│╕╢ │ ⅜ ≢№╢≤ ∆╢╙─≤⇔√⁹ 
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3   

3.1  

≤⇔≡ ⇔√ ─ ⌐≈™≡⁸ ₁─ ─

≤ ◖fi♃כ╩ ⌐ ∆⁹Fig.3.1, 3.4, 3.7│∕╣∙╣─ ─ ⁸

Fig3.2, 3.5, 3.8│∕╣∙╣─ ─ ⁸Fig3.3 , 3.6 , 3.9│∕╣∙╣─

─ ≢№╢⁹Fig.3.3 ┘ Fig.3.6│⁸ ╣⅜ x ─ ⁸ ⅜

≤ ∫≡ ╢⁹ 

⌐ ⇔√ │ 1 ⁸ ⌐ ⇔√ │ 30 ≢№∫√⁹ 

 

3.1.1 KRISO Container Ship (KCS) 

 

Fig.3.1 : KRISO Container Ship (KCS)─  
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Fig.3.2 : KRISO Container Ship (KCS)─  

 

 

Fig.3.3 : KRISO Container Ship (KCS)─  
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3.1.2 Modified KRISO Tanker (KVLCC2M)  

 

Fig.3.4 : Modified KRISO Tanker (KVLCC2M)─  

 

 

Fig.3.5 : Modified KRISO Tanker (KVLCC2M)─  
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Fig.3.6 : Modified KRISO Tanker (KVLCC2M)─  
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3.1.3 US Navy Combatant, DTMB 5415 

 

Fig.3.7 : US Navy Combatant, DTMB 5415─  

 

 

Fig.3.8 : US Navy Combatant, DTMB 5415─  
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Fig.3.9 : US Navy Combatant, DTMB 5415─  
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3.2 Audi TT  

FX10(Oakleaf-FX)⌐╟╢ Audi TT─ ╩ ⌐ ∆⁹Fig.3.10│ ─

⁸Fig.3.11 3.13 : │⁸ 0.29 ─ ◖fi♃⁹╢№≢כ 

Fig.3.14 3.17│ ─ ≢№╢⁹ ⁸CAD♦כ♃⌐⅔™≡ z ─

╩ ↕∑╢ ⅜ ─כⱣכꜝ◌⁸≢─√∫⅛⌂ ⅜ ≤ ∫≡™╢⁹

⌐⅔™≡ │ 43.959m/s⁸ │ 1.686m/s≢№╢⁹ 

⌐ ⇔√ │ 30 ⁸ ⌐ ⇔√ │ 40 ≢№∫√⁹ 

 

Fig.3.10 : Audi TT─  
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Fig 3.11 : Audi TT ─  

 

 

Fig.3.12 : Audi TT ─  
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Fig.3.13 : Audi TT ─  

 

 

Fig.3.14 : Audi TT ─  
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Fig.3.15 : Audi TT ─  

 

 

Fig.3.16 : Audi TT ─  

 
















