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%�'� �N-Þò¬�ØVW(Linearized Euler Equations, LEE) 
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BCM [3] BCM

1(a) Cube 2n

Cube 1(b) (Cell)
Cube Cube overlap Cell 3 overlap Cell

Cube 2 LEE

Runge-Kutta Cube
OpenMP BCM Cube Cell

Cube

1.Cube Cube
2.
3.Runge-Kutta Qsub

4.
4 Dispersion Relation Preserving (DRP) [4]

4 Damper
6 4 Low Dissipation Dispersion Runge-Kutta (LDDRK)[5]

LEE
buffer zone [6]

 
(a) Cube            (b) Cube (15 15Cell, 3 overlap Cells)
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Ø 2 LEEFij
³sN�­

%�7� \�ê4!��(Immersed Boundary Method, IBM) 
� ]
�E�UJ IBMP ghost cell (GC)) image point (IP)o�U.8FE?J[7]�,ÑóúvN
ào Stereo Lithography (STL)���)-3�á-óV5o�U3ij Cell!úvFKÛb/Ûb
oa´uJ�V-3óúvKÛF�baF Cell o GC )-3�UJ�V-3óGC bWúvcT
ØëIó
· CellF 1.5kF�sFÙ½I IPoQ+uJ�V-3 IPI�+F CellbWúûmo
dH-óIP EFËo�U3úv�?Ee+ç!���of.uy�I GCFúûmoPQuJ�
IP�FdHo���óyz{EP IPog¢3¡3¡3F27	o�U3hin/Õ�Iy23��(Ø
3)�

(a) GCFQ+) IP�FdH� � � � � � � � �     (b) IP�FdH
Ø 3 \�ê4!��

%�(� Cube!�EF����
C�sFF� CubeF!�EPPà	!j!23U*U.�IódHIy23����o���
�!?J�]
�EPrzF�oWdH�E?J¬«¬�ý�dHo�U.[8]�x5PóW(3)ó
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(4)IMuinFÕ4Å¥o�U3dHo��8FE?J�
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      (4)

xxEóQOCPoverlap CellEFúûmE?+óQj,k,lPéû��³EFúûmE?J�wj(xOC)ówk(yOC)ó
wl(zOC)P overlap Cell�FdHI�UJÕ4Å¥E?J�,.óxOCóyOCózOCP overlap CellF x,y,z
klE?+óxióyióziPdHI�UJéû��³FklE?J�

Ø 4P×z{EFdHI�UJéû��³A½oM-3UJ�Ø 4(a)P·sU CubebWC�U
Cube�FdHI�UJéû��³E?J�Overlap CellP 1JIæ-3 3®E?J!ó³�mÆ
�oV×J.�ódHI�UJéû��³!æn)*Jy�I Cube!�I
83U CellP 2¡2
	EFdHóVF� 2®P 4¡4	EFdHo���Ø 4(b)PC�U CubebW·sU Cube�Fd
HI�UJéû��³E?J�x�WP overlap Cell 2J�FdH	Iæ-3C�U CubeF 3¡3
	FÚ� CellFúûmo�U.dHo���

(a) ·sU CubebWC�U Cube�FdH� � (b) C�U CubebW·sU Cube�FdH
Ø 4 dHF�UJéû��³A½

%�º� e_F´QØ�

� Lo�]eF�áP Tyler) SofrinIy+\ps5. spinning mode�áIy+Î×J�x5Pó
Lo��;��O�F?|}~Iy23
|uJ]eo�-.8FE?+ó_¼FWIy23e

6�;oÎ×J8FE?J�

 
1'( , , , ) [ ( ) ( )]cos( )m r m r ap x r t a J k r c Y k r kt k x m        (5)

xxEóJm, YmPV5ã5 mzFq 1�ó2�F BesselÄ¥E?J�kaP axial wavenumberókrP

radial wavenumberE?J�krF nzF+P_¼FWIrçF!���oÎ×Jx)Iy+1,J�
 

[ ( )] [ ( )] [ ( )] [ ( )]
0m outer r m inner r m inner r m outer rd J r k d Y r k d J r k d Y r k

dr dr dr dr
      (6)

 
xxEórouterórinnerPs�êFK¿tó/¿tE?J�kaP_¼FWbWijs5J� 
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xxEó+P&uklI�U3HØëI�¢�óvPÇØëI�¢�o�-3UJ�Å¥ c1 P_
¼FWIy+ijs5J� 

 

1
( / )[ ( )] ( / )[ ( )]
( / )[ ( )] ( / )[ ( )]

m outer r m inner r

m outer r m inner r

d dr J r k d dr J r kc
d dr Y r k d dr Y r k

       (8) 

%�¿� ^ØEF]eF�QØ�

� ]
�EP Ffowcs Williams-Hawkings (FW-H)�o�U3^Øeão�QuJ�FW-H�)Pó3
áFe_og¢wx?nFúûm���FGH�-o�U3ó^ØEFúûmFGH�-o�Q

uJij��E?J�xFwx?o FW-H ?)ä��^ØãF]e�QF.�FijF!5P_
¼Fy�I*J�,ÑóLo�?I spinning mode �áoÎ×J�V-3óLEE Iy+3áEF
]eF56o+-uJ�
.I FW-H�Iy+^ØEF]eF56o�QuJ�

7�� Generic Inlet�+F]e56+-
yz{2ænß�³NàE?J Generic Inlet bWF]e56o+--ó+-Ù¬���o�-

s�.ãiF^ØI�#J SPL �Öo]åuJ�,.óDGM o�U.wxFij¿³ó�E?
J ACTRAN/DGMIyJijq�)]åuJx)Eó]��Fij®ÞovOuJ�
ijæ�)*J Generic InletNàoØ 5IMu�ØKF	�PLo�?FÙ½E?J�,.ó

D�Pe¤¬òß�F´½Ù½oM-3UJ!ó�öF+-EP�U*U�ij¶·Fß	PØ

5(a)F z=0óy=0 FÙ½E?+óij¶·FC�s8Ø 5(a)FËoÏz{--3�U3UJ�
|
uJ]eF��¥P 1,578HzE?+óspinning modeP���(24,1)o�UJ�
� ijPào´QuJ�IP,Ñóe_Ù½)RA¶·oÖB-3ij¶·o´QuJ��öF

+-EPij¶·F y,zØëIÏz{�s 3FRA¶·oy�óVFðI¾ 80	FPà	o�U
J�x5WFÙ¬���Pó{zF
�bWa�*S{��oy23UJ)Ö×W5J[9]�+xØ
ëPxFkF¶·oy23UJ!ó-x ØëP¾ 1.5 FRA¶·ovX-3UJ�x5Pß�³o
ö|-3.ØIö+ê¢e�P�Ìóa�IS{s�Jx)!E�J)Ö×W5J.�E?J�

zIóe_�+F PPWo´Q-óV5Iy23�®F CubeF��¥oPQuJ��öF+-E
Pij¶·)RA¶·o"vIuJ.�ó,.óß�³�+FPàF��-o��x)oÖ×P

à	oA½-.�

� Ø 6Ióij¶·KF CubeA½oó� 1I+-I�U.Pà��oMu��öF+-EP Cube
¥! 708) 1,464F×®FA½)óCubeKF�=F��¥o 30) 40)-3óii 4��éF+
-o���Ø 6(a)FA½EP
8·sU CubeF!�I FW-H?o´½-óx5Iy+^ØEF]
eF�Qo���.g-ó-x ØëF!�Pß�³!}ª5JÙ½)uJ�´½-. FW-H ?y+
8/ÛIÙ½uJ Cube EPPàF+xÞ!<*Ux)Iy+]e!;<IS{uJbó,.P
buffer zone~Â!�Iy23S{s5J�Ø 6(b)IÄ-3PØ 6(a))Ú�Ù½I FW-H?o´½u
J!óxF)�-xØëF FW-H?EPPà!��-s53UJ.�óxF�g# FW-H?nFP
à	¥!o/-3UJ�sWI Case1 IÄ-3óFW-H ?FÙ½o�-s�3^ØEF�Qo�
Uóx5WFq�o Case1-2óCase1-3 )-.�FW-H ?FÙ½PóCase1,2,3,4 EP x=[-0.5,4.0]ó
y=[-3.0,3.0]óz=[-3.0,3.0]óCase1-2P x=[-0.5,2.5]óy=[-2.25,2.25]óz=[-2.25,2.25]óCase1-3P x=[-0.5,1.75]ó
y=[-1.6,1.6]óz=[-1.6,1.6]E?J�
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(a) (b) STL

5 Generic inlet

(a) Case1,3 

(b) Case2,4 
6 Cube

1

 Min. Cell size  Number of 
Cube 

Number of 
CCells in one 

Cube  
Total Number 

of Cells Max. PPW 

Caase1 0.0188 708 40×40×40 45,312,000 11.68 
Caase2 0.0094 1,464 40×40×40 93,696,000 23.37 
Case3  0.0250 708 30×30×30 19,116,000 8.76 
Case4  0.0125 1,464 30×30×30 39,528,000 17.53 
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� Ø 7IóCase1óCase2EFóz=0Ô?EF6á�;�ÖoMu�Ø 7 EPóRA¶·)*23
UJÛ�PîU3�+ó,.ó¼¿�IV5ã5FPà	F�Öo�	��IM-3UJ�Ø 7
o°J)óLo�?E
|-.]e!ß�³Kço5@+ó
Î�IÍÌEö|-3ó¿tØë

I56-3UJ9à!vOE�J�,.óCase2EP Case1)]å-3+xÞ!rU.�ó6á�
;FO��!r½eIP2�+)�53UJ�Ø 8P Case1EF6á�;�Öo+xØëbW°.
ØE?+óx kl@)IM-3UJ�
|-.]e!ö�-*!W��u¬�W5óV5o�#
J)¿tØëIC�Ì�!23UJ9à!vOE�J�Ø 8 EPLo�P�Giö+Iö�-3
UJ�6á�;FO��F¥Pr½eI 24U?+óspinning modeF�á���E?J(24,1)Iæ
Å-3UJx)!�bJ�

(a) Case1                         (b) Case2 
Ø 7 z=0Ô?EF6á�;�Ö

(a) x= -0.1                   (b) x= 0.9                  (c) x= 1.9 
Ø 8 +xØëbW°.6á�;�Ö(Case1) 

� � 2I FW-H�I�áuJ6á�;Fñ�©N�«Ø�oMu�xxEóTotal number of cycle
P FW-H�I�á)-3�U.iiF�%F¥E?J!ó�öF+-EP LEEEF+-F�I 10
�%�oÍá-óVF���o¡O�-3�U3UJ�^ØEFe6�;ofQuJÙ½PóØ

5(a)I°W5J	(1.5,0,0)oðö)-3¿t 50FÙ½I?J	E?J�y=0óz=0)*J	o 0 deg
)-3ó¿tØëI 150 deg,EfQ-.�
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(a) Case1                         (b) Case2 
7 z=0

(a) x= -0.1                   (b) x= 0.9                  (c) x= 1.9 
8 +x (Case1)



2 FW-H  

 Tootal ffaces oon 
FW--H surface  

Time step per 
oone cycle 

Total nnumber of 
cycle  

Case1  512,000 29 

70 
Caase1-22 268,800 29 
Caase1-33 139,400 29 

Case2  684,800 58 
Caase3 288,000 21 
Case4  385,200 42 

 
9 Case1, 2, 3  4 Case1,3 40 deg

0 deg 30 deg SPL PPW Case3
Case3

90 deg
Case3

ACTRAN/DGM 40 deg 120 deg Case1,3
0 deg 30 deg Case1 120 deg

Case1,3 SPL 40 deg
70 deg SPL

0 deg 30 deg 120 deg
 

Case1,2,3,4 Case1,3 PPW 12 Case3,4 9
PPW Case3 Case4 0 deg 30 deg

SPL

FW-H PPW Case3 Case4 Case1,2 40 deg
SPL ACTRAN/DGM 0 deg 30 

deg SPL  
10 Case1 Case1-2,1-3  120 

deg Case1 Case1-2,1-3 ACTRAN/DGM
Case1-2,1-3 FW-H

FW-H Case1-3  
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Ø 9 Case1,2,3�yW 4I�#J^Øã SPLF]å

Ø 10 Case1,1-2�yW 1-3I�#J^Øã SPLF]å

(�� q�

� Building-Cube MethodF
³sN�­I'�Ì�NÞò¬�ØVW¡��o�U3ó���ô�
ý�o�-.2ænß�³NàbWF]e56+-o�UóijPà�yW^Øã�QI�#J

�á���o�×.)�F^Øã SPLF]åó�yWóÓ��Pà�IyJq�)F]åo�2
.�VFq�o_¼IMu�

� Ó��Pà�EF+-)]åuJ)óuÐ3F��éI�U3 0 degbW 30 deg,EF SPL
! 20dB «�C�Ì*23UJ�x5P�FÛ�y+8l!»¼E?J�ß�³�+F Cube o
��--.ãiIPxF6gE SPLPS<F9ëoM-..�óÓ��Pà�I°W5Jy�Ió
xF.3I�#J SPLP]`óy+·s*ËoMu)Ö×W5J�.g-ó0 degbW 30 degE
F SPLP�FÙ½EFË)]å-3·sU.�óô�ý�bW
|uJ]eo��uJ�IPV
5«�C�U£¤P*U)Ö×W5J� 
� FW-H?FÙ½oß�³I3�#.ãiIPó120 deg_nFÙ½EF SPLI�-!°W5óÓ
��Pà�IyJq�I3.U.�FW-H ?F6g!·sÌ*J)óVF����m!·sÌ*
J.�óCase1-3F FW-H?FA½E8a�E?J)U�x)Pf�*q�E?J)Ö×W5J�
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9 Case1,2,3 4 SPL
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