
9.w ͫͻ͔ͣ· ͒͡Ύ ͙͙ͨͪͣ͊ͭ͘;͔͙ͫ͟ͻ ͔͍ͫͦ͡ 
͎͙͙͚͋ͪ͒ͤͦ ͔͙͍͚ͤͫͭͪͯͭͯͪͪͦ͊ͤͤͦ͟ ͔͙ͫͭ͟

˽ΦˢΦ ˣ͊ͻ͍͍͊ͦ͡Σ ˢΦ˽Φ ˨͔ͯ͋ͤΈΣ ́Φ˴Φ ˴ͦͯ͋ͫ͊͘͟Ύ, ˽ Φˤ. ˾ ͙͍ͦ͒ͦͤͦ
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̊͊͋ͦͤ͡ ͫͻ͔ͣ· EBR5:

EBR5 (5-͚ ͨͦͪΎ͒ͦ͟ ͭͦ;͙ͤͦͫͭ ͤ͊ ͭͪ͊ͤͫ͡Ύͼ͙ͦͤͤͦ-
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͙͍͙ͤ͊ͪ͊ͤͭͤ·ͻ ͔ͫͭ͊͟ͻύ:

EBR ͫ ͻ͔ͣ·

3

ˤ 9.w ͫͻ͔ͣ͊ͻ ͤ͊͘;͔͙ͤΎ    ͔͔ͦͨͪ͒͡ΎΌͭͫΎ ͙ͨͪ ͨͦͣͦ΅͙ 

ͨͪΎ͙͔͚ͣͦͤͤ͡·ͻ ͔͔ͪ͋ͪͤͦ-͙͔͙͍ͦͪͤͭͪͦ͊ͤͤ·ͻ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͚
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ͫͻ͔ͣͯ ͙͘ ͔͔͚͍ͫͣͫͭ͊ 9.wΦ ˭ͤ͊;͔͙ͤΎ ͺͯͤ͟ͼ͙͚ ͤ͊ ΄͔͊͋ͦͤ͡ 
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˿͔͙ͭ͟ ͍ ͦ͋͊ͫͭ͡Ύͻ ͎͙ͨͦͪ͊ͤ;͎ͤͦͦ ͫͦ͡Ύ

4

̊͊͋ͦͤ͡ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙ ͫͻ͔ͣ· EBR5:

ˤ·ͫͦ͊͟Ύ ͔͔ͫͭͨͤΈ ͙͙͙͊ͤͦͭͪͦͨ͘ Ύ;͔͔͟

˿͙͍ͭͪͯͭͯͪͪͦ͊ͤͤ͟·͔ ͙͙͡ ͙͙ͨͪͣ͊ͭ͘;͔͙͔ͫ͟

˽ͪΎ͙͔͚ͣͦͤͤ͡·͔ ͍͙͔͊ͦ͒ͤͦͣͪͤ͘͟·͔͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙ ͤ͊ ͙ͭ͊͟ͻ ͔ͫͭ͊͟ͻ 
͎ͣͦͯͭ ͙͍͔͙ͨͪͫͭ ͟

͔͔ͨͦͭͪ ͭͦ;͙ͤͦͫͭ ͙͘-͊͘ ͔͙ͪ͊ͫͨͦͦ͗ͤ͡Ύ ͭͦ;͔͟ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙ ͍ 
ͪ͊ͤ͘·ͻ ͦͤ͊͘ͻ ͎͙ͨͦͪ͊ͤ;͎ͤͦͦ ͫͦ͡Ύ

͔͚ͤͯͫͭͦ;͙͍͙ͦͫͭ ͙͘-͊͘ ͙͒ͫ͋͊͊ͤͫ͊͡ ͪ͊ͫͫͭͦΎ͙͚ͤ ͔ͣ͗͒ͯ ͭͦ;͙͊ͣ͟ 
͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙
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˸͙ͦ͒ͺ͙͊͟ͼ͙͙ ͙͎͙ͦͪͤ͊͡Έͤ·ͻ ͫͻ͔ͣ 9.w -9.w LWY ͙ 9.w t[

5

̊͊͋ͦͤ͡ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙ ͫͻ͔ͣ EBR5IJK / PL:

EBR IJK ς͔ ͙ͫ͡ ͔ͫͭ͊͟ ͙͍ͫͭͪͯͭͯͪͪͦ͊ͤͤ͊͟ΎΣ ͒͡Ύ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͚ ͙ͫͨͦ͡Έͯ͘ΌͭͫΎ ͯ͘͡·Σ Ύ͍͡ΎΌ΅͙͔ͫΎ ͫͭͪͯͭͯͪͤ͟·͙ͣ ͔ͫͦͫ͒Ύ͙ͣ

EBR PL ς͔ ͙ͫ͡ ͔ͫͭ͊͟ ͙͙ͨͪͣ͊ͭ͘;͔ͫ͊͟ΎΣ ͔͔͙ͦͨͪ͒ͣ͡ ͨͦͫͦͫͭ͟͡ΈΣ ͔ͫͦ͒ͪ͗͊΅ͯΌ ͙͍͔͔ͪ͊ͫͫͣ͊ͭͪ͊ͣͦ ͔ͪ͋ͪͦ ͙ ͔ͨ͊ͪ͊͡͡͡ΈͤͯΌ 
͔͔͚ͨͦͯͫͯͣͣͤͦͪͣ͊͡͡ ͟ ͔͎ͦ ͙ͤͼ͙͔͒ͤͭͤ·ͣ ͎ͪ͊ͤΎͣΣ ͔͊ͭͣ͘ ͚͔ͤ͊͒ͣ ͔͔͔ͨͪͫ;͔͙͔ͤ Ή͚ͭͦ ͙ͨͦͫͦͫͭ͟͡ ͫ ͔͙ͪ͋ͪ͊ͣ 
͍͔͍ͫͦͦͭͭͫͭͯΌ΅͔͎ͦ ͨͦͪΎ͒͊͟ ͔͍ͫͦͫ͒ͫͭ͊ ͙ ͙ͫͨͦ͡Έ͔ͯͣ͘ ͭͦ;͙͟ ͔͔͔ͨͪͫ;͔͙ͤΎ ͍ ͊͟;͔͍͔ͫͭ ͭͦ;͔͟ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙
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ˤ͊͗ͤ·͔ ͔͙͒ͭ͊͡

6

мΦ ˹͔ ͍ͦ ͍͔ͫͻ ͦ͋͊ͫͭ͡Ύͻ ͙͍͚ͫͭͪͯͭͯͪͪͦ͊ͤͤͦ͟ ͙͙͡ ͙͙ͨͪͣ͊ͭ͘;͔͚ͫͦ͟ ͔͙ͫͭ͟ ͫͻ͔ͣ· 9.w LWY ͙͙͡ 9.w t[ 
͔͔ͦ͋ͫͨ;͙͍͊Όͭ ͍ͨͦ·΄͔͙͔ͤ ͭͦ;͙ͤͦͫͭ ͙ ͚ͯͫͭͦ;͙͍͙ͦͫͭΦ ˹͊ ͦͫ ͭͪ·ͻ ͎ͯ͊͡ͻ ͔͔ͫ͒ͯͭ͡ ͙ͫͨͦ͡Έ͍ͦ͊ͭ͘Έ 
͙͎͙ͦͪͤ͊͡ΈͤͯΌ ͫͻ͔ͣͯ EBR.

2Φ ˩͙ͫ͡ ͒͡Ύ ͙͍͔͎ͪ͊ͫͫͣ͊ͭͪ͊ͣͦͦ ͔ͪ͋ͪ͊ ͔ͤ ͻ͍͔͊ͭ͊ͭ ͍ͯͦ͘͡ ͒͡Ύ ͔͙ͨͦͫͭͪͦͤΎ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙ ͨͦ ͫͻ͔ͣ͊ͣ 
EBR5 LWY κ t[Σ ͙͔͔ͣͭ ͫͣ·ͫ͡ ͨͦͨ·ͭ͊ͭΈͫΎ ͙ͨͦͫͭͪͦͭΈ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙Ό 9.wо LWY κ t[Φ ͙́͊ͣ͟ ͦ͋ͪ͊ͦͣ͘ ͣͦ͗ͤͦ 
͍ͨͦ·͙ͫͭΈ ͭͦ;ͤͦͫͭΈ ͙ ͚ͯͫͭͦ;͙͍ͦͫͭΈ ͫͻ͔ͣ ͍͙͙͋͘͡ ͦͫͭͪ·ͻ ͎͍ͯͦ͡ ͙ ͎͙ͪ͊ͤͼ ͔ͪ͊͒͊͘͡ ͔ͣ͗͒ͯ ͙͙ͨͪͣ͊ͭ͘;͔͙͙ͫͣ͟ 
͙ ͔͙͍ͤͫͭͪͯͭͯͪͪͦ͊ͤͤ͟·͙ͣ ͦ͋͊ͫͭ͡Ύ͙ͣ ͔͙ͫͭ͟Φ

3Φ ̉ͭͦ͋· ͙ͯͨͪͦͫͭͭΈ ͎͙͊ͦͪͭͣ͡ ͔͙ͨͦͫͭͪͦͤΎ ͙͍͙͔͚ͪͦͤͤ͟͡·ͻ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͚ ͍ ͫͻ͔ͣ͊ͻ 9.w t[Σ ͯ͒ͦ͋ͤͦ 
͔͍͙͔ͨͪ͒͊ͪͭ͡Έͤͦ ͔͙ͪ͊ͣͭͭ͘Έ ͍͔ͫ ͙ͫͦ͡ ͙͙ͨͪͣ͊ͭ͘;͔͚ͫͦ͟ ͔͙ͫͭ͟Φ

̊͊͋ͦͤ͡ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙ ͫͻ͔ͣ 9.wр LWY κ PL:
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ͺ͍͎ͦͤͦͦͦ ͨͦ͡Ύ ͫ ͔͙ͨ͊ͪ͊ͣͭͪ͊ͣ, ,                   :

BakhvalovP.A. Sound wave in an infinite circular cylinder in the presence of viscosity and heat conductivity // KeldyshInstitute Preprints. 2017. Ѕмор. 32 p. 

ColESo(Collectionof ExactSolutions, http://caa.imamod.ru/index.php/research/ColESo, https:// github.com/bahvalo/ColESo)
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ˣ·͙͡ ͔ͨͦͫͭͪͦͤ· ͔͍͔ͨͦͫ͒ͦ͊ͭ͡͡Έ͙ͤͦͫͭ ͍͔͒ͯͣͪͤ·ͻ ͙ ͔ͭͪͻ͔ͣͪͤ·ͻ ͔ͫͭͦ͟

˾͊ͫ;͔ͭ· ͍͙͙ͨͪͦͦ͒ͫ͡Έ ͨͦ Ύ͍͚ͤͦ ͫͻ͔͔ͣ 9.wр ͙ ͔͔ ͙͍͙͔͚ͪͦͤͤ͟͡·ͣ ͙ͣͦ͒ͺ͙͊͟ͼ͙Ύͣ ͫ /C[ Ґ м ͒ͦ ¢ Ґ нл

ˮͫͨͦ͡Έ͍͙͔ͦ͊ͤ͘ ͙͍͙͔͚ͪͦͤͤ͟͡·ͻ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͚ ͙͍͔ͨͪͦ͡ ͟ ͍ͨͦ·΄͔͙ͤΌ ͭͦ;͙ͤͦͫͭ ͫͻ͔ͣ· 9.wр

˽͔͊ͪ͊ͣͭͪ· ͪ͊ͫ;͔͍ͭͦΣ ;͙͔ͫͤͤ͡·͔ ͔ͪͯ͘͡Έͭ͊ͭ·

8

Meshtype Nű EBR5 Order EBR5 IJK / PL Order Ratio

2D (0.1Òr Ò1) 30 1.233Ĭ10ï2 ï 1.552Ĭ10ï3 ï 7.95

60 2.742Ĭ10ï3 2.17 3.758Ĭ10ï4 2.05 7.30

120 6.381Ĭ10ï4 2.10 9.352Ĭ10ï5 2.01 6.82

3D (advancedfront surface) 30 1.040Ĭ10ï2 ï 3.186Ĭ10ï3 ï 3.26

60 2.273Ĭ10ï3 2.19 6.178Ĭ10ï4 2.37 3.68

120 5.159Ĭ10ï4 2.14 1.263Ĭ10ï4 2.29 4.09

3D (fully unstructuredsurface) 30 1.136Ĭ10ï2 ï 5.589Ĭ10ï3 ï 2.03

60 2.823Ĭ10ï3 2.01 1.510Ĭ10ï3 1.89 1.87

120 6.396Ĭ10ï4 2.14 2.784Ĭ10ï4 2.44 1.89

2D (0.1 Ò r Ò1): 3D (advanced front surface): 3D (fully unstructured surface):
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˻͔͙͔͋ͭ͊ͤ͟ NACA 0012

9

AOA = 0Á, 10Á, 15Á

RANS ͫ  ͔ͣͦ͒͡ΈΌ ͔͙ͭͯͪ͋ͯͤͭͤͦͫͭ͡ ˿ͨ͊͊ͪͭ͊͡ςs ͣ͊ͪ͊ͫ͊͡͡

˾͊ͫ;͔ͭͤ͊Ύ ͦ͋͊ͫͭ͡Έ ͍ нD:

˽͔͔ͪ͒ͤΎΎ ͪͦͣ͊͟͟ ͍ ͭͦ;͔͟; ς͒ ͙ͤ͊͡ ͻͦͪ͒·

˾͊ͫ;͔ͭͤ͊Ύ ͦ͋͊ͫͭ͡Έ ͍ 3D: , 

˽͔͔ͪ͒ͤΎΎ ͪͦͣ͊͟͟ ͤ͊ ͨͪΎ͚ͣͦ

2D-͔͙ͫͭ͟ Ύ͍͡ΎΌͭͫΎ ͙͍ͫͭͪͯͭͯͪͪͦ͊ͤͤ͟·͙ͣ ;͔ͭ·͔ͪͻ͎ͯͦ͡Έͤ·͙ͣ 
͍͙͙͋͘͡ ͨͪͦͺ͙͡Ύ ͙ ͔͙͍ͤͫͭͪͯͭͯͪͪͦ͊ͤͤ͟·͙ͣ ͔͎ͭͪͯͦ͡Έͤ·͙ͣ ͍ 
ͦͫͭ͊͡Έ͚ͤͦ ͙ͦ͋͊ͫͭ͡Φ о5-͔͙ͫͭ͟ Ύ͍͡ΎΌͭͫΎ ͙͙ͨͪͣ͊ͭ͘;͔͙͙ͫͣ͟ 
͍͙͙͋͘͡ ͪ͟·͊͡ ͙ ͔͙͍ͤͫͭͪͯͭͯͪͪͦ͊ͤͤ͟·͙ͣ ͔ͭͭͪ͊Ή͒ͪ͊͡Έͤ·͙ͣ ͍ 
ͦͫͭ͊͡Έ͚ͤͦ ͙ͦ͋͊ͫͭ͡Φ ˽͙͔ͪͫͭͤͦ;ͤ·͚ ΄͎͊Υ

˥͙ͪ͊ͤ;ͤ·͔ ͍͙ͯͫͦ͡Ύ ͤ͊ ͨͪͦͺ͙͔͡ κ ͪ͟·͔͡: 
,                          ,

͍͙̂ͫͦ͡Ύ ͔͍ͤͦͣͯ͘΅͔͎ͤͤͦͦ ͨͦͭͦ͊͟ ͍

˽͔͙͙ͪͦ͒;͔͙͔ͫ͟ ͍͙ͯͫͦ͡Ύ ͍ 3D ͍ ,

500 / , / 500x c y c- ¢ ¢

6Re 6 10c = Ö M 0.15¤= 300KT¤=

/ 1tn n=

(0,0) c

500 / , / 500x c y c- ¢ ¢

0 / 0.25z c¢ ¢(0,0, )z

1y+<

0=u 0tn=

/ , / 500x c y c=°

/ 0z c= / 0.25z c=

/ 0Tµ µ =n

2D mesh x1 x2 x3 x4 x8 897Ĭ257

N 5.5 Ĭ104 5.1 Ĭ104 6.9 Ĭ104 8.3 Ĭ104 8.4 Ĭ104 2.3 Ĭ105

Nsurf 102 162 246 442 930 513

3D mesh x1 x2 x3 x4 x8

N 5.2 Ĭ105 8.0 Ĭ105 1.4 Ĭ106 2.9 Ĭ106 9.7 Ĭ106

Nsurf 3.2 Ĭ103 6.5 Ĭ103 1.5 Ĭ104 4.0 Ĭ104 1.8 Ĭ105

Nsurf, z=0 102 162 246 442 930

x1 x4
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˽͔͊ͪ͊ͣͭͪ· ͪ͊ͫ;͔͍ͭͦ

10

ˮ͔͎͙͍͙͔ͤͭͪͪͦ͊ͤ ͨͦ ͔͍͍͔͔͙ͨͫ͒ͦͪͣͤΥ ͔ͤΎ͍ͤ͊Ύ ͫͻ͔ͣ͊ ͔͍͎ͨͪͦͦ ͨͦͪΎ͒͊͟Σ ͔ͪ͊ͪ͘΄͔͊ͣ͊Ύ ͔ͣͭͦ͒ͦͣ ˹ΈΌͭͦͤ͊ 
(1-н ͙͔ͭͪ͊ͼ͙͙)

˹͊ ͚͊͗͒ͦ͟ ͙͔ͭͪ͊ͼ͙͙ ͨͦ ˹ΈΌͭͦͤͯ ͙ͫͨͦ͡Έ͍ͦ͊ͫ͘͡Ύ ͔ͣͭͦ͒ ͙͋ͫͦͨͪΎ͔͗ͤͤ·ͻ͎͙͔͍ͪ͊͒ͤͭͦ όBiCGSTABύ ͫ 
͔͍͙͍͔͔ͨͪ͒ͦ͋ͯͫ͊͊ͭͣ͡͡͡ILU0

˾͊ͫ;͔ͭ· ͍͙͙ͨͪͦͦ͒ͫ͡Έ ͒ͦ ͫͻ͙͙ͦ͒ͣͦͫͭ
ς͟ ͦΉͺͺ͙ͼ͙͔ͤͭ͊ ͙͍͔͙ͫͦͨͪͦͭͤ͡Ύ ͺͦͪͣ·
ς͟ ͦΉͺͺ͙ͼ͙͔ͤͭ͊ ͨͦ͒Ά͔͚ͣͤͦ ͙ͫ͡·

˹͊ ͎ͪͯ͋·ͻ ͔ͫͭ͊͟ͻ ͫͻ͔ͣ· 9.w ͫ ͨͪΎ͙͔͚ͣͦͤͤ͡·͙ͣ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙Ύ͙ͣ ͔͍͙ͭͪ͋ͦ͊͡ ͙͔͒ͦͨͦͤͭ͡͡Έ͚ͤͦ 
͙͙ͫͭ͊͋͊͘͡ͼ͙͙Φ ˨͡Ύ Ή͎ͭͦͦ ͋·ͦ͡ ͙͔͔ͨͪͣͤͤͦ ͎͙ͦͪ͊ͤ;͔͙͔ͤ ͤ͊ ͙͔͒ͦͨͯͫͭͣͦ ͦͭͤͦ΄͔͙͔ͤ ͪ͊ͫͫͭͦΎ͙͚ͤ ͍͙ͤͯͭͪ 
΄͊͋ͦͤ͊͡ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙:

ς͔ ͙ͫ͡ ͙ͣ͊ͫͣ͊͟͡Έ͔ͤͦ ͦͭͤͦ΄͔͙͔ͤ ͪ͊ͫͫͭͦΎ͙͚ͤ ͍ ͔ͤͦͭͦͪͦͣ͟ ΄͔͊͋ͦͤ͡ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙ 9.wр ͔͍ͨͪ·΄͔͊ͭ 
͔͊͒͊ͤͤͦ͘ ͔͔ͨͪ͒͡Έ͔ͤͦ ͤ͊͘;͔͙͔ͤΣ ͫͻ͔ͣ͊ 9.wр ͦ͊͟͡͡Έͤͦ ͔͔ͨͪ͟͡Ό;͔͊ͭͫΎ ͤ͊ 9.wо 

ς͔ ͙ͫ͡ ͙ͣ͊ͫͣ͊͟͡Έ͔ͤͦ ͦͭͤͦ΄͔͙͔ͤ ͪ͊ͫͫͭͦΎ͙͚ͤ ͍͔ͫ ͔΅͔ ͤ͊ͪͯ΄͔͊ͭ ͔͊͒͊ͤͤͦ͘ ͎͙ͦͪ͊ͤ;͔͙͔ͤΣ 
͍͔͍ͫͦͦͭͭͫͭͯΌ΅͙͔ ͪ͊ͫͫͭͦΎ͙ͤΎ ͍͔͙ͯ͡;͙͍͊ΌͭͫΎ ͒ͦ ͙͙ͣͤͣ͊͡Έͤ·ͻ ͤ͊͘;͔͙͚ͤΣ ͍͔͍ͯ͒ͦͭͦͪ͡ΎΌ΅͙ͻ 
͔͔ͭͪ͋ͯͣͦͣͯ ͍͙ͯͫͦ͡Ό
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ˤ͙͊͒͊͡ͼ͙Ύ ͍ͤͦ·ͻ ͫͻ͔ͣ ͤ͊ ͨͦ͒ͪͦ͋ͤ·ͻ ͔ͫͭ͊͟ͻ

11

AOA = 0Á AOA = 10Á AOA = 15Á

͔͙͔̏ͫͨͪͣͤͭ͊͟͡Έͤ·͔ ͒͊ͤͤ·͔ ͙ Ήͭ͊ͦͤͤ͡·͔ ͔ͪͯ͘͡Έͭ͊ͭ· ͪ͊ͫ;͔͍ͭͦ ͍͘Ύͭ· ͫ ͚ͫ͊ͭ͊ 2D NACA 0012 Airfoil Validation Case 
(https:// turbmodels.larc.nasa.gov/naca0012_val.html)
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ˤ͙͊͒͊͡ͼ͙Ύ ͍ͤͦ·ͻ ͫͻ͔ͣ ͤ͊ ͨͦ͒ͪͦ͋ͤ·ͻ ͔ͫͭ͊͟ͻ

12

˻͔͙͔ͭͦͤͤ͟͡ ͨͦͯ͡;͔ͤͤ·ͻ ͔ͪͯ͘͡Έ͍ͭ͊ͭͦ ͦͭ ͔͔͎ͫͪ͒ͤͦΣ ͨͦͫ;͙͎ͭ͊ͤͤͦͦ ͨͦ Ήͭ͊ͦͤͤ͡·ͣ ͤ͊͘;͔͙ͤΎͣΣ ͔ͤ ͔͍ͨͪ·΄͔͊ͭ

1% ͒ ͡Ύ Cl ͤ͊ ͡Ό͋ͦͣ ͎͔ͯ͡ ͙͊ͭ͊͟ ͙ ͒͡Ύ Cd ͤ͊ ͎͔ͯ͡ ͙͊ͭ͊͟0Á,

2% ͒ ͡Ύ Cdͤ͊ ͎͔ͯ͡ ͙͊ͭ͊͟ 10Á,

4% ͒ ͡Ύ Cdͤ͊ ͎͔ͯ͡ ͙͊ͭ͊͟ 15Á

˾͙͊ͤ͘ͼ͊ ͔ͣ͗͒ͯ ͫͻ͔͙ͣ͊ͣ 9.wр ͫ ͨͪΎ͙͔͚ͣͦͤͤ͡·͙ͣ ͙ ͙͍͙͔͚ͪͦͤͤ͟͡·͙ͣ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙Ύ͙ͣ ͤ͊ ͔ͫͭ͊͟ͻ н5 κ о5 Ȅу ͔ͤ 
͔͍ͨͪ·΄͔͊ͭ 0.1% ͒ ͡Ύ Cl ͙ 1% ͒ ͡Ύ Cd

Mesh Code / Scheme 0Á: Cl 10Á: Cl 15Á: Cl 0Á: Cd 10Á: Cd 15Á: Cd

897Ĭ257 CFL3D ~ 0 1.0909 1.5461 0.00819 0.01231 0.02124

897Ĭ257 FUN3D ~ 0 1.0983 1.5547 0.00812 0.01242 0.02159

897Ĭ257 NTS ~ 0 1.0891 1.5461 0.00813 0.01243 0.02105

897Ĭ257 EBR5 ~ 0 1.0946 1.5437 0.00810 0.01264 0.02219

897Ĭ257 EBR5 IJK ~ 0 1.0940 1.5436 0.00810 0.01259 0.02203

2D x8 EBR5 ~ 0 1.0875 1.5339 0.00811 0.01239 0.02179

2D x8 EBR5 IJK ~ 0 1.0871 1.5345 0.00812 0.01237 0.02166

3D x8 EBR5 ~ 0 1.0862 ï 0.00810 0.01234 ï

3D x8 EBR5 PL ~ 0 1.0865 ï 0.00810 0.01233 ï
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˽͔͙ͪͣͯ΅͔͍ͫͭ͊ ͤ͊ ͎ͪͯ͋·ͻ ͔ͫͭ͊͟ͻ: ͯ ͎ͦ͡ ͙͊ͭ͊͟0ϲ

13

˿ͻ͔ͣ· 9.w LWY ͙ 9.w t[ ͔͔ͦ͋ͫͨ;͙͍͊Όͭ ͔͔͋ͦ͡ ͭͦ;ͤ·͔ ͔ͪͯ͘͡Έͭ͊ͭ· ͨͦ ͍͔͙ͫͪ͊ͤͤΌ ͫͦ ͫͻ͔͙ͣ͊ͣ 9.w ͫ 
ͨͪΎ͙͔͚ͣͦͤͤ͡·͙ͣ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙Ύ͙ͣ

˿ͻ͔ͣ· 9.wр LWY ͙ 9.wр t[ ͤ͊ ͎ͪͯ͋·ͻ ͔ͫͭ͊͟ͻ ͒͊Όͭ ͤ͊͘;͔͙ͤΎ ͙͔͎ͤͭͪ͊͡Έͤ·ͻ ͻ͔͙͙͊ͪ͊ͭͪͫͭ͟͟Σ ͦ;͔ͤΈ ͙͙͔͋͘͟͡ ͟ 
͍͔͍ͫͦͦͭͭͫͭͯΌ΅͙ͣ ͤ͊͘;͔͙ͤΎͣ ͤ͊ ͨͦ͒ͪͦ͋ͤ·ͻ ͔ͫͭ͊͟ͻ

͔́ͪͻ͔ͣͪͤ·͔ ͪ͊ͫ;͔ͭ· ͒͊Όͭ ͔͔͋ͦ͡ ͭͦ;ͤ·͔ ͔ͪͯ͘͡Έͭ͊ͭ· ͨͦ ͍͔͙ͫͪ͊ͤͤΌ ͫ ͍͔͒ͯͣͪͤ·͙ͣ ͪ͊ͫ;͔͙ͭ͊ͣ
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˽͔͙ͪͣͯ΅͔͍ͫͭ͊ ͤ͊ ͎ͪͯ͋·ͻ ͔ͫͭ͊͟ͻΥ ͎ͯͦ͡ ͙͊ͭ͊͟ 10ϲ

14

˿ͻ͔ͣ· 9.w LWY ͙ 9.w t[ 
͔͔ͦ͋ͫͨ;͙͍͊Όͭ ͔͔͋ͦ͡ 
ͭͦ;ͤ·͔ ͔ͪͯ͘͡Έͭ͊ͭ· ͨͦ 
͍͔͙ͫͪ͊ͤͤΌ ͫͦ ͫͻ͔͙ͣ͊ͣ 
9.w ͫ ͨͪΎ͙͔͚ͣͦͤͤ͡·͙ͣ 
͔ͪͦͤͫͭͪͯ͟͟ͼ͙Ύ͙ͣ

˨͔͊͗ 9.wо LWY ͙ 9.wо t[ 
͍ͨͦͦ͘͡ΎΌͭ ͨͦͯ͡;͙ͭΈ 
ͯ͡;΄͔ ͔ͪͯ͘͡Έͭ͊ͭ·Σ ;͔ͣ 
ͨͪΎ͙͔͚ͣͦͤͤ͊͡Ύ 9.wр

˿ͻ͔ͣ· 9.wр LWY ͙ 9.wр t[ 
ͤ͊ ͎ͪͯ͋·ͻ ͔ͫͭ͊͟ͻ ͒͊Όͭ 
ͤ͊͘;͔͙ͤΎ ͙͔͎ͤͭͪ͊͡Έͤ·ͻ 
ͻ͔͙͙͊ͪ͊ͭͪͫͭ͟͟Σ ͦ;͔ͤΈ 
͙͙͔͋͘͟͡ ͟ 
͍͔͍ͫͦͦͭͭͫͭͯΌ΅͙ͣ 
ͤ͊͘;͔͙ͤΎͣ ͤ͊ ͨͦ͒ͪͦ͋ͤ·ͻ 
͔ͫͭ͊͟ͻ

͔́ͪͻ͔ͣͪͤ·͔ ͪ͊ͫ;͔ͭ· 
͒͊Όͭ ͔͔͋ͦ͡ ͭͦ;ͤ·͔ 
͔ͪͯ͘͡Έͭ͊ͭ· ͨͦ ͍͔͙ͫͪ͊ͤͤΌ 
ͫ ͍͔͒ͯͣͪͤ·͙ͣ ͪ͊ͫ;͔͙ͭ͊ͣ
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˽͔͙ͪͣͯ΅͔͍ͫͭ͊ ͤ͊ ͎ͪͯ͋·ͻ ͔ͫͭ͊͟ͻΥ ͎ͯͦ͡ ͙͊ͭ͊͟ 15ϲ

15

˿ͻ͔ͣ· EBR IJK 
͔͔ͦ͋ͫͨ;͙͍͊Όͭ ͔͔͋ͦ͡ 
ͭͦ;ͤ·͔ ͔ͪͯ͘͡Έͭ͊ͭ· ͨͦ 
͍͔͙ͫͪ͊ͤͤΌ ͫͦ ͫͻ͔͙ͣ͊ͣ 
9.w ͫ ͨͪΎ͙͔͚ͣͦͤͤ͡·͙ͣ 
͔ͪͦͤͫͭͪͯ͟͟ͼ͙Ύ͙ͣ 

˨͔͊͗ ͫͻ͔ͣ͊ 9.wо LWY 
͍ͨͦͦ͘͡Ύ͔ͭ ͨͦͯ͡;͙ͭΈ 
ͯ͡;΄͔ ͔ͪͯ͘͡Έͭ͊ͭ·Σ ;͔ͣ 
ͨͪΎ͙͔͚ͣͦͤͤ͊͡Ύ EBR5

˿ͻ͔ͣ͊ EBR5 IJK ͤ͊ 
͎ͪͯ͋·ͻ ͔ͫͭ͊͟ͻ ͔͒͊ͭ 
ͤ͊͘;͔͙ͤΎ ͙͔͎ͤͭͪ͊͡Έͤ·ͻ 
ͻ͔͙͙͊ͪ͊ͭͪͫͭ͟͟Σ ͦ;͔ͤΈ 
͙͙͔͋͘͟͡ ͟ 
͍͔͍ͫͦͦͭͭͫͭͯΌ΅͙ͣ 
ͤ͊͘;͔͙ͤΎͣ ͤ͊ 
ͨͦ͒ͪͦ͋ͤ·ͻ ͔ͫͭ͊͟ͻ
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˽͔͙ͪͣͯ΅͔͍ͫͭ͊ ͤ͊ ͎ͪͯ͋·ͻ ͔ͫͭ͊͟ͻ: Cp , Cf , ͟ ͙ͦͦͪ͒ͤ͊ͭ͊ ͭͦ;͙͟ ͦͭͪ·͍͊

16

AOA = 10Á AOA = 15Á

˽͙͔͔͙ͪͣͤͤΎ ͫͻ͔ͣ· 9.wр LWY ͤ͊ ͚ͫ͊ͣͦ ͎͚ͪͯ͋ͦ ͔͔ͫͭ͟ ͒ͦͫͭ͊ͭͦ;ͤͦΣ ;ͭͦ͋· ͨͦͯ͡;͙ͭΈ ͔ͪͯ͘͡Έͭ͊ͭ·Σ ͻͦͪͦ΄ͦ ͎ͫͦ͊ͫͯ͡Ό΅͙͔ͫΎ ͫ 
͔ͪͯ͘͡Έ͙ͭ͊ͭ͊ͣ ͤ͊ ͚ͫ͊ͣͦ ͚ͨͦ͒ͪͦ͋ͤͦ ͔͔ͫͭ͟

ˮͫͨͦ͡Έ͍͙͔ͦ͊ͤ͘ ͨͪΎ͙͔͚ͣͦͤͤ͡·ͻ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͚ ͤ͊ ͎ͪͯ͋·ͻ ͔ͫͭ͊͟ͻ ͔ͣͦ͗ͭ ͙͍͔͙ͨͪͫͭ ͟ ͤ͊͘;͙͔ͭ͡Έͤͦͣͯ ͙͔͙ͫͤ͗ͤΌ ͭͦ;͙ͤͦͫͭ 
;͙͔ͫͤͤ͡·ͻ ͔ͪͯ͘͡Έ͍ͭ͊ͭͦ ͍ ͙ͦ͋͊ͫͭ͡ ͦͭͪ·͍͊ ͨͦͭͦ͊͟

Mesh
Code 

/ Scheme
10Á 15Á

897Ĭ257 CFL3D no sep. 0.91

897Ĭ257 EBR5 IJK no sep. 0.91

2D x8 EBR5 IJK no sep. 0.90

3D x8 EBR5 PL no sep. ï

2D x1 EBR5 IJK no sep. 0.89

2D x2 EBR5 0.994 0.74

2D x2 EBR3 0.987 0.66

2D x1 EBR5 0.980 0.40

2D x1 EBR3 0.935 0.32

3D x1 EBR5 no sep. ï

3D x1 EBR3 0.973 ï
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˽͔͙ͪͣͯ΅͔͍ͫͭ͊ ͤ͊ ͡Ό͋·ͻ ͔ͫͭ͊͟ͻ

17

ˮͫͨͦ͡Έ͍͙͔ͦ͊ͤ͘ ͨͪΎ͙͔͚ͣͦͤͤ͡·ͻ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͚ ͔ͣͦ͗ͭ ͙͍͙ͨͪͦ͒ͭΈ ͟ ͔ͤͺ͙͙͘;ͤ·ͣͺͯͭͯ͊͟͡ͼ͙Ύͣ ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ͊ 
͔͙ͭͪͤΎ

AOA = 0Á(͎͙͊ͤ͊ͦ͡;ͤ·͔ Ήͺͺ͔ͭ͟· ͤ͊͋͡Ό͒͊ΌͭͫΎ ͒͡Ύ ͫͻ͔ͣ· 9.wо ͙ ͒͡Ύ ͎͙͒ͪͯͻ ͎͍ͯͦ͡ ͙͊ͭ͊͟) 

x8: EBR5 x4: EBR5 x3: EBR5 

x8: EBR5 PL x4: EBR5 PL x3: EBR5 PL 
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˻͔͙͔͋ͭ͊ͤ͟ ͍͒ͯͻ͎͍͙ͦͨ͊ͭͤͦͦͤͭ͊͡ CaradonnaςTung

18

˽͔͊ͪ͊ͣͭͪ· ͊͒͊͘;͙

˾͔͊ͫͫͣͦͭͪͤͤ·͔ ͙ͫͦͪͦͫͭ͟ ͍ͪ͊΅͔͙ͤΎ

Caradonna F.X., Tung C. Experimental and Analytical Studies of a Model Helicopter Rotor in Hover. Technical report, NASA Technical Memorandum 

TM-81232, 1981

˥͔͔͙ͦͣͭͪΎ

Blades count 2 

Rotor radius 1.143 m 

Blade chord 0.1905 m 

Blade base profile NACA 0012 

Pitch angle 8Á 

Flight regime hover 

Flight height 0 m 

 

RPM tip
M  

c,tip
Re  

tip
U  

650 0.23 9.8Ĭ105 78 m/s 

1750 0.61 2.6Ĭ106 209 m/s 

2300 0.80 3.4Ĭ106 275 m/s 

 

˾͊ͫ;͔ͭͤ͊Ύ ͦ͋͊ͫͭ͡Έ ͫ 
͔͙͙ͨͪͦ͒;ͤͦͫͭΈΌ ͨͦ 
͎ͯͯ͡

͙ͪ͊͒ͯͫ ͙ͦ͋͊ͫͭ͡: 30 m 

͍·ͫͦͭ͊ ͙ͦ͋͊ͫͭ͡: 60 m
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˿͔͙ͭ͟ ͙ ͔ͨ͊ͪ͊ͣͭͪ· ͪ͊ͫ;͔͍ͭͦ

19

w!b{ ͫ ͔ͣͦ͒͡ΈΌ ͔͙ͭͯͪ͋ͯͤͭͤͦͫͭ͡ ˿ͨ͊͊ͪͭ͊͡ςs ͣ͊ͪ͊ͫ͊͡͡

˽ͦͤͦͫͭ͡ΈΌ ͔͔ͭͯͪ͋ͯͤͭͤͦ͡ ͔ͭ;͔͙͔ͤ

ͤ͊ ͍͔ͫͻ ͔ͫͭ͊͟ͻ

˥͙ͪ͊ͤ;ͤ·͔ ͍͙ͯͫͦ͡Ύ ͨͦ ͎͙͙͊ͤ͊ͦ͡ ͫ ͔͙͔ͦ͋ͭ͊ͤͣ͟ NACA 0012

˹͔Ύ͍ͤ·͔ ͫͻ͔ͣ· EBR5 ͙  EBR-WENO5 ͫ  ͨͪΎ͙͔͚ͣͦͤͤ͡·͙ͣ ͙ 
͙͍͙͔͚ͪͦͤͤ͟͡·͙ͣ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙Ύ͙ͣ

Meshes N  leading edge
N  

tip,upper
N  

trailing edge
N  

x2 3.2M 300 80 300 

x1 1.7M 90 50 150 

x1c 1.3M 80 40 75 

 

x2:                                                                     x1:                                                  x1c:

BakhvalovP.A., KozubskayaT.K. EBR-WENO scheme for solving gas dynamics problems with discontinuities on unstructured meshes // Comput. Fluids. 

2017. V. 157. P. 312ς324

1y
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˽͔ͦ͡ ͔ͭ;͔͙ͤΎ ͙ ͙ͦͦͪ͒ͤ͊ͭ͟· ͦͤ͟ͼ͔͍͎ͦͦ ͍͙ͻͪΎ

20

˾͔ͯ͘͡Έͭ͊ͭ· ͨͦͯ͡;͔ͤ· ͨͦ ͫͻ͔ͣ͊ͣ 9.w ͫ ͙͍͙͔͚ͪͦͤͤ͟͡·͙ͣ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙Ύ͙ͣ ͤ͊ ͔͔ͫͭ͟ x2:

1750 RPM: EBR-WENO5 PL

˶͙͙͙ͤ ͭͦ͊͟ ͍ ͙ͨͦͫͦͫͭ͟͡ y = 0

ˮ͍͔ͦͨͦͪ͘ͻͤͦͫͭΈ ͍͔͍͔ͫͦͦͭͭͫͭͯͭ Q-͙͔͙ͪͭͪ͟Ό = 0.01

˴͙ͦͦͪ͒ͤ͊ͭ· ͦͤ͟ͼ͔͍͎ͦͦ ͍͙ͻͪΎ ͻͦͪͦ΄ͦ 
͎ͫͦ͊ͫͯ͡ΌͭͫΎ ͫ Ή͔͙͔ͫͨͪͣͤͭ͊͟͡Έͤ·͙ͣ ͒͊ͤͤ·͙ͣ
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˿͍͔͙͔ͪ͊ͤͤ ͔͔͔͙͚ͪ͊ͫͨͪ͒ͤ͡ ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ͊ ͍͔͙͒͊ͤ͡Ύ ͫ Ή͔͙͔ͫͨͪͣͤͭͦͣ͟

21

650 RPM (0.96L)                                      1750 RPM (0.96L)                                        2300 RPM (0.96L)

͙͔̉ͫͤͤ͡·͔ ͔ͪͯ͘͡Έͭ͊ͭ· ͻͦͪͦ΄ͦ ͎ͫͦ͊ͫͯ͡ΌͭͫΎ ͫ Ή͔͙͔ͫͨͪͣͤͭ͊͟͡Έͤ·͙ͣ ͒͊ͤͤ·͙ͣ
˴͙͍͙͔͚ͪͦͤͤ͡·͔ ͔ͪͦͤͫͭͪͯ͟͟ͼ͙͙ ͙ͨͪ͊ͭ͟;͔͙ͫ͟ ͔ͤ ͍͙͡ΎΌͭ ͤ͊ ͔͔͔͙͔ͪ͊ͫͨͪ͒ͤ͡ ͍͔͙͒͊ͤ͡Ύ

650 RPM (0.8L)  1750 RPM (0.8L)                    2300 RPM (0.8L)
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˿͍͔͙͔ͪ͊ͤͤ ͔͔͔͙͚ͪ͊ͫͨͪ͒ͤ͡ ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ͊ ͔͙ͭͪͤΎ ͒͡Ύ 1750 RPM 

22

9.wр ͙ 9.wр t[ 
͔͔ͦ͋ͫͨ;͙͍͊Όͭ 
͙ͨͪ͊ͭ͟;͔͙ͫ͟ 
͙͍ͦ͒ͤ͊ͦ͟·͔ 
͔ͪͯ͘͡Έͭ͊ͭ·

ͦ͒ͤ͊ͦ͟ ͒͡Ύ 
͚ͯͫͭͦ;͙͍͎ͦͦ ͫ;͔ͭ͊ 
͔ͭͪ͋ͯΌͭ ͙͔ͨͪͣͪͤͦ ͍ 
мл ͪ͊͘ ͔ͣͤΈ΄͙͚ /C[Σ 
;͔ͣ /C[Σ ͒ͦͫͭ͊ͭͦ;ͤ·͚ 
͒͡Ύ 9.w-²9bhр ͙͙͡ 
EBR-WENO5 PL

˽͙͔͔͙͔ͪͣͤͤ 
EBR-WENO5 ͒ ͔͊ͭ 
͔ͤͺ͙͙͘;ͤ·͔
ͺͯͭͯ͊͟͡ͼ͙͙Σ ͦͭͦͪ͟·ͻ 
͔ͯ͒͊ͭͫΎ ͙͔͋͗͊ͭ͘Έ ͙ͨͪ 
͙ͫͨͦ͡Έ͍͙͙ͦ͊ͤ͘ 9.w-
WENO5 PL

x1c EBR5                                                   x1c EBR-WENO5

x1c EBR5 PL                                              x1c EBR-WENO5 PL
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˿͍͔͙͔ͪ͊ͤͤ ͔͔͔͙͚ͪ͊ͫͨͪ͒ͤ͡ ͙ͨͦͭͤͦͫͭ͡ ͒͡Ύ1750 RPM 

23

x1c EBR5                                                   x1c EBR-WENO5

x1c EBR5 PL                                              x1c EBR-WENO5 PL

9.wр ͙ 9.wр t[ 
͔͔ͦ͋ͫͨ;͙͍͊Όͭ 
͙ͨͪ͊ͭ͟;͔͙ͫ͟ 
͙͍ͦ͒ͤ͊ͦ͟·͔ 
͔ͪͯ͘͡Έͭ͊ͭ·

ͦ͒ͤ͊ͦ͟ ͒͡Ύ 
͚ͯͫͭͦ;͙͍͎ͦͦ ͫ;͔ͭ͊ 
͔ͭͪ͋ͯΌͭ ͙͔ͨͪͣͪͤͦ ͍ 
мл ͪ͊͘ ͔ͣͤΈ΄͙͚ /C[Σ 
;͔ͣ /C[Σ ͒ͦͫͭ͊ͭͦ;ͤ·͚ 
͒͡Ύ 9.w-²9bhр ͙͙͡ 
EBR-WENO5 PL

˽͙͔͔͙͔ͪͣͤͤ 
EBR-WENO5 ͒ ͔͊ͭ 
͔ͤͺ͙͙͘;ͤ·͔
ͺͯͭͯ͊͟͡ͼ͙͙Σ ͦͭͦͪ͟·ͻ 
͔ͯ͒͊ͭͫΎ ͙͔͋͗͊ͭ͘Έ ͙ͨͪ 
͙ͫͨͦ͡Έ͍͙͙ͦ͊ͤ͘ 9.w-
WENO5 PL
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˿͍͔͙͔ͪ͊ͤͤ ͔͔͔͙͚ͪ͊ͫͨͪ͒ͤ͡ ͦ͟Ήͺͺ͙ͼ͙͔ͤͭ͊ ͔͙ͭͪͤΎ ͒͡Ύ 2300 RPM 

24

˽͙͔͔͙͔ͪͣͤͤ EBR-WENO5 ͒ ͔͊ͭ ͔ͤͺ͙͙͘;ͤ·͔ͺͯͭͯ͊͟͡ͼ͙͙Σ ͦͭͦͪ͟·ͻ ͔ͯ͒͊ͭͫΎ ͙͔͋͗͊ͭ͘Έ ͙ͨͪ ͙ͫͨͦ͡Έ͍͙͙ͦ͊ͤ͘ 9.w-WENO5 PL

x2 EBR-WENO5 x1 EBR-WENO5                                      x1c EBR-WENO5

x2 EBR-WENO5 PL                                   x1 EBR-WENO5 PL                                  x1c EBR-WENO5 PL
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˿͍͔͙͔ͪ͊ͤͤ ͔͔͔͙͚ͪ͊ͫͨͪ͒ͤ͡ ͙ͨͦͭͤͦͫͭ͡ ͒͡Ύ 2300 RPM 
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˽͙͔͔͙͔ͪͣͤͤ 9.w-²9bhр ͔͒͊ͭ ͔ͤͺ͙͙͘;ͤ·͔ͺͯͭͯ͊͟͡ͼ͙͙Σ ͦͭͦͪ͟·ͻ ͔ͯ͒͊ͭͫΎ ͙͔͋͗͊ͭ͘Έ ͙ͨͪ ͙ͫͨͦ͡Έ͍͙͙ͦ͊ͤ͘ 9.w-WENO5 PL

x2 EBR-WENO5 x1 EBR-WENO5                                      x1c EBR-WENO5

x2 EBR-WENO5 PL                                   x1 EBR-WENO5 PL                                  x1c EBR-WENO5 PL


