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─ ╩ ∆╢↓≤╙ ≢№╢⁹ 

 ≢│⁸ ≡⇔♩כ♃☻⅜ ⁸╒≤╪≥ ─⌂⅛∫√ ─ ⌐

⅔™≡⁸ ⌂ 3D ╩ ∆╢↓≤╩ ⇔√ ≢╙ ╩ ⌂™ ≢№╢⁹

─ ≤│⁸ ↄ ⌂╢ ≢№╡⁸ ─ ⁸ ⅔╟┘ ⌐ ╪∞

╩ ⇔≡™╢⁹↓─ │⁸ ─ ⌐ ╕╠∏⁸ ╩ ⇔√

⌂ ─ ╛⁸ ⁸ ⁸ ⌐⅔↑╢ ⅔╟┘ ─ ⅜ ≢

⅝⁸↓─ ╢⅝≢⅜≥↓∆╠√╙╩☺fi▼♅הⱶכ◕╢↑⅔⌐ ≢№╢⁹ 

 ↓─ 3D ╩ ∆╢√╘⌐│⁸ כꜞꜝ☻ ⁸STL⁸SPS─ ⱪ꜡☿

☻⌐≈™≡ ╩ ╘╢ ⅜№╢⅜⁸∕╣╠─ⱷ◌♬☼ⱶ│ ⌐ ╠⅛⌐⌂∫≡⅔╠∏⁸

Ɽꜝⱷכ♃─ ⅜ ↄ ─ ⅜ ≢№╢⁹∕↓≢⁸3D ─ ⱪ꜡☿☻

─ ╩ ≤⇔⁸ ─ ⅔╟┘ ⅜ ⌂◦Ⱶꜙ꜠כ◦ꜛfi

╩ ∫√⁹↕╠⌐⁸ ─ ─ ╩ ─ ML ⌐╟╢ ⱳ♥

fi◦ꜗꜟ╩ ™√ ≢◦Ⱶꜙ꜠כ◦ꜛfi∆╢↓≤⌐╟╡⁸ ┼ⱨ▫כ♪Ᵽ♇

◒∆╢ ╩ ∆╢↓≤╩ ≤⇔≡™╢⁹ ⌂ ⌐≈™≡⁸ ●☻ ─

╩ ≤⇔√ ╩ ⇔√⁹ ⌂☿ꜝⱵ♇◒ 3D ⌐╟╢

─ ⌂ ─√╘⁸ כꜞꜝ☻ ⁸ ⁸☻Ɽכ◒ⱪꜝ☼ⱴ ─

─ ⅔╟┘ ─ⱴꜟ♅☻◔הꜟכⱴꜟ♅ⱨ▫☺♇◒☻◦Ⱶꜙ꜠כ◦ꜛfi

⌐ ∆╢ ╩ ⇔⁸ ─ ╩ ∆╢↓≤╩ ≤⇔≡™╢⁹ 

 ⌐⅔↑╢ │⁸ ─ ╩ ∆╢√╘⁸3D ─◦Ⱶꜙ꜠כ◦

ꜛfi ⌐ ╦╢ ≤⇔≡⁸ᵑ☻ꜝꜞכ ⁸ᵒ ⁸ᵓ

☻Ɽכ◒ⱪꜝ☼ⱴ ⁸ᵔ ─ 4 ╩ ⇔⁸↓╣╠─ 4 ─

╩ ∫√⁹ 
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1.  │∂╘⌐ 

 ≢│⁸ / ●☻ ◘▬◒ꜟ⌐⅔↑╢ ─ ─√╘─ / ●☻

◘▬◒ꜟ⌐⅔↑╢ ╩ ⇔√♄Ⱪꜟ◘▬◒ꜟ◦☻♥ⱶ─ ╩ ≤⇔⁸

─ ⅔╟┘ ꜝ▬fi⌐╟╡ ⌂ ⌐ ⌐ ≤∆╢ 3D

╩ ∆╢⁹ ⌐╟╡⁸ ◘▬◒ꜟ⌐⅔™≡│⁸ ⌂ ה

┼─ ⌐╟╢ ⁸ ꜝ▬fi─ ⌐╟╢ ◖☻♩─ ⅜ ⌐⌂

╢≤ ↕╣╢⁹╕√⁸ ●☻ ◘▬◒ꜟ⌐⅔™≡│⁸ 1- 1⌐ ∆ ─ ●☻ ─

⌐ ⇔≡⁸ ≤ ╩ ≤⇔√ ╩ ⇔≡⅔╡⁸ ♬ꜚה

♇♩ ─ ⁸SiC- ⌐╟╢ / ─ ꜡♀ה

─ ™⅜ ⌐⌂╢≤ ↕╣╢⁹3D ⌐╟╢ ╩ ∆╢√╘⁸ⱪ꜡

☿☻↔≤⌐ 4≈─ ╩ ⇔√⁹ ⌐≈™≡ ╩ ═╢⁹ 

 

כꜞꜝ☻ 1.1  

fi≤⇔≡│⁸ꜛ◦כ꜠ꜙⱵ◦─כꜞꜝ☻  ⁸ ╩ ∆╢↓≤⅜ ≢№╡⁸◦

Ⱶꜙ꜠כ◦ꜛfi╩ ≤∆╢√╘⌐│⁸ ╢⌂≥♃כ♦ ─ ⁸ ♃כ♀⁸ ⁸

⅔╟┘♅◒♁♩꜡Ⱨכ ╩ ⌐ ∆╢ ⅜№╢⁹ ⌐⁸ ─ ⌐≈™≡

╩ ╘√ ⅛╠─ ─ ╩ ∆♅◒♁♩꜡Ⱨכ ╩ ∆╢↓≤⅜ ≢№╢⁹☻ꜝ

─כꜞ ╩ ∆╢√╘⁸↓╣╠─ ─♃כ♦ ╩ ℮⁹ 1- ╩כꜞꜝ☻⌐2 ⌐

∆╢◦Ⱶꜙ꜠כ◦ꜛfi─ ╩ ─כꜞꜝ☻⁹∆ │⁸♅◒♁♩꜡Ⱨכ ⌐╟∫≡

⌐ ⇔⁸ ⌐ ⅝ כꜞꜝ☻√╣↕┌ ─ ╣ ─ ↓╢ ⌐⌂╢≤ ↕╣╢⁹☻

כꜞꜝ ─◦Ⱶꜙ꜠כ◦ꜛfi│⁸DEM≤ CFD◦Ⱶꜙ꜠כ◦ꜛfi╩ ╖ ╦∑≡ ∆╢⁹ 

 

1.2  

 ⌐╟╢ │⁸ ─ ─כꜞꜝ☻⁸ ⁸ ─ ⌐╟∫≡⁸ ⌐

≢⅝╢⅛≥℮⅛⅜ ╕╢⁹ ─ ╩ 1- 3⌐ ∆⁹ ⌐⅔™

≡⁸ 1- 3(a)─╟℮⌐ ≤ ─כꜞꜝ☻ ─ ╩♃כ♦ ╢≤≤╙⌐⁸

1- 3( b)⌐ ∆╟℮⌂SiC- ─ ─ ╩ ™⁸ ⌐│ ─ ™

⅜ ≢⅝╢↓≤╩ ⇔≡™╢⁹⇔⅛⇔⌂⅜╠⁸ ⌐ ═≡ ─ ≢─

⅜ ↄ⌂╢ ≤⌂╢ 50 %SiC- 50 % ⌐⅔™≡ ╣⅜ ⇔╛∆™↓≤╩ ╠⅛⌐⇔≡⅔

╡⁸↓─ ⅛╠ SiC ⅔╟┘ ─ ⌐╟∫≡ ─ ⅜ ∆╢≤ ↕╣╢⁹

↓─╟℮⌂ ⌐ ∆╢ ╩ ⌂◦Ⱶꜙ꜠כ◦ꜛfi ╩ DEM+CFD◖כ♪

╩ ™≡ ∆╢⁹╕√⁸ ⁸≡⇔≥♃כ♦ ╩Ɽꜝⱷכ♃≤⇔≡ ⌐ ∆╢

╩♃כ♦ ∆╢⁹ ╩ ™≡⁸ ⌂ ╩ ╠⅛⌐∆╢⁹ 

 

1.3 ☻Ɽכ◒ⱪꜝ☼ⱴ  

 SiC⌐ ↕╣╢ ☿ꜝⱵ♇◒☻│⁸ ⌂ ☿ꜝⱵ♇◒☻≤│ ⌂╡⁸2000 ϴ

─ ≢╙ ⅜ ╕⌂™√╘⁸ ─ ≢│ ─ ╩ ╢↓≤│ ⇔™⁹

↓╣⌐ ⇔⁸SPS │⁸ ╩ ⇔⌂⅜╠ Ɽꜟ☻ ╩ ℮↓≤⌐╟╡⁸ ╩
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∆╢ ≢№╡⁸ ─ ☿ꜝⱵ♇◒☻ ─ ╩ ≤∆╢ ≢№╢⁹

SiC╛ ─ ≤⇔≡ SPS ╩ ⇔⁸SiC- ╩ ╢↓≤⌐ ⇔≡™

╢⁹ 1- 4⌐ ⇔√ SiC- ╩ ∆⁹↓─ ─ ⅛╠ ─

│ ⌡ ≤ ↕╣√⅜⁸ ─ ⅜ ™ ⌐⅔™≡⁸◒ꜝ♇◒─ ⅜

↕╣√⁹↓─ ─ ─ ≈≤⇔≡⁸SiC ⅔╟┘ ─ ─ ™⌐ ⇔√

⌂ ≤ ─ ⅜ ↕╣╢⁹ ⌐⁸ ─ ⌂ │ ─ ⌐

⅝⌂ ╩ ⅎ╢√╘⁸ ⌐ ∆╢ ⅜№╢⅜⁸ ─ SPS ≢│ ─ 1

≢ ⁸╡⅔≡⇔כ♃♬⸗╩ ╛ ╩ ∆╢↓≤│≢⅝⌂™⁹∕↓≢⁸

≢│⁸SPS ─ SiC╛ ─ ╩◦Ⱶꜙ꜠כ◦ꜛfi∆╢ ╩ ∆╢⁹

⅔╟┘ ─♃כ♦ ▬ⱷכ☺╩ 1- 5⌐ ∆⁹↓╣╕≢Ⱪꜝ♇◒Ⱳ♇◒☻≤⌂∫≡™√

─ ╩ ╠⅛⌐∆╢↓≤╩ ∆⁹╕√⁸◦Ⱶꜙ꜠כ◦ꜛfi─ ≡⇔≥♃כ♦ ≤

⌂╢ ─ ╩ ∆╢√╘⁸CFD⌐╟╢ ⱪꜝ☼ⱴ─ ◦Ⱶꜙ꜠כ◦ꜛfi ╩

∆╢⁹ ╩SiC- ─ ⌐≈™≡╙ ⇔⁸ ─ ⌂ ⌐

∆╢ ─ ╩ ╢⁹ ─ V&V─√╘⌐│⁸ ─ ╩ ∆╢ ⅜№╢⁹

∕↓≢⁸ 1- 5( b)⌐ ∆╟℮⌐⁸ ╩ ™≡ ╛ ─ ⅜ ≤⌂╢╟℮⌐

─ SPS ⌐ ╩ ⇔⁸1 ─ SPS ≢ ─ ╩♃כ♦ ∆╢⁹ 

 

1.4  

 SiC⅔╟┘C│⁸ ⌐╟╡☻◄ꜞfi◓⅜ ↓╢↓≤⅜ ╠╣≡™╢⁹╕√⁸SiC≤C─

≢☻◄ꜞfi◓ ⅜ ⌂╢≤⁸◒ꜝ♇◒─ ╙ ↕╣╢↓≤⅛╠⁸ ₁⌂ ≢─ SiC

⅔╟┘ C─ ⌐⅔↑╢ ⌂ ⱳ♥fi◦ꜗꜟ╩ ⇔⁸ ─ ⌐╟╢

╩ ⌐╟∫≡ ∆╢↓≤⅜ ╘╠╣╢⁹ ⁸ ⌂ ⱳ♥fi◦ꜗꜟ╩

╢↓≤⅜≢⅝╣┌⁸ ₁⌂ ─ ⌐╟╢ ╛ ─ ⁸ ─ ⌐

≤⌂╢ ⌐ ╦╢ ╙ ⌐⌂╢≤ ⅎ╠╣╢⁹⌂⅔⁸ ─ ╩

∆╢ ⌂ ⱳ♥fi◦ꜗꜟ╩ ╢√╘⌐│⁸ ₁⌂ ≢─ ╩

⇔⁸ML ╩ ™≡⁸ ⱳ♥fi◦ꜗꜟ╩ ∆╢↓≤⅜ ≤⌂╢⁹↓─ │⁸

─ ╩ ⇔⌂⅜╠⁸ ⌂ ≢─ ╩ ≤∆╢ⱴꜟ♅☻◔הꜟכⱴ

ꜟ♅ⱨ▫☺♇◒☻ ≤∆╢⁹ 

 

1.5  

 ╩ ∆╢⌐№√╡⁸ ─ ≢ ╩ ⇔⁸ ╩ ∆╢⁹╕√⁸

─ ─√╘⁸ ─ ▪♪Ᵽ▬☻⅔╟┘ ─☼כ♬─ ╩ ≤⇔

─꜠ⱦꜙכ╩ ↑╢⁹ 

 │⁸NEXIP▬♬◦▪♅Ⱪ ─ ≤⇔≡ ╘╠╣≡™╢ ●☻ ╛ ⁸ ₁

⌂ ◦☻♥ⱶ─ ┼╙⁸ ≤⇔≡ ╩ ≢⅝╢≤≤╙⌐⁸ ₁⌂

─ ⌐⅔™≡ ─ ╩ ╘√ ⌐⅔™≡ ⌂ ⅜ ≢⅝

╢⁹ 
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1- 6 ⌐ 3D ─ ▬ⱷכ☺╩ ∆⁹ ─ ≤⇔≡⁸ ─ 3 ☻♥♇

ⱪ≢─ ╩ ↕∑≡™ↄ⁹ 

1)  ≢ ∆╢ 4 ≈─◦Ⱶꜙ꜠כ◦ꜛfi כꜞꜝ☻ ⁸ ⁸SPS⁸

╩ ⇔⁸ ╩ ≤⇔√ ─ ⅔╟┘ ╩ ∂≡⁸

ⱪ꜡☿☻ ⅔╟┘ ⸗♦ꜟ─ ╩ ℮⁹ 

2)  ⸗♦ꜟ─ ⅔╟┘ ╩ ╘≡⁸☻Ɽ▬ꜝꜟ ─ ╩ ≤∆╢

CAE◖כ♪≤⇔≡─ ╩ ∆╢⁹ 

3)  ☻Ɽ▬ꜝꜟ ─ ⌐╟∫≡ CAE◖כ♪─ ⅔╟┘ ╩ ⇔⁸ ─ ╩

≡⁸10 ╩╘≥⌐ ⌐ ╦╢ ─≡⇔≥♪כ◖ ╩ ∆⁹ 
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1- 1 ─ ●☻ ─  

 

 
 

1- כꜞꜝ☻ 2 ◦Ⱶꜙ꜠כ◦ꜛfi 

 

 

─ ╣ 

Velocity magnitude and vectors  

0.0     3.8      7.5      11.2    15.0 

- 0.20   0.08   0.36   0.64   0.92  1.20  

0.30 
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1- 3 ─  

 

 

 

 

 

 

 

 

 

1- 4 SiC- ─ SPS  

 

 

 

 

 

 

 

 

 

 

 

 

1- 5 ⅔╟┘ ─♃כ♦ ▬ⱷכ☺ 

 

( a) ≤ כꜞꜝ☻  ( b) ─  

10 m 

100 %SiC 

65 %SiC- 35 %  

35 %SiC- 65 %  

100 %  

100 %  

25 %SiC- 75 %  

50 %SiC- 50 %  

75 %SiC- 25 %  

100 %SiC 

( a) ─       ( b) ─♃כ♦  
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1- 6 3D ─ ▬ⱷכ☺ 
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2.  

2.1  

 ≢│⁸ ⌂☿ꜝⱵ♇◒ 3D ⌐╟╢ ⌐ ∆╢ ╩

∆╢⁹ 

 ─ ╩ 2.1- 1⌐ ∆⁹ ⌐≈™≡⁸ ─ ≢ ∆╢⁹ 

 

( כꜞꜝ☻ (1  

 │⁸DEM- CFD⌐╟╢ ⁸ ◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ ꜠ꜙⱵ◦כꜞꜝ☻⁸

fiꜛ◦כ ─♃כ♦ fiꜛ◦כ꜠ꜙⱵ◦כꜞꜝ☻⁸ ─ ╩ ℮⁹ 5 │⁸◦Ⱶ

─ꜟ♦⸗fiꜛ◦כ꜠ꜙ ⁸ ─♃כ♦ ⁸◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─ V&V╩ ℮⁹ 

 

( 2)  

 │⁸DEM- CFD⌐╟╢ ─◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ ⁸ ◦Ⱶꜙ꜠כ◦ꜛ

fi ─♃כ♦ ⁸ ◦Ⱶꜙ꜠כ◦ꜛfi ─ ╩ ℮⁹ 5 │⁸ ⌐

╢⸗♦ꜟ─ ⁸ ⌐ ♃כ♦╢∆ ⁸◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─ V&V╩ ℮⁹ 

 

(3)☻Ɽכ◒ⱪꜝ☼ⱴ  

 │⁸FEM⌐╟╢ SPS ⁸ ⱪꜝ☼ⱴ ◦Ⱶꜙ꜠כ◦ꜛfi⁸SPS כ♦

♃─ ⁸SPS◦Ⱶꜙ꜠כ◦ꜛfi ─ ╩ ℮⁹ 5 │⁸ ⅜ ⇔≡ ∆

ꜟכꜙ☺╢ ⅜ SPS ⌐ ⅎ╢ ╩ ⇔√⸗♦ꜟ─ ⁸ ─ ─♃כ♦

⁸ ─♃כ♦ ⁸◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─ V&V╩ ℮⁹ 

 

(4)  

 │⁸MD- DFT⌐╟╢ ⁸ML ─ ╩ ℮⁹ 5 │⁸◓ꜝⱨ□▬

♩⅔╟┘ ◔▬ ─ ⁸ ─ ╩ ℮⁹ 

 

(5)  

 │⁸3D ─꜠ⱦꜙכ≤ ╩ ℮⁹ 5 │⁸

⅔╟┘ ╩ ⇔≡ ╩ ∆╢⁹ 
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2.1-  ꜟכꜙ☺◔☻ 1
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2.2 5 ─ ─ ⅔╟┘ ─  

5 ⌐⅔™≡│⁸2.1 ─ 5≈─ ⌐≈™≡ ─ ╩ ∆╢⁹ 

 

2.2.1 כꜞꜝ☻   

( 1)  DEM- CFD⌐╟╢ ⁸ ◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ  

 3 ⌐ ─כꜞꜝ☻√⇔ CFD≤ DEM─ⱴꜟ♅ⱨ▫☺♇◒☻◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ⌐

≈™≡⁸2.2.1 ( 2)≢ ─כꜞꜝ☻√⇔ כꜞꜝ☻⁸⌐≥╙╩♃כ♦ ─ ╩ ≤

∆╢⸗♦ꜟ─ ╩ ℮⁹ 

 

( 2) fiꜛ◦כ꜠ꜙⱵ◦כꜞꜝ☻  ─♃כ♦  

 3 ─ ╩╙≤⌐⁸2.2.1 ( 1)⌐ ™╢ ─♃כ♦ ╩ ℮⁹ 

 

( 3) fiꜛ◦כ꜠ꜙⱵ◦כꜞꜝ☻  ─  

 2.2.1 ( 1)≢ ─כꜞꜝ☻√⇔ ⌐╟╢ DEM- CFD◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─ V&V╩ ℮⁹ 

 

2.2.2   

( 1)  DEM- CFD⌐╟╢ ─◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ  

 4 ⌐ ⇔√ ◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ⌐≈™≡⁸ ⌐ ⇔≡

─ ╩ ≤∆╢⸗♦ꜟ─ ╩ ™⁸ ╩ ⌂ ╩ DEM+CFD◖כ♪≤

⇔≡ ∆╢⁹ 

 

( 2)  ◦Ⱶꜙ꜠כ◦ꜛfi ─♃כ♦  

 ◦Ⱶꜙ꜠כ◦ꜛfi ⁸3D≡⇔≥♃כ♦ ⌐⅔↑╢ ⌐ ╩♃כ♦╢∆

∆╢⁹ 

 

(3)  ◦Ⱶꜙ꜠כ◦ꜛfi ─  

 2.2.2(2) ≢ ⇔√ ╩♃כ♦ ™≡⁸2.2.2(1) ≢ ⇔√ DEM- CFD◦Ⱶꜙ꜠כ◦ꜛfi

─♪כ◖ V&V╩ ℮⁹ 

 

2.2.3  ☻Ɽכ◒ⱪꜝ☼ⱴ  

(1)  FEM⌐╟╢ SPS  

 3 ⌐ ⇔√ COMSOL Multiphysics ╩ ™√ ─ ( ₈FEM₉≤

∆⁹)⸗♦ꜟ⌐≈™≡⁸ ─ꜟ♦⸗╢╟⌐♃כ♦ ╩ ℮≤≤╙⌐⁸ ⌐⅔↑╢

╩ ╠⅛⌐∆╢⁹ 

 

(2)  ☻Ɽכ◒ⱪꜝ☼ⱴ ◦Ⱶꜙ꜠כ◦ꜛfi 

 4 ⌐ ⇔√ SPS─Ⱶ◒꜡◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ⌐≈™≡⁸ ⅜ ⇔≡

ꜟכꜙ☺╢∆ ⅜ SPS ⌐ ⅎ╢ ╩ ⇔√⸗♦ꜟ≤⇔≡ ∆╢⁹ 
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(3)  SPS ─♃כ♦  

 SPS ╩ ™≡⁸ ─ ─♃כ♦ ╩ ℮⁹ ⅜ ╩♃כ♦√⇔

™≡ ─♃כ♦ ╩ ℮⁹ 

 

( 4)  SPS◦Ⱶꜙ꜠כ◦ꜛfi ─  

 2.2.3(3) ≢ ⇔√ ─ ╩♃כ♦ ™≡⁸◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─ ≤ V&V

╩ ℮⁹ 

 

2.2.4   

( 1)  MD- DFT⌐╟╢  

 ◓ꜝⱨ□▬♩⅔╟┘ ◔▬ ⌐⅔↑╢ ⌐╟╢☻◄ꜞfi◓─ ╩ ℮√╘⁸

─ ╩ ™∕─ ╩⸗♦ꜟ ⁸ ╩ ∆╢⁹ 

 

(2)  ─  

 ⌐╟╢ ⸗♦ꜟ⌐╟╡⁸ ─ ⁸ ◦Ⱶꜙ꜠כ◦ꜛfi⌐╟╢

─ ╩ ℮⁹ 4 ╕≢⌐ ⇔√ ( ⁸₈ML- MD₉≤

∆⁹)⌐╟╢ ─ ╩ ℮⁹ 

 

2.2.5   

( 1)  3D ─꜠ⱦꜙכ 

 3Dⱪꜞfi♥▫fi◓ⱷ⁸כ◌כ ⱷכ◌כ ⌐╟╢ 3D ⌐ ∆╢

╩ ⇔⁸ ⅔╟┘ ⌐≈™≡ ∆╢⁹ 

 

(2)   

 ─ ≢⁸ ⌐⅔↑╢ ╩ ⌐ ╢≤≤╙⌐⁸ ╩ ⇔⁸

⁸ ⅔╟┘ ╩ ⇔≈≈ ╩ ╘╢⁹ 
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3.  5 ─ ⅔╟┘  

3.1 כꜞꜝ☻   

3.1.1  DEM- CFD⌐╟╢ ⁸ ◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ ⱨ꜡כ◘▬◄

fi☻☺ꜗⱤfi ₒR3- R5x  

 

ₒR3- R4x  

 3 │⁸ ─ ╩ ⌐╟╢⸗♦ꜟ⅛╠ ∆╢↓≤╩ ╖√⁹

⌐╟╢⸗♦ꜟ≢│⁸ ─ ⅜ ♃כ♀⁸╛≥↓⌂ ─ ─ ⅜ ≢№∫

√⁹╕√⁸ⱴ◒꜡⌂ ⌐⅔™≡│ ╩ ™√ ↑ ╩ ∫√⅜⁸ ─

⅛╠ ╠╣╢ ╟╡╙ ∆╢ ≢№∫√⁹ 

 4 ♃כ♀⁸│≢ ╩ ╖ ╗ⱳ♥fi◦ꜗꜟ⌐╟╢⸗♦ꜟ ╩ ∫√⁹╕√⁸ⱴ◒꜡

⌂ ─ ≢│⁸ ╩ ⇔⁸ ⌂ ↑ ╩ ∆╢↓≤⅜≢⅝√⁹

↓─ ⁸ ─ ⅜ ↑ ⌐ ╩ ╓∆↓≤⅜ ↕╣√⁹ 

 

ₒR5x  

( 1)  

 ⌐⅔™≡⁸ ─ ⅜ ↄ↓≤≢ ⅜ ╩ ∆╢

↓≤⅜ ╠╣≡™╢⁹╕√⁸ ⅜ ╩ ∆╢ ⁸ ≢─ⱴ◒꜡⌂

╙ ∆╢↓≤⅜ ╠╣≡™╢[3.1.1 - 1]⁹ 

 ⅜ ╩ ∆╢ ⁸ ─ ⌐ ╩ ∆╢√╘⁸ ⅜ ⇔√ ─

≤ ═≡ ⅜ ∆╢[3.1.1 - 1]⁹∕─√╘⁸ ≢─ ─ ╛ ╩ ∆

╢↓≤│⁸ ─ⱴ◒꜡⌂ ╩ ∆╢ ≢ ⌂ ╩ ≈⁹ 

 5 │⁸ ⌐ ♃כ♀⁸≡⇔ ╩ ╗⸗♦ꜟ ≢⅛≈⁸ⱴ◒꜡⌂ ┼─

╖ ╖╩⇔╛∆ↄ∆╢√╘─⸗♦ꜟ─ ╩ ℮⁹ⱴ◒꜡⌂ ⌐ ⇔≡│╟╡ ⌐

↑ ─∑╪ ╛ⱥ☻♥ꜞ◦☻ ─ ⌐ כꜞꜝ☻⁸⇔ ─√╘─ DEM-

CFD◖כ♪⌐╟╢ ╩ ∆╢⁹ 

 

( 2) ─⸗♦ꜟ  

ᵑ  

 ─ │⁸ ┼─◌►fi♃כ▬○fi─ ╛∕╣⌐ ™ 2 ⅜ ↄ↓≤⁸╕

√⁸∕─ ⅝⌐ ∂≡ ╩ ∆╢ ╛ ╩ ∆╢ ⅜№╢↓≤⅜ ╠╣≡

™╢⁹╕√⁸ ─ │ ─ⱴ◒꜡⌂ ⌐╙ ╩ ⅎ╢√╘⁸↓╣╩

∆╢↓≤⅜ ⌐⌂╢⁹ 

 ─ ⌐ ╦╢ ≤⇔≡⁸ ─ ⅜ ╠╣≡™╢⁹ 

☻ꜟכⱨ□fi♦ꜟ꞉ה  ⌐╟╢  

ה  2 ⌐╟╢  

 ⱨ□fi♦ꜟ꞉כꜟ☻ │⁸ ≢ ↄ ≢⁸ 2 │∕─ ≢ ⅝ ≤⇔≡

∆╢⁹ ⅛╠ ⌐ ╣≡™╢ ⁸ │ ─ ≤ ─◌►fi♃כ▬○fi≢ ╦╣
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≡™╢√╘⁸ ⌐│ ≢№╡⁸ ⇔⌂™⁹ │ ↕™√╘⁸ ╠⅞─ ╩

↑╢⁹↓─ ⌐╟∫≡ ╩ ⅎ╢ ⌐ ⅜ ∆╢⁹ 

 ≢│⁸↓╣╠─ ╩ ∆╢√╘⌐ ─⸗♦ꜟ╩ ⇔√⁹ 

 

1)  ─⸗♦ꜟ  

 ⌂ │⁸ ≢ ─ ≤─ ⌐╟∫≡⁸Ⱪꜝ►fi ∆╢↓≤⅜ ╠╣≡⅔

╡⁸ ─ ╩⸗♦ꜟ ∆╢ ≢ ⌂ ╩ ≈↓≤⅜ ╠╣≡™╢⁹Ⱪꜝ►fi ─⸗♦

ꜟ │⁸ ─ 2 ὼ  ⌐ ⇔≡ (3.1.1 - 1)≢⸗♦ꜟ ∆╢⁹D│⁸ ≢⁸

(3.1.1 - 2) ≢ ↕╣╢⁹↓─ ─ ≢⁸ὑ│Ⱳꜟ♠ⱴfi ⁸Ὕ │ ⁸– │ ⁸ὥ 

│ ≢№╢⁹ 

 

ἂὼἃ ςὈὨὸ                                                     (3.1.1 - 1)  

 

Ὀ                                                         (3.1.1 - 2)  

 

2) ─⸗♦ꜟ  

a) ─⸗♦ꜟ  

 ─ Ὂ Ὀ│ ≢─ ─ⱨ□fi♦ꜟ꞉כꜟ☻ ≢ ≢⅝╢⁹ⱨ□fi♦ꜟ

꞉כꜟ☻ Ὂ Ὀ│⁸ Ὑ ,  Ὑ⁸  Ὀ─ ⌐ ( 3.1.1 - 3)≢⸗♦ꜟ ∆╢

[ 3.1.1 - 2]⁹↓↓≢⁸ὃ │Ɫⱴ◌כ ≢№╡⁸ ─ ≤⇔≡ ↕╣╢⁹ 

 

Ὂ Ὀ Ὂ Ὀ                                       (3.1.1 - 3)  

 

b) ─⸗♦ꜟ  

 ≢ ╩ ┘√ ─ ⌐│⁸ ─▬○fi⅜ ╕∫≡ↄ╢⁹ ╕∫√▬○fi⌐

╟╡⁸ fi꜡כ◒─ ⅜ ╕╢⅜⁸ ⌐ ─ ⌐╟╡⁸ ⌐ ⅜ ↄ⁹ 

 ≢│⁸↓─ 2 ⌐╟╢ Ὂ Ὀ╩ ( 3.1.1 - 4)⁸ ( 3.1.1 - 5)≢⸗♦ꜟ ∆╢

[ 3.1.1 - 2]⁹↓─ ─ ≢⁸‖  │♦Ᵽ▬ ♃כ♀│ ‒⁸ ≢№╢⁹ 

 

Ὂ Ὀ ‖ ὤÅØÐ‖Ὀ                                    (3.1.1 - 4)  

: ωȢςςρπ ÔÁÎÈ
Ȣ 

                                   (3.1.1 - 5)  

 

 ⌐ ↄ ≤⇔≡⁸⸗♦ꜟ ⇔√ Ὂ Ὀ⅔╟┘ Ὂ Ὀ─ ╩ ∆╢⁹ ≢│⁸

⌐╟╢ ⅜ ∆╢⅜⁸ ≢│ 2 ⌐╟╢ ⅜╟╡ ∆╢⁹ 
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 4 ╕≢─⁸ ╛ ⅛╠ ─ ⅜ ™ ♃כ♀⁸│⌐ ─

⌂ ⅜ ⇔ↄ⁸ ─ ╩↓╣╠─ ∞↑≢ ∆╢↓≤│ ⇔™↓≤╙╦⅛∫

≡⅝√⁹∕─√╘⁸ ─ ─╟℮⌂ⱴ◒꜡⌂ ≤ ⌐ ∆╢↓≤╙ ≢

№╢⁹ 

 ∕↓≢⁸ 5 ≢│Ⱶ◒꜡הⱴ◒꜡─ ⇔╩⇔╛∆ↄ∆╢√╘⌐⁸ (3.1.1 - 3)─

Ὂ Ὀה (3.1.1 - 4)─ Ὂ Ὀ─ ╡ ™╩⁸ ─  Ὀ Ὠὰ ⌐⅔™≡─╖

─  ὪȟὪᴂ ≢ ↄ╙─≤∆╢ (3.1.1 - 6)⅔╟┘ (3.1.1 - 7)╩ ⇔⁸ ╛ ↑ ─

≤─ ⅜ ≢◦fiⱪꜟ⌂⸗♦ꜟ ╩ ∫√⁹ 

Ὂ Ὀ Ὢ Ὀ Ὠὰȟπ Ὀ Ὠὰ                              (3.1.1 - 6)  

Ὂ Ὀ Ὢᴂ Ὀ Ὠὰȟπ Ὀ Ὠὰᴂ                              (3.1.1 - 7)  

 

ᵒ ↑  

 │⁸ ─ ⌐⅛⅛╦╠∏⁸ ─ ⌐ ⇔≡ ↑ ⅜ ∆╢

↓≤⅜ ╠╣≡™╢[3.1.1 - 3][3.1.1 - 4] [3.1.1 - 5]⁹ 4 │⁸ - ─ ⌐

⇔≡⁸ ⌂ ╩ ∆╢↓≤≢ ─ ⅜ ↕╣⁸Krieger - Dougherty

≢ ╙╠╣╢ ≤ ⌡ ⅜ ∆╢ ⅜ ╠╣√⁹╕√⁸ ─ ⁸ ─

⁸ ╩ ⅎ√ ╙ ™⁸ ─ ⅜ ╠╣╢↓≤╩ ⇔√⁹ 5 ≢│╟╡

⌐ ↑ ─∑╪ ╛ⱥ☻♥ꜞ◦☻ ─ ⌐ כꜞꜝ☻⁸⇔ ─

√╘─ ╩ ∆╢⁹ 

 

a)   

 4 ⌐ ⇔√ ⌐ ≠⅝ ─ ─ ( 3.1.1 - 8)⅔╟┘

( 3.1.1 - 9)⅛╠ ─ ╩ ∫√⁹ ─ 4 │ ⅛╠─ ╩ ⇔⁸

│ ( 3.1.1 - 10)─ Ergun ⌐ ≠⅝ ⇔√⁹◊│ ⁸◊│ ─ ⁸”│

⁸‘│ ⁸▌│ ⁸’│ ⁸‗│ ⁸ὠὊ│ ⁸Ὂ

│ ≤ ─ ≢ ∂╢ ╩ ⇔⁸‌│ 150⁸‍│ 1.75≢№╢⁹ 

 ─ │ (3.1.1 - 11)≢ ↕╣⁸◊░│ ₁─ ⁸‎│ ⌐ ∆╢ ⅜ ╢⁹↓

╣╠⌐╟╡ - ─ ⅜ ↕╣╢⁹ 

 

​Ͻ◊ π                                                        (3.1.1 - 8)  

◊
◊Ͻ​◊ ​ὖ ’​◊ ▌ ὊϽ◊ ◊▬                      (3.1.1 - 9)  

Ὂ ◊█ ◊▬                                (3.1.1 - 10)  

◊ἱ ὖ ▌ ‍◊█ ◊░ ◊█ ◊░
ⱬ

ⱬ▬

╕░                      (3.1.1 - 11)  
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b)   

 ─ ⌐№√╡ ⌂ ╩ ⅎ╢⁹ ↑ ─ ⌐⅔™≡│ ⌐№╢

⅛╠ ─ ╩ ⅎ╢╙─≤∆╢⁹↓─ ⌂⸗♦ꜟ ⌐╟╡ ⁸ ─ ⅜ ⌐

∆╢ ─ ↑ ⌐ ╓∆ ╩ ∆╢⁹ ⁸ ⌐╟╢◒ꜝ☻♃─ │◒ꜝ☻♃ ─

≢ ↑∆╢↓≤≢ ∆╢⁹╕√⁸ ≢ ↕╣√◒ꜝ☻♃⌐⅔↑╢ ⅜ ⌐

⇔⌂™ ◒ꜝ☻♃ ─ ╙ ∆╢⁹ 

 

( 3)   

ᵑ  

1)   

 ╕∏⁸ (3.1.1 - 6)⌐⅔↑╢ ─ ─ ⅝↕╩Ὂ Ὀ 1e- 11 N⌐ ⇔⁸ (3.1.1 - 7)⌐

⅔↑╢ ─ ─ ⅝↕╩Ὂ Ὀ  1e- 11 N , 5e - 11 N , 7.5e - 11 N≤ ⌐ ↕∑√

─ ╩ ∆⁹↓─ ≢│⁸ ─ ⅜ ↕™ 1e- 11 N≢│ ™ ⅜ ↕╣╢

⅜⁸∕╣ │≢☻כ◔─ ⅜ ⇔≡™╢↓≤⅜ ≢⅝╢( 3.1.1 - 1)⁹ 

 ╕√⁸ ⌐⅔™≡╙⁸pH 6 ╟╡ ↕™ ⁸ ─ ⅜ ↕™↓≤⅜ ↕╣√

( 3.1.1 - 2)⁹ ─ ⅝↕│⁸ ─ⱨ□fi♦ꜟ꞉כꜟ☻ ≢ ─ ≢№╢↓≤⅛╠⁸

pH≤ ─ │ ─ 2 ⌐╟╢ ≤ ⌐ ∆╢ ╩ ∟⁸pH 6

─ ≢│⁸ ─ ⅜ ⅝ↄ ⌐╟∫≡ ╩ ⅎ╢↓≤⅜≢⅝⌂™√╘⁸╒≤╪

≥ ⇔≡™⌂™╙─≤ ↕╣╢⁹╕√⁸pH 6╟╡ ⅝⌂ ⅛╠ ⌐ ⅜ ∆╢

⅜╖╠╣⁸ ─ ⅜ ⇔⁸№╢ ─ ≢ ⅜ ⌐⌂╢ │⁸

─ ≤ ⌐ ∆╢⁹ 

 

ᵒ ↑  

 4 ╕≢─ ⅛╠⁸ ↑ ─ ⌐│ ─ ≤⇔≡─◒ꜝ☻♃─

≤∑╪ ⌐╟╢ ─ ⅜ ⅝™↓≤⅜ ⅛∫≡™╢⁹∕↓≢⁸ 5 │⁸∑╪

─ ⌐╟╡ ↑ ⅜ ∆╢ ╛∑╪ ─ ≤ ≢ ⌂╢ ⅛↑

╩ ∆ ─ ╩ ∆╢√╘⁸◒ꜝ☻♃─ ⌐ ⌐ ∆╢ ─  

Ὂ Ὀ  (3.1.1 - 6) ─╖╩ ⇔⁸ ⌐╟╢◒ꜝ☻♃ ─ ─ ╩ ≈ ─

 Ὂ Ὀ  (3.1.1 - 7) │♀꜡≤⇔≡ ╩ ⇔⁸ ─ ╩☻כ◔ ∆╢

≤⇔√⁹ 

1)   

⅔╟┘∑╪ ⌐ ∂√ ↑ ╩ ⱳ▪☼▬ꜚ ≢ ⇔√

3.1.1 - 3 ⁹ ⅔╟┘ ─ ╩ 3.1.1 - 1 3.1.1 - 2⌐ ∆⁹ᵑ ≢│⁸

╩ 1 ɡm≤⇔⁸ (3.1.1 - 3)⌐╟╢ⱨ□fi♦ꜟ꞉כꜟ☻ ≤ ─Ὂ Ὀ 1e- 11 N─

╩ ⇔√⁹↓╣⌐ ⇔≡⁸ᵒ ⅛↑ ≢│⁸ ╩ ⌐ ╦∑≡ 4 ɡm⅔

╟┘ 20 ɡm≤⇔√√╘⁸ ⌐ (3.1.1 - 3)≢ ╩ ⇔⁸Ὂ Ὀ 1e- 9 ,  1e- 10 N─

╩☻כ◔2 ∆╢↓≤≤⇔√⁹ 25 %│ ⌐ ≤ ─ ╩ ∆↓≤╩ 4

⌐ ⇔≡™√⅜⁸17.5 %⌐⅔™≡╙ ≤ ─ ╩ ∆↓≤╩ ⇔√ 3.1.1 -
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4 ⁹ ⅜ ⅜╢≤ ∑╪ ≢─ ─ ⅜ ╛⅛⌐⌂╢ ⅜№╡⁸

◦Ⱶꜙ꜠כ◦ꜛfi≢╙ ─ ╩ ⇔√⁹╕√⁸ ─ ≢─ ≤─

─√╘ 4 ɡm⌐⅔™≡╙ ─ ╩ ⇔⁸ ∑╪ ≢ ⅜ ∆╢↓≤╩

⇔√ 3.1.1 - 5 ⁹⌂⅔⁸ 4 ɡm─ ⌐≈™≡│⁸ ɫ=40 vol%≢│

™∑╪ ≢ ⅜ ⌐⌂╡ ↑ ⅜ ≢⅝⌂⅛∫√√╘⁸ɫ=32.3 vol%⅛≈

≢⅝√∑╪ ─ ↑ ╩ ⇔≡™╢⁹≈╕╡⁸ ∑╪ ─

│ ⌐╟╠∏ ─ ╩ ∆↓≤╩ ⇔√⁹ 

 ╕√⁸◒ꜝ☻♃⅜ ↑ ⌐ ⅎ╢ ╩ ∆╢√╘⁸ ≢ ↕╣√◒ꜝ☻♃─ ╩

≤∆╢ ◒ꜝ☻♃ ≢ ─ ╩ ∫√⁹ ◒ꜝ☻♃⌐⅔™≡╙ ∑╪

≢ ⌐ ⅜ ≢⅝⁸◒ꜝ☻♃ ─ ╟╡╙◒ꜝ☻♃∕─╙── ⅜

─∑╪ ╩ ∆ ≤⌂∫√ 3.1.1 - 6 ⁹ 

 ╕√⁸ 3.1.1 - 7⌐ ∑╪ ≤ ∑╪ ⌐⅔↑╢◒ꜝ☻♃─ ╩ ∆⁹ ∑╪

│ ∆╢ ≤⌂∫≡⅔╡⁸ ∂ ╩ ↕∑╢⌐╙ ⌂◄Ⱡꜟ◑כ╩ ⇔≡™╢≤

≢⅝╢⁹ 

 

2)   

fi♩כꜙ♬  ─ ≈⌐ ─ ⅜ ╠╣≡™╢[3.1.1 - 7]⁹∑╪ ─

─ ≢ ↑ ⅜ ⁸ ∆╢♅◒♁♩꜡Ⱨכ ≤∕─ ─꜠○Ɑ◐◦כ ⅜№╡⁸

≢─ ─ ⌐⅔™≡∕─ ╩ ∆╢↓≤│ ≢№╢⁹↓↓≢│ ≢─

≤ ⌐⅔™≡≥─╟℮⌂ ⅜ ℮≤ ⅜ ∆╢⅛⌐≈™≡ ╩ ∫√⁹ 

 3.1.1 - 8⌐ ─ ╩ ∆⁹ │ 4 ɡm≢ 20 %, 32 %≢│ │ ╠╣⌂™⅜

40 %≢↔ↄ ⅛⌐♅◒♁♩꜡Ⱨכ ⅜ ╣≡™╢⁹√∞⁸↓╣│ ∑╪ ╩ ⌐ ∫√

≢ ⅜ ⇔√ ─ ≢№╡⁸↔ↄ ≢│ ↑ │ ⇔≡™╢╙─≤

↕╣╢⁹ 

 ⌐⅔™≡╙ ⅜ ╣╢ ⌐≈™≡™ↄ≈⅛─ ≢ ⇔√⁹ ≢│

3.1.1 - 9 ─ ⌐≡ ╩ ₁⌐ →⁸ │ ∂ ≢ ╩ →╢↓≤≢∑╪ ─

╩ ╡ ℮⁹ 3.1.1 - 3⌐ ⁸ 3.1.1 - 10 3.1.1 - 14⌐∑╪ ≤∑╪

─◓ꜝⱨ╩ⱪ꜡♇♩⇔√⁹↓─ ─ ⅜ ↑ ⌐ ∆╢⁹╕√⁸∕╣∙╣─

╩ 3.1.1 - 15 3.1.1 - 19⌐ ∆⁹case A≢│ 4.0e- 7 m─ ≢ 1.0e- 9 N╩

ⅎ√ ≢⁸ ─ ⌐∑╪ ⅜ ⅜╠⌂™⁸≈╕╡⁸꜠○Ɑ◐◦כ ╩ ∆

≤⌂∫√⁹◒ꜝ☻♃─ ╩ ∆ 3.1.1 - 15 ╩ ╢≤ ╟╡ ≢ ⅝⌂◒ꜝ☻

♃⅜ ↕╣≡™╢↓≤⅜╦⅛╢⁹ ⁸case B─╟℮⌐ ╩ ⅛∑╢ ╩ 4.0e- 12 m≤

⌐ ↄ∆╢≤⁸◒ꜝ☻♃⅜ ⇔≠╠ↄ⌂╡⁸ │ ╠╣⌂™ 3.1.1 - 16 ⁹case C

≢│◒ꜝ☻♃─ ╩ ⇔√ ◒ꜝ☻♃ ≢│ ⅛⌐ │ ╠╣╢╙─

─ │ ≢№╢ 3.1.1 - 17 ─♃☻ꜝ◒│≢☻כ◔─↓⁹ ⌐ ⅜ ╣⁸ ⌐

∫√ ⌐◒ꜝ☻♃⅜ ℮⁹case D≢│ ╩ ↄ ⅛∑╢↓≤⌐╟╡ ™꜠○Ɑ◐◦כ

⅜ ╣√ 3.1.1 - 18 ⁹↓╣│ ─ ⌂╢ ⅜ ∆╢≤ ╣⌐ↄↄ⌂╡◒ꜝ☻♃─

⅜ ╗√╘≤ ⅎ╠╣╢⁹case E≢│ ╘ ≢╕≤╕╡─№╢ ⅝⌂◒ꜝ☻♃╩ ⇔√
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⅛╠ ╘⁸ ╩ ⅛∑╢ ╩ case B ⌐ ↄ⇔√ 3.1.1 - 19 ⁹↓─ │ ≢

│◒ꜝ☻♃─ ≢ ⌐∑╪ ⅜ ™⅜⁸ ⌐│ ↄ─◒ꜝ☻♃⅜ ╣⁸ ↑

⅜ ↄ⌂╢⁹≈╕╡⁸♅◒♁♩꜡Ⱨכ ⅜ ╣╢⁹↓╣╠─ ⅛╠◒ꜝ☻♃─ ⅝↕⁸ ⅜

↑ ⌐ ╓∆ ⅜ ↕╣⁸ │◒ꜝ☻♃─ ≤ ⌂ ⅜ ↕╣

√⁹ 

 ↓╣╕≢─◒ꜝ☻♃─ ≤ ↑ ≤─ ╩ ╢≤◒ꜝ☻♃─ ⅝↕∕─╙─⅜

↑ ⌐ ╩ ╓⇔≡™╢ ⌐№∫√⁹◒ꜝ☻♃⅜ ⅝ↄ⌂╢≤ ─ │

─ ─╟℮⌂ ╩ ∆╢↓≤⅜ ⇔ↄ⁸ ≤⇔≡ ─ ⅜◒ꜝ☻♃╩ ╙

⇔ↄ│ ↕∑╢─⌐ ╦╣╢↓≤≢ ↑ ─ ╩ ⅝ ↓⇔≡™╢ ⅜ ⅎ╠╣╢⁹

3.1.1 - 20⌐∕─ ╩ ∆⁹ 

 ◒ꜝ☻♃ ╡─∑╪ ╩ 

‎
Ў  

                                                         (3.1.1 - 12)  

 ≤∆╢≤⁸ │⁸ 

 

Ўό ‎ὰ                                                         (3.1.1 - 13)  

 

 ≢ ↕╣╢⁹↓↓≢⁸ὰ │◒ꜝ☻♃─ ⅝↕╩ ⇔⁸ │ ⁸ ≢ ∂╙─≤∆╢⁹ 

 ◒ꜝ☻♃─ ╩ ⅎ╢─⌐ ⌂ ≤ ─ ─ ╩ ⅎ╢≤⁸◒ꜝ☻♃─ ╩

ⅎ╢⌐ ⌂ ⅜ ≤⌂╢ │ ≤⌂╢⁹ 

Ў  
ρ                                                       (3.1.1 - 14)  

⁸ ≢─∑╪ ╩ ⱳ▪☼▬ꜚ ╣⅛╠ 3.1.1 - 21  

‎ḑ
Ⱦ

                                                     (3.1.1 - 15)  

≢ ⇔⁸ ╩ ∆╢≤⁸ 

ὰ ὒ                                                           (3.1.1 - 16)  

≤⌂╢⁹ ⌐ ⇔№╢ ◒ꜝ☻♃⅜ ⅝ↄ⌂╢≤∕─ ╩ ⅎ╢√╘─ ⅜ ≤

⌂╢⁹ 3.1.1 - 22 ⌐∕─ ╩ ∆⁹≈╕╡⁸∑╪ │ ╩ ⅎ╢≤ ⌐

╘╢◒ꜝ☻♃─ ⅝↕⅜ ⇔≡™╢≤ ∆╢↓≤╙≢⅝⁸↓─ │↓╣╕≢─ ─

⌐ ∆╢⁹ 

 ╘≡ ∑╪ ≤ ∑╪ ≢─◒ꜝ☻♃─ ╩ ═╢≤ 3.1.1 - 23 ⁸ ∑╪

≢ ⌐ ⇔⁸ ⅝⌂◒ꜝ☻♃⅜ ╘╢ ⅜ ™↓≤⅜ ≢⅝╢⁹ 

 ↓╣╠─ ⅛╠ ☺כ◐☻─ ≤ ─Ᵽꜝfi☻╙ ╩ ∆╢ ≢ ≢№

╢↓≤⅜╦⅛╢⁹ 
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3) ╢╟⌐☺כ◐☻   

 ⌂ ╢╟⌐☺כ◐☻≡⌐ ─ ╩ ⇔√⁹ ⅔╟┘ ╩ 3.1.1 -

4 3.1.1 - 5⌐ ∆⁹ 3.1.1 - 24⌐ ⌂ ⌐⅔↑╢ ╩ ∆⁹ ⌂

≢│⁸ ⇔√ ⅜ ╦╣≡™╢↓≤⅜╦⅛╢⁹ ⁸ ⅜ ╕╢≤ ╩ ╘╢

─ ⅜ ↕ↄ⌂╢≤ ⅎ╠╣╢√╘⁸ ╩ ╘√ ─ ╩ ⇔√⁹

╩ 3.1.1 - 25 ⌐ ☺כ◐☻⁹∆ ⅜כꜞꜝ☻─ ╩ ⅝ ╗↓≤≢⁸ ⅜ ≤⌂

╡⁸ ⌐ ╣╩ ⅝ ↓⇔≡™╢↓≤⅜╦⅛╢⁹ 

 ╕√⁸ ≢│⁸ ─ ⌐ ∫≡⁸ ↕╣≡ כꜞꜝ☻√⇔ ≤ ↕╣

∏ כꜞꜝ☻─ ⅜ ⌐ ⇔⁸™∏╣╙ ∂ ≢ ╩ ℮ ⅜№╢⁹∕↓≢⁸

☺כ◐☻⁸ ⁸ ╩ ⅎ√ 3.1.1 - 6 3.1.1 - 7 ╢╟⌐☺כ◐☻≡⌐

╩ ⅔╟┘ ╩☻כ◔√⇔≥ ⇔⁸∕─ ╩ ⇔√⁹ ⁸ │

─╠⅛כꜞꜝ☻╢╣↕ ╛∑╪ ≢ ╛ ╩ ↓↕⌂™ ≢№╢─⌐ ⇔≡⁸

│ ─ ☺כ◐☻⌐ ≤ ∂ 50ɡm ⅜כꜞꜝ☻≢ ↕╣⁸ ↕╣╢

≥כꜞꜝ☻ ⁸ ⇔≡ ∆╢⁹ ⅜ ≢№╣┌ ☺כ◐☻≡⇔ 50ɡ

m ≤ ─ ⅜ ↕╣╢ 3.1.1 - 26 ⁹ ≢⁸ ╩ ≤⇔≡ ⇔

│≢☻כ◔√ ╩ ⇔⌂⅜╠ ⅜ ⌐ ☺כ◐☻⁸⇔ ─ ─ 100 120

ɡm ─ ≤⌂∫√ 3.1.1 - 27 ⁹ ⅛╠ ⌐⅔↑╢ ─ ╖ ⅜

⌐ ⇔™↓≤⅜╦⅛╢⁹ 

 

(4) ╕≤╘ 

ᵑ  

♃כ♀  ╩ ╗⸗♦ꜟ ≢⅛≈⁸ⱴ◒꜡⌂ ┼─ ╖ ╖╩ ™╛∆ↄ∆╢√╘⁸

ה ─ ⅝↕⅔╟┘ ∞↑─◦fiⱪꜟ⌂⸗♦ꜟ≤∆╢ ╩ ∫√⁹◌►fi♃כ

▬○fi─ ⌐ ℮ ─ │⁸ ⌐ ⇔ ⅜ ╩ ╢ ≢│⁸ ⅜ ⌐

⌂╢ ⅜ ↕╣√⁹ 

 ⇔⅛⇔⁸ ⌐≈™≡ ─ ⅜ ♃כ♀⁸│≢☻כ◔™↕ ─ ⅜ ⇔™ ⁸

≢─ ⇔↕╙№╡⁸ ⌐ ⇔≡ ─ⱴ◒꜡⌂ ⅛╠ ⌐ ∆╢↓≤╙

≢№╢⁹ 

 

ᵒ  

 ⱳ▪☼▬ꜚ ⌐⅔↑╢ ⅛╠ ↑ ─ ╩ ∫√⁹ 17.5 %≢│ 25 %⌐

═ ⌐ ⅜ ⅜╡⁸ ∑╪ ≢─ ⅜ ╛⅛⌂ ⌐№╡ ≤ ─ ╩

⇔√⁹╕√⁸ 4 ɡm─ ≢╙ ─ ╩ ⇔⁸ ⌐╟╠∏ ∑╪ ≢ ⅜

∆╢↓≤╩ ⇔√⁹◒ꜝ☻♃─ ⅜ ⇔⌂™ ◒ꜝ☻♃─ ≢│ ⌐ ∑╪

≢─ ⅜ ≢⅝⁸◒ꜝ☻♃∕─╙─⅜ ⌐ ⇔≡™╢↓≤⅜ ↕╣√⁹ 

 ↑ ─ ≤⇔≡ ⌐ ⇔⁸ ⱳ▪☼▬ꜚ ─ ≢ ⁸ ⌐╟

╢ ╩ ⇔√⁹◒ꜝ☻♃⅜ │≢☻כ◔™⌂╣↕ ⁸ ≤╙⌐∑╪ -∑╪

─ ≈╕╡⁸ ↑ │ ⅜ ╠╣⌂™⅜⁸◒ꜝ☻♃⅜ ↕╣╢ ⌐│
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↑ ⅜ ⇔√⁹ ⌐ ⅜ ∆╢ │꜠○Ɑ◐◦כ ≤ ┌╣⁸ ⅝⌂◒ꜝ☻♃⅜

ⅎ≡™╢↓≤╩ ⇔√⁹ ≢ ⅝⌂◒ꜝ☻♃╩ ⇔√ ≢⁸ ⅜ ┬ ╩ ╘

╣╛∆ↄ⇔√◔כ☻≢│ ⌐ ⅛∫≡ ⅜ ⇔⁸♅◒♁♩꜡Ⱨכ ╩ ⇔√⁹≈╕╡⁸◒

ꜝ☻♃ ─ ⅜ ↑ ⌐ ⅝ↄ ╦╢↓≤╩ ⇔√⁹∕╣∙╣─ ─ ╟╡

⌐ ∆╢◒ꜝ☻♃─ ⅝↕⅜ ─ ⌐ ╦╢≤ ⅎ╠╣⁸ ⇔√ ─ ╩

╘╢ ≢ ☺כ◐☻⁸ ─ │ ≤ ⅎ╠╣╢⁹ 

╢╟⌐☺כ◐☻  ─ ≢│ ─ ╟╡ ─ ⅜ ╕╢≤ ⇔√ ≢

╣⅜ ↓╢↓≤╩ ⇔√⁹╕√⁸ ┼─ ≢│ ⅜ ⌐ ⇔⁸ ╖

─ ⅜ ≢№╢↓≤⅜ ≢⅝√⁹ 

─כꜞꜝ☻  ⅛╠ ↑ ─ ╩ ⇔⁸∕─ ╩ ⇔√⁹↓─ ⌐╟╡

כꜞꜝ☻ ╕≢─ ⅜ ⅎ╢↓≤╩ ⇔⁸ ⌂ ╩ ≢ ≢⅝╢↓≤╩

⇔√⁹ 

 

 

[3.1.1 - 1]   ,  ─ ⌐ ℮ ,  The Micromeritics,  61 

(2018) 21 - 27. 

[3.1.1 - 2]  S. Wu, Y.  Chen, Y.  Zhu, P. Zhang, A. Scheuermann, G. Jin, W. Zhu, Study on 

filtration process of geotextile with LBM - DEM- DLVO coupling method , 

Geotextiles and Geomembranes, 49 (2021) 166 Έ179. 

[3.1.1 - 3]  I.  M. Krieger, T. J. Dougherty, A mechanism for non ΉNewtonian flow in 

suspensions of rigid spheres, Transactions of the Society of Rheology, 3 (1959) 

137Έ152. 

[3.1.1 - 4]  R. Simha, A treatment of the viscosity of concentrated suspensions, Journal of 

Applied Physics, 23 (1952) 1020 Έ1024. 

[3.1.1 - 5]  D. Quemada, Rheology of concentrated disperse systems and minimum energy 

dissipation principle, Rheol Acta, 16 (1977) 82 Έ94. 

[3.1.1 - 6] כ☺꜡○꜠ ,   , , 1968 .   
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3.1.1 - 1  

 ( Pa s)  0.0589 

 1.1 

 

 

3.1.1 - 2  

 (ɡm)  20 

 2.261 

 ( N)  1.0e- 10,1.0e - 9 

╩ ⅎ╢  ( m)  2.0e- 6 

 

 

3.1.1 - 3 case A  case E  

 ☻כ◔
 

d ( m)  

 

ɫ ( %)  

 

f  ( N)  

╩ ⅎ╢  

dl  ( m)  
 

case A 4e- 6 25 1.0e- 9 4e- 7  

case B 4e- 6 25 1.0e- 9 4e- 12 ◒ꜝ☻♃ ╩  

case C 4e- 6 25 -  -  ◒ꜝ☻♃ 

case D 4e- 6 25 1.0e- 9 4e- 7 0.7 

case E 4e- 6 25 1.0e- 9 4e- 12 ◒ꜝ☻♃╩  

 

 

3.1.1 - 4 sq A  sq B  

d (m) ☻כ◔  ɫ (%) f (N)  dl (m)   (J/m2)   

sq A 20e- 6 40 1.0e- 9 2e- 6 3.0e- 2  

sq B 20e- 6 40 1.0e- 9 2e- 6 3.0e- 4 1/100 

 

 

3.1.1 - 5 sq A  sq B  

☺כ◐☻  ( m/s) ☺כ◐☻   (ɡm)  

0.15 100 

 

 

  



3- 10 

 

 

 

3.1.1 - 6 sq C  sq D  

d (m) ☻כ◔  ɫ (%) f (N)  dl (m)   

sq C 40e- 6 35 1.0e- 9 4e- 6  

sq D 40e- 6 35 1.0e- 9 4e- 6  

 

 

3.1.1 - 7 sq C  sq D  

☺כ◐☻  ( m/s) ☺כ◐☻   (ɡm)  

0.005 50 
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3.1.1 - 1 ─ ⅝↕≤ ─  

 

 

 

 

 

 

 

3.1.1 - 2 pH ≤ ─  
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3.1.1 - 3 ⱳ▪☼▬ꜚ   

 

 

 

 

 

3.1.1 - 4 ∑╪ ≤ ↑ ⅔╟┘◦Ⱶꜙ꜠כ◦ꜛfi 20 ɡm 
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3.1.1 - 5 ∑╪ ≤ ↑ ⅔╟┘◦Ⱶꜙ꜠כ◦ꜛfi 4 ɡm 

 

 

 

3.1.1 - 6 ∑╪ ≤ ↑ ⅔╟┘◦Ⱶꜙ꜠כ◦ꜛfi 20 ɡm 

◒ꜝ☻♃≤─  
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(a) ∑╪ 1.0 ( 1/s )  

 

(b) ∑╪ 100.0 (1/s)  

 

3.1.1 - 7 ◒ꜝ☻♃⌐⅔↑╢ ◖fi♃כ 
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( a) 20 % 

 

( b) 32 % 

 

( c) 40 % 

 

3.1.1 - 8 4 ɡm☻ꜝꜞכ ∑╪ -∑╪  
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3.1.1 - 9 ⱳ▪☼▬ꜚ ╡   
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3.1.1 - 10 case A ∑╪ ≤∑╪  

 

 

 

3.1.1 - 11 case B ∑╪ ≤∑╪  
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3.1.1 - 12 case C ∑╪ ≤∑╪  

 

 

 
3.1.1 - 13 case D ∑╪ ≤∑╪  
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3.1.1 - 14 case E ∑╪ ≤∑╪  
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( a)  

 

(b)  

 

( c)  

 

3.1.1 - 15 case A ◒ꜝ☻♃⌐⅔↑╢ ◖fi♃כ  
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( a)  

 

(b)  

 

(c)  

 

3.1.1 - 16 case B ◒ꜝ☻♃⌐⅔↑╢ ◖fi♃כ  
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( a)  

 

(b)  

 

( c)  

 

3.1.1 - 17 case C ◒ꜝ☻♃⌐⅔↑╢ ◖fi♃כ  
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(a)  

 

(b)   

 

(c)  

3.1.1 - 18 case D ◒ꜝ☻♃⌐⅔↑╢ ◖fi♃כ  
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(a)  

 

( b)  

 

( c)  

 

3.1.1 - 19 case E ◒ꜝ☻♃⌐⅔↑╢ ◖fi♃כ  
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3.1.1 - 20 ◒ꜝ☻♃≤ ─  

 

 

 
3.1.1 - 21 ⱳ▪☼▬ꜚ ╣⌐⅔↑╢ ≤ ─  

 

 

 

3.1.1 - 22 L⌐ ∆╢◒ꜝ☻♃ ╡─ ▬ⱷכ☺ 
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( a) ∑╪ 1.0 (1/s)  

 

( b) ∑╪ 100.0 (1/s)  

 

3.1.1 - 23 ◒ꜝ☻♃⌐⅔↑╢ ◖fi♃כ ∑╪ ≢─  
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3.1.1 - ─כꜞꜝ☻╢╟⌐☺כ◐☻ 24 sq A  

 

 

 

3.1.1 - ─כꜞꜝ☻╢╟⌐☺כ◐☻ 25 sq B 1/100  

 

 

 

3.1.1 - ─כꜞꜝ☻╢╟⌐☺כ◐☻ 26  ─ sq C ┼─  
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3.1.1 - ─כꜞꜝ☻╢╟⌐☺כ◐☻ 27  ─ sq D ┼─  

 

  



3- 29 

 

3. 1. fiꜛ◦כ꜠ꜙⱵ◦כꜞꜝ☻ 2 ─♃כ♦ ₒR3- R5x  

 

ₒR3- R4x  

כꜞꜝ☻  ⌐⅔™≡│⁸ ⁸≡⇔≥♃כ♦ ─ ♃כ♀╢⌂≥ ≤

─ ⌐⅔™≡ ⌂ ╩ ⇔√⁹ ≤ ─ ⌐≈™≡│⁸ ─ ⅔╟┘

SiC ╩ כꜞꜝ☻√™ ─ ⌐⅔™≡⁸ ⌂ ╩ ∆ ╩ ╠⅛⌐⇔

≡™╢⁹ 

 3 ♃כ♀⁸│ ⁸ 4 │ fiꜛ◦כ꜠ꜙⱵ◦כꜞꜝ☻─≡™≈⌐ כ♦

♃╩ ⇔⁸◦Ⱶꜙ꜠כ◦ꜛfi─ V&V⌐ ⇔√⁹ 

 

ₒR5ₓ 

(1)   

─כꜞꜝ☻  ╪∑⁸≡⇔≥♃כ♦ ─∑╪ ─ ⌐ ∆╢ ─ ≤⌂

╢♅◒♁♩꜡Ⱨכ ╩ ∆╢⁹ ≢│⁸♅◒♁♩꜡Ⱨכ ─√╘─ ꜠○ⱷכ♃

⌐╟╢ ─ ╩ ∫√ ≢⁸♅◒♁♩꜡Ⱨכ ─ⱪ꜡☿☻◦Ⱶꜙ꜠כ◦ꜛfi כ♦

♃╩ ∆╢⁹ 

 5 │⁸ כⱧ꜡♩♁◒♅≡⇔≥♃כ♦ ╩ ∆╢⁹╕∏⁸ 3 ⌐

⇔√♅◒♁♩꜡Ⱨכ ⌐≈™≡ ⇔⁸ ♃כ♦ ─ ≤⇔≡

⌐╟╢ ╩ ⇔⁸ ╩ ∆╢⁹ 

 

(2)  ♅◒♁♩꜡Ⱨכ ─  

 │⁸ ─╟℮⌐∏╡ ╛∏╡ ⌐╟╢ ⅜ fi♩כꜙ♬™⌂⇔ ≤⁸

─╟℮⌂∏╡ ⌐╟╢ ⅜ ∆╢ fi♩כꜙ♬ ⌐ ⅛╣╢⁹ fi♩כꜙ♬ ─

─ [3.1.2 - 1][3.1.2 - 2]╩ 3.1.2 - 1⌐ ∆⁹ fi♩כꜙ♬ ─ │⁸♅◒♁♩꜡Ⱨכ

╛꜠○Ɑ◐◦כ ≤ ┌╣╢ ╩ כꜞꜝ☻⁹∆ ⅜♅◒♁♩꜡Ⱨכ ╩

∆ ⁸∏╡ ⅜ ↕╣╢≤ ⌐ ⇔≡ ⅜ ⇔ ⅜ ∆╢⅜⁸∏╡

⅜ ╡ ⅛╣╢≤ ⌐ ⇔≡ ⅛╠ ⇔⁸ ≈≤ ≤⌂╡

≢ ∆╢⁹꜠○Ɑ◐◦כ │⁸♅◒♁♩꜡Ⱨכ ≤│ ⌐∏╡ ⅜ ↕╣╢≤

⅜ ↕╣╢⁹∏╡ ⌐╟∫≡ ─כꜞꜝ☻√╣↕ │⁸ⱥ☻♥ꜞ◦☻ꜟכⱪ╛

╩ ∆ ⁸ ⌐ ⇔≡│ ◘fiⱪꜟ╩ ∂ ─╙≤≢ ™ ⌐ ∆

╢ ⅜№╢√╘⁸ ⅜ ╙ ⇔≡™╢≤ ⅎ╠╣╢⁹ 

 ⱥ☻♥ꜞ◦☻ꜟכⱪ⌐│⁸ 3.1.2 - 1 ─ⱥ☻♥ꜞ◦☻ꜟכⱪ( a)─ ─╟℮⌐ ≢

⅜ )ⱪכꜟ☻◦ꜞ♥☻⁸ⱥ≥☻כ◔™⌂╠╦ b)─╟℮⌐ ≢ ⅜ ⌂╢ 2 ─

כⱧ꜡♩♁◒♅⁹╢№⅜☻כ◔ ─ ≤⇔≡⁸ ≤ⱥ☻♥ꜞ◦☻ꜟכⱪ ─

⅜№╢⅜⁸ ≢│⁸♅◒♁♩꜡Ⱨכ ╩ ∆╢ ≤⇔≡⁸ ≢─ ⌐╟

╢ ╩ ∆╢↓≤≤⇔√⁹ 
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( 3) ♅◒♁♩꜡Ⱨכ ─♃כ♦  

 ♅◒♁♩꜡Ⱨכ כꜞꜝ☻─ ≤⇔≡⁸ 3.1.2 - 2⌐ ∆ SiC ⱨ☺

Ⱶ▬fi◖כⱳ꜠כ♥♇♪ DSH546⁸ 4.1 ɡm ≤ SiC

⁸ 99 % ⁸ 2- 3 ɡm ╩ ™√⁹ ≤⇔≡⁸

MR- UDC ⁸ 1.14 g/cm 3, UV 405 nm ╩ ™√⁹ ≤─

≤⇔≡⁸ SiC╩ 40 vol%⁸32 vol%⁸ SiC╩ 20 vol%⌐≡ ⇔⁸

EME ⁸A- mini350 ╩ ™≡ ╩כꜞꜝ☻ ⇔√⁹↓─ ─

│⁸ 1700 rpm⁸ 3 ≤⇔√⁹ ─כꜞꜝ☻√⇔ ♩כ꜠fiⱪכ◖⁸│

(Brookfeld ⁸DV2T)╩ ™≡ │ꜟ♪fi☻Ⱨfiכ◖⁹√⇔ CP- 41Z╩ ⇔⁸☻Ⱨfi♪

ꜟ ╩ ⇔≡∑╪ 0.4  s- 1⅛╠ 1 s - כꜞꜝ☻⁸⇔≥1 ╩25±1 ϴ⌐ ⇔⌂⅜

╠ ╩ ⇔√⁹ 

 ⌐╟╢ ─√╘⁸∏╡ ╩ ╩כꜞꜝ☻─ ─∏╡ ⌐≡

90 ⇔⁸ ↑ ─ ╩ ⇔√⁹ ╩ 3.1.2 - 3⌐ ∆⁹ ⌐∕╣∙

╣─ ─ ╩ ∆⁹ 

 ̧ ⌐ ╙ ─ ⌂ SiC 20 vol%☻ꜝꜞכ─ ⌐│ 3.1.2 - 3(c) ⁸

─∏╡ 0.4 s- 1 ⌐⅔™≡│⁸ ↑ ⌐ │ ↕╣⌂⅛

∫√⁹ ─∏╡ ⌐ ╦∑≡⁸ ⌐ ↑ ─ ⌐ ∟ ™≡⅔

╡⁸♅◒♁♩꜡Ⱨכ │ ↕╣⌂⅛∫√⁹╕√⁸ ─∏╡ ─ ╡≤ ╡

⌐⅔™≡⁸ ─∏╡ ⌐⅔™≡│⁸ ─ ↑ ╩ ∆ ╩ ⇔√⁹ 

 ̧ ⌂ ⅜ ─ SiC 32 vol%☻ꜝꜞכ─ ⌐│ 3.1.2 - 3(b) ⁸

∏╡ ─↔ↄ ⌐ ↑ ─ ⅜ ↕╣╢╙──⁸ ─∏╡ ╩

∆╢ ⌐⅔™≡│ ⌡ ─ ↑ ╩ ⇔≡™╢⁹╕√⁸ ─∏╡

─ ╡≤ ╡⌐⅔™≡⁸ ─∏╡ ⌐⅔™≡│⁸ ─ ↑ ╩ ∆ ╩

⇔√⁹ 

 ̧ ⌂ ⅜ ╙ ⅝⌂ SiC 40 vol%─ ⌐│ 3.1.2 - 3(a) ⁸ ∏╡

╩ ∆╢ ⌐ ↑ ⅜ ⌐ ⇔≡⅔╡⁸∏╡ ─ ─ ╡⌐⅔™

≡꜠○Ɑ◐◦כ ⁸ ╡⌐⅔™≡♅◒♁♩꜡Ⱨכ ⅜ ↕╣√⁹ 

 ╩ ⇔⁸ ⌐╟╢ⱥ☻♥ꜞ◦☻ꜟכⱪ─ ╩ ⇔√⁹

│⁸ ≈─ ⅛╠ ─ ┼─ ⅎ ╩ ≤⇔√ ≢ ╩ ╡ ⅎ╢

≢№╡⁸ ╡ ⅎ ─ ─ ╖ ╡ ╩ ∆╢⁹ ⌐╟╡⁸ SiC 40 vol%☻

─כꜞꜝ ∏╡ ⌐⅔↑╢ ∏╡ ╩ⱪ꜡♇♩⇔√ⱥ☻♥ꜞ◦☻◌כⱩ╩ 3.1.2 - 4⌐

∆⁹ⱥ☻♥ꜞ◦☻◌כⱩ│⁸ꜟכⱪ ⅜ ↕ↄ⁸ ╡ ⅎ ─ 90 ⌐ ─

⅜ ╦╣√ ─ ≢№╢≤ ⅎ╠╣╢⁹ⱥ☻♥ꜞ◦☻◌כⱩ│⁸

─ ─♃כ꜡╛ ⁸∏╡ ⌐╟╡ ⅝ↄ ↕╣╢√╘⁸ ⌂ ≤⌂╢↓≤⌐

∆╢ ⅜№╢⁹⇔⅛⇔⌂⅜╠⁸ ⌐⅔™≡╙ ╩ ♃כ♦⁸┌╣∆⌐ ─ ⌐

│ ⌐ ≤ ⅎ╠╣╢⁹ 
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( 3) ╕≤╘ 

 5 ─כꜞꜝ☻⁸│⌐ כⱧ꜡♩♁◒♅≡⇔≥♃כ♦ ╩ ∫√⁹ 3

≢ ™√ SiC ⌐ ⅎ≡⁸ ─ ╩ ╢√╘⌐

4 ⅛╠ ⇔√ ⱨ☺Ⱶ▬fi◖כⱳ꜠כ♥♇♪ SiC─ ╩♃כ♦

⇔√⁹ 

 ↓╣⌐╟╡⁸ ─ ╩ ╢↓≤⅜≢⅝√⁹ 

 ̧ 20 vol%⁸32 vol%─ ה ⁸│≡™⅔⌐כꜞꜝ☻─ ─∏╡

╩ ∆╢ ⌐⅔™≡│⁸ ↑ ⅔╟┘ ╡≤ ╡─∏╡ ╩ ⇔√ⱥ☻♥

│Ⱪכ◌☻◦ꜞ ⇔⁸ │ ≢⅝⌂⅛∫√⁹ 

 ̧ SiC 40 vol%⌐⅔™≡ ╩ ∆ ╩ ≡⁸ ╡⌐⅔™≡꜠○Ɑ◐

כ◦ ⅔╟┘ ╡⌐⅔™≡♅◒♁♩꜡Ⱨכ ─ ─ ╩ ⇔√⁹ 

 ̧ ╩ ⇔√ SiC 40 vol%─ⱥ☻♥ꜞ◦☻◌כⱩ│⁸ꜟכⱪ ⅜

↕ↄ⁸ ╡ ⅎ ─ 90 ⌐ ─ ⅜ ╦╣√↓≤⅜ ↕╣√⁹ 

 

 

[ 3.1.2 - 1]   , ⌐╟╢ ─ ,  ,  2018

1 .  

[ 3.1.2 - 2] כ☺꜡○꜠ ,   , , 1968 .  
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fi♩כꜙ♬  

♅◒♁♩꜡Ⱨכ  ꜠○Ɑ◐◦כ  

 

 

 

3.1.2 - fi♩כꜙ♬ 1 ─  

 [3.1.2 - 1][3.1.2 - 2]  

 

 

 

   

(a)  SiC                         (b) SiC  

 

3.1.2 - 2 ─ SiC☻ꜝꜞכ ─ SEM  

 

 

 

 

 

 

ⱥ☻♥ꜞ◦☻ꜟכⱪ 
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( a) SiC 4 ɡm⁸40 vol% ⌂ ╩  

 

( b) SiC 4 ɡm⁸32 vol% ⇔ 

 

( c) SiC 2 3 ɡm⁸20 vol% ⇔ 

 

3.1.2 - 3 ⌐╟╢  

up:

︣  
down:

︣  
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3.1.2 - 4 ⌐╟╢ ─ ∏╡ ─ⱥ☻♥ꜞ◦☻◌כⱩ 
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3. 1.3 fiꜛ◦כ꜠ꜙⱵ◦כꜞꜝ☻  ─ ₒR3- R5x  

 

ₒR3- R4x  

fiꜛ◦כ꜠ꜙⱵ◦כꜞꜝ☻  ─ ≤⇔≡⁸ 3 │⁸DEM- CFD⌐╟╢☻ꜝꜞכ ─

◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ╩ ⌂ ╩ ⇔√⁹ 

 4 ─כꜞꜝ☻⁸│ ⌐╟╢ DEM- CFD◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─ V&V╩ ™⁸◖

♪כ ⅔╟┘ ⌐╟╡⁸ ⌐⅔↑╢ ─ ⅜ ≢№╢↓≤─

╩ ℮↓≤⅜≢⅝√⁹ 

 

ₒR5ₓ 

(1)  ─  

 ≢ ∆╢ DEM- CFD⌐╟╢ ⁸ ◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ╩ ⌂◦Ⱶ

fiꜛ◦כ꜠ꜙ ╩ ⌐ ⇔⁸ ╢╟⌐♃כ♦ V&V╩ ℮⁹ 

 5 │⁸ 3.1.1 ≢ ─כꜞꜝ☻√⇔ ⌐╟╢ DEM- CFD◦Ⱶꜙ꜠כ◦ꜛfi⸗

♦ꜟ─ V&V╩ ℮⁹ 

 

(2)  ─  

 DEM- CFD⌐╟╢☻ꜝꜞכ ─◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ ⌐⅔™≡│⁸ ◦Ⱶꜙ꜠כ◦ꜛfi

♁ⱨ♩►▼▪─ FLOW- 3D, FLOW-3D DEM®╩ ™╢⁹ ⌐ ─◦Ⱶꜙ꜠כ◦ꜛfi╩

⌂ ╩ ∆╢⁹ 3.1.3 - 1⌐ ⌐ ─fiꜛ◦כ꜠ꜙⱵ◦כꜞꜝ☻√⇔

╩ ∆⁹ 

 

(3)  ─ ⅔╟┘  

 5 │⁸ ─כꜞꜝ☻√⇔ ⌐╟╢ DEM- CFD◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─ V&V╩

℮⁹ ≤⇔≡⁸₈◦Ⱶꜙ꜠כ◦ꜛfi─ ⌐ ∆╢●▬♪ꜝ▬fi

2015₉[3.1.3 - 1]⅜ ↕╣≡™╢⁹ ≢│ ╩ ≤⇔⁸DEM- CFD◦Ⱶꜙ꜠כ◦ꜛfi

⸗♦ꜟ─ V&V─ ⅎ ╩ ⇔√⁹ ⌐ ↕╣╢⸗♦ꜟ V&V─ 4≈─◄꜠ⱷfi♩⌐≈™≡

⌐ ∆⁹ 

 

 1  

 ◦Ⱶꜙ꜠כ◦ꜛfi─ ≤⌂╢◦☻♥ⱶ≢ ∂╢ ≤⇔≡⁸ ⁸ ⅜ ↕

╣╢⁹ 5 ─ V&V⌐⅔™≡│ ⌐ ╦╢ ─ כꜞꜝ☻⁸≡⇔≥ ╩

⌐ ∆╢⁹ ⌐ ∆╢ ─ │⁸ ≢ ╩ ∆╢ ◄☻

ⱨ□▬fiכ◔ 3Dⱪꜞfi♃─ SZ◦ꜞכ☼≢ כꜞꜝ☻╢⅝≢ ╩ כꜞꜝ☻∆√

⌐ ∆╢◦Ⱶꜙ꜠כ◦ꜛfi╩ ∆╢↓≤≢№╢⁹ 3.1.3 - 1⌐▪ꜟⱵ♫Ɑכ☻♩─ ⌐

╟╢♅◒♁♩꜡Ⱨכ ─ ╩ ∆⁹ 3.1.2 ≢ ⇔√╟℮⌐⁸ⱥ☻♥ꜞ◦☻◌כⱩ

│ ─ ♃כ꜡⁸ ⁸∏╡ ⌐╟╡ ⅝ↄ ↕╣╢─≢⁸ ⌂ ⅜

╘╠╣╢↓≤⌐ ⅜ ≢№╢⁹⇔⅛⇔⌂⅜╠⁸↓─ ≢╙ ╩ ♃כ♦⁸┌╣∆⌐
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─ ⌐│ ⌐ ≢№╢⁹∕↓≢⁸ ≢ ∆╢ DEM- CFD◦Ⱶꜙ꜠כ◦ꜛfi⌐⅔™

≡│⁸ⱥ☻♥ꜞ◦☻◌כⱩ╩ ⇔⁸ ⌂ ╩ ≈↓≤╩ ─ ≤∆╢⁹ 

  

 

 2  

 ⸗♦ꜟ╩ ⌐ ⇔⁸↕╠⌐♦☺♃ꜟ ⌐╟∫≡ ╩ ╘╢═ↄ ⸗♦ꜟ

≤⇔≡ ∆╢↓≤⅜ ↕╣╢⁹V&V⌐⅔↑╢ Verification ⅜ ╘╠╣╢ ≢№╢⁹

(2) ─ ≢┤╣√≤⅔╡⁸ ◦Ⱶꜙ꜠כ◦ꜛfi│ ◦Ⱶꜙ꜠כ◦ꜛfi♁ⱨ♩►▼▪

─ FLOW- 3D, FLOW-3D DEM®╩ ™≡⅔╡⁸ ⸗♦ꜟ─ ╩♦☺♃ꜟ ─ ∟ ╡ ⅔╟

┘ ─ ⌐⅔™≡ ↄ↓≤─◖כ♪ │⁸ ⌂ ─╙≤ ╖─╙─≤

ⅎ╢⁹ ⌐ ⸗♦ꜟ⌐ ⇔≡ ⁸ ─ ─⸗♦ꜟ ─ ⌐ ℮

╩ ∆╢ ⅜ ⌐⌂╢⁹ 4 כꜞꜝ☻─≢╕ ≢ ⇔√╟℮⌐⁸

⌐ ∂√ ─ ≤⇔≡⁸Krieger - Dougherty ─ ≤ ╩ ∫√≤↓╤⁸

≢ ╠╣╢ ↑ │ ⌐ ™ ⌐ ↕╣╢ ≤⌂∫√⁹∕↓≢⁸↓

─⸗♦ꜟ─ ≤⇔≡⁸Ergan ⌐⅔↑╢ ≤⇔≡⁸ ─№╢ ─ ─╖╩

◌►fi♩∆╢ ╩ ╡ ╣√⁹∕─ ╩ 3.1.3 - 2⌐ ∆╢⁹DEM(org)≢ ⇔√ ─

↑ ⌐ ═≡⁸DEM(rev)≢ ⇔√ ⸗♦ꜟ≢│ Krieger - Dougherty ─

≤ ⌂ ╩ ⇔≡⅔╡⁸ ─ ⅜ ≤⇔≡ ≢⅝╢╙─≤ ⅎ╠ⅎ╢⁹ 

  

  

 

 ◄꜠ⱷfi♩ 3 ⸗♦ꜟ  

 ◄꜠ⱷfi♩≢│⁸ ⸗♦ꜟ╩ ⌐ ⇔≡ ╩♃כ♦ ∆╢⁹ 3.1.2 ⌐

⇔√╟℮⌐⁸ 5 ─כꜞꜝ☻⁸│ כⱧ꜡♩♁◒♅≡⇔≥♃כ♦ ╩ ∫√⁹

─ ₈ⱥ☻♥ꜞ◦☻◌כⱩ╩ ⇔⁸ ⌂ ╩ ≈↓≤₉─ ≢│⁸

≢─ ⅔╟┘ ↑ ─ ╩♃כ♦ ⇔≡⅔╡⁸ ⌐ ∆╢

≥╢№≢♃כ♦ ⅎ╠╣╢⁹ 

 

 ◄꜠ⱷfi♩ 4 ◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ─  

 ↓─◄꜠ⱷfi♩≢│⁸V&V⌐⅔↑╢ ╩ ℮⁹ 3.1.3 - 3 ⌐ ⌐╟╢

♅◒♁♩꜡Ⱨכ ─ ∏╡ ─ⱥ☻♥ꜞ◦☻◌כⱩ⁸⅔╟┘◦Ⱶꜙ꜠כ◦ꜛfi⌐╟

╡ ╠╣√∑╪ ≤∑╪ ╩ ∆⁹◦Ⱶꜙ꜠כ◦ꜛfi≢│ ─ ╩ ₁⌐ →⁸

│ ∂ ≢ ╩ →╢↓≤≢∑╪ ─ ╩ ╡ ℮⁹◦Ⱶꜙ꜠כ◦ꜛfi⌐⅔™

≡│⁸ ╩ ⅛∑√ ⌐⅔™≡│⁸ ─ ⌐∑╪ ⅜ ⅜╠⌂™⁸

≈╕╡⁸꜠○Ɑ◐◦כ ╩ ∆ ≤⌂∫√⁹∕↓≢⁸ ╘ ≢╕≤╕╡─№╢ ⅝⌂◒ꜝ☻

♃╩ ⇔√ ⅛╠ ╘⁸ ≢│◒ꜝ☻♃─ ≢ ⌐∑╪ ⅜ ™⅜⁸ ⌐│

ↄ─◒ꜝ☻♃⅜ ╣⁸ ↑ ⅜ ↄ⌂╢⁹≈╕╡⁸♅◒♁♩꜡Ⱨכ ⅜ ╣╢⁹↓╣╠─

⅛╠◒ꜝ☻♃─ ⅝↕⁸ ⅜ ↑ ⌐ ╓∆ ⅜ ↕╣⁸ │◒ꜝ☻♃
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─ ≤ ⌂ ⅜ ↕╣√⁹ ◦Ⱶꜙ꜠כ◦ꜛfi╩ ⇔≡⁸ⱥ☻♥ꜞ◦☻◌כⱩ╩

⇔⁸ ⌂ ╩ √∑╢⌐ ∫√⁹↓─↓≤⅛╠⁸ ─ ⌐⅛⌂℮◦Ⱶ

╩fiꜛ◦כ꜠ꜙ ≢⅝√╙─≤ ∆╢⁹╕√⁸◦Ⱶꜙ꜠כ◦ꜛfi⌐⅔↑╢ ⌂ ≤⇔≡⁸

◒ꜝ☻♃─ ≤ ↑ ≤─ ╩ ╢≤◒ꜝ☻♃─ ⅝↕∕─╙─⅜ ↑ ⌐

╩ ╓⇔≡™╢ ⌐№∫√⁹◒ꜝ☻♃⅜ ⅝ↄ⌂╢≤ ─ │ ─ ─

╟℮⌂ ╩ ∆╢↓≤⅜ ⇔ↄ⁸ ≤⇔≡ ─ ⅜◒ꜝ☻♃╩ ╙⇔ↄ│ ↕

∑╢─⌐ ╦╣╢↓≤≢ ↑ ─ ╩ ⅝ ↓⇔≡™╢ ⅜ ⅎ╠╣╢⁹ ↕╠⌐

⌐ⱨ▫כ♪Ᵽ♇◒⇔≡⁸☻ꜝꜞכ─ ─ ╩ ⇔≡™ↄ⁹ 

♅◒♁♩꜡Ⱨכ

 

 

(4)  ╕≤╘ 

╩♃כ♦  ™≡⁸ 3.1.1 ≢ ─כꜞꜝ☻√⇔ ⌐╟╢ DEM- CFD◦Ⱶꜙ꜠

─ꜟ♦⸗fiꜛ◦כ V&V╩ ∫√⁹ ⇔√◦Ⱶꜙ꜠כ◦ꜛfi⸗♦ꜟ⌐≈™≡⁸ ─ ≤

╩ ℮↓≤⅜≢⅝√⁹ 

  

  

  

 ♁♩꜡Ⱨכ

╩  

 

 

[ 3.1. 3- 1]  ,  ◦Ⱶꜙ꜠כ◦ꜛfi─ ⌐ ∆╢●▬♪ꜝ▬fi 2015 

(AESJ- SC- A008:2015), 2016 7 .  
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3.1.3 - ─fiꜛ◦כ꜠ꜙⱵ◦כꜞꜝ☻ 1  

 

 

 

 
( a)  

 

( b) ♅◒♁♩꜡Ⱨכ ⱥ☻♥ꜞ◦☻◌כⱩ  

 

3.1.3 - 1 ▪ꜟⱵ♫Ɑכ☻♩─ ⌐╟╢♅◒♁♩꜡Ⱨכ ─  

 




























































































































































































































