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B<CEDGF H-IGHKJ-LMCON%P QSR1HKJ PTP
U VXW�YOZ	[<\^]`_aYcb>[dW U
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CEæ ,cWeA Bf= ? : WeA�D 
 Jàé~æOJ F CÆR©HKJXçaé Þ J«CEDaPûFlP N�ã/I|æg]`R©é�-ÎHKJJàHSæGR%hcHOC ÞM, é~æOJN�H	P i�3`T»H¸LpHgJXæaP JgP Þ N�ãSR©HKJJàã Y F�N C£ãSR©é�=
I Ý�Þ CGLgP å|æ£H°P Þ N�HSR Þ HMHKN@çEF æOJMç£C	R�N%P áSæEFlP QSR1HSLpH Þ N Y F C�Lpé�IGãSFlP J«CON%P é Þ IGHKJ�ãXáXé~æGF HSLpH Þ N J5IEãXáXé~F F ãKJ:H Þ ç	R©ãKJàH Þ áXH-IEH
áSßcé�áKJ O 7 HKJ ãKN�æcIGHKJ:JàHpJàé Þ NAH Þ JXæGP N�Hgçaé~æGR�JXæGP âGP HKJpç£C	Rxæ Þ HMN�ßcQKJàHpIEH-IGé�áKN�éGR>CONR3|å|æcHfT�N CaP�HRd<HXáKN�æcãXH-CGæ ,>?�A%B�D
Jàé~æOJ°F C�I~PTR1HXáKN«P é Þ Iiæj]�R1é�-yHKJJàHSæGR U C ÞXÝ�k C Þ IiR©é~LgLÈH O 7°C�N%ß£QKJàH¸çaéER�N�CGP N@JXæGRml£F�N C Þ CEF Ý JàHÆçGß Ý JKP å|æcHzHKN F C�JKP =
L æGF CcN«P é Þ�Þ æGLÈãSRÎP åiæcH IEHKJpãXáXé~æGF HSLpH Þ N J@áXé~Lgç	R©HKJJKPûDGF HKJpCOâ£HXá�CGçEçGFlP áOCON%P é Þ CGæJi�N�æ Ý QSR©HKJpIGH¸ç	R©é~çGæGF JàHSæGR�J�l OnD æ
áXé~æGR©JAIGHKJ5N%R1é�P JAC ÞGÞ ãXHKJ IGHÈN%ß£QKJàH`3RT�N CaPGIGã�â	HSF é~çGçaã°æ Þ é~æON%PTF Þ æGLÈãSRÎP å|æ£Hpå|æ£H%T�N CGPGCEçGçGF P å|æ£ã Y I|P â£HSR�JÈç	R©é~DGF QSLÈHKJ
IN C£ãSR©é�I ÝEÞ CEL/P å|æcHÆJXæGçaHSR�Jàé Þ P å|æcH¸HKNgH Þ ç£C	R�N%P áSæGF P HSR5CEæJi�ãXáXé~æGF HSLpH Þ N JgN�æGR�DEæGF H Þ N J H Þ ç	R©ãKJàH Þ áXH´IGHÆIGãXáXé~F F HR=
LÈH Þ NtIGHÈáXé~æcáSßcH°FlPûL/P N�H O h1N CGP+3~H Þ ç£C	R�N%P áSæEFlP HSRo3½L/P JxH Þ ã�âGP IEH Þ áXH Þ æGLpãSR�P å|æcHSLÈH Þ N�F+NlH�iEP JN�H Þ áXH@I#N�æ Þ HÈJN%R æcáKN%æER©H
N�é~æGR�DaPûF F é ÞGÞ CGPTR©HzH Þ CXâ	CEF<IN�æ Þ I~P JàåiæcH�IGHH7�CcáSßÆIEC Þ J�æ Þ T HKNÈJXæEçSHSR©Jàé Þ P å|æ£H Of, HKN»N�H Þ é~æXâ£HSFTF H¸áXé Þ ä�è|æER1CON%P é Þ
; CEçGçaHSF ãXH/áSß£é�á H Þ áSß£CEçaHOCGæ K 3�P JJXæcH/IN�æ Þ H�P Þ N HSR>CcáKN%P é Þ IEH�7�CcáSß¸P Þ â£HSR�JàH`3½HKJN:áXé Þ JKP IGãSR©ãXHgáXé~L LpHzF+N�æ Þ H/IEHKJ
áOCEæOJàHKJ-ç	RÎP Þ á	Pûç£CEF HKJ�IGH�F+N CGçGç	C	RÎP N%P é Þ IEHKJ@áSß£C	R�èGHKJ/F CON�ãSR1CEF HKJ IEC Þ J/F HKJ N�æ Ý QSR©HKJ@IGHzLÈéSN HSæER�J\- æOJàãXH O
U HSçGæGP J-LÈC Þ é~LgP Þ CcN«P é Þ�Y F�N B : Ü�D IGH A é~æ£H Þ H Þ .0/1/1243½H Þ NC Þ N å|æ�N CcN N�C£áSßcã/N�HSLgçaéER1CaPûR©HMINlH Þ JàH	P è Þ HSLpH Þ N:HKN
IGH¸R©HXáSßcHSR1áSßcH`3ÒçGæaP JgLÈCqp©N�R©H IGH�áXé Þ -yãSR1H Þ áXHKJS3�TqN CGP�çaé~æGR�JXæaP âGP<LpHKJpN%R1COâ	CEæJi¸JXæGR F CÆLpé�IGãSFlP J«CON%P é Þ IGHÆF C�N�æGR�DGæ0=
F H Þ áXHMH Þ CcãSR1é�I Ý�Þ CGLgP å|æ£H-JXæGçaHSR�Jàé Þ P å|æcH OeW�Þ ç£C	R�N%P áSæGF P HSRr3�F+Nlé~æON«PûF Þ æGLpãSR�P å|æcH`3iIEã�â£HSF é~çGçaãzçaH Þ I�C Þ NÈLÈCgN�ßcQKJàH`3
C ãKN ã CGLÈãSFlP éER©ãMHKN5H Þ RÎP áSßaP�ç£C	R�IGH Þ é~æXâ	HOCGæJi!LÈé�IGQSF HKJ:IGH-N�æGR�DGæGF H Þ áXH O@B F~CgãKN�ãzæON%PTF P Jàã çSé~æER�â	CEFlP IGHSR�HKN H�i�çaãR=
RÎPûLpH Þ N�HSR^æ Þ HMè|R1C Þ IGHÈâ	C	R�P ãKN�ãÈIEH LÈé�IEQSF HKJ AsD : ÜeOtB FEC/ãKèECEF HSLpH Þ NxJàHSR�âGP Y IN CEæON%R1HKJ5N�ßcãKJ«C	R©IGJ IiæzF CEDSéER1CcN é�PûR©H
; Þ éSNCELgLpH Þ N�5SCEæGR©H Þ N6Q�FlP ÞHu .0v�wx3 ,�Ý RÎPûF%]�PTF P Þ JS_	P u 2�I`w:HKN D ÞEÞ HR= Ü é~çGßaP Hy7°é~æGR1é Þ â	CEF u�G 2�w K çaé~æGR:IGHKJ áOCEF áSæGF J
IN C£ãSR©é�I ÝEÞ CEL/P å|æcH�P Þ N�HSR Þ H-HKN H�i£N HSR Þ H O
54N C£áKN«P âGP N�ã�JXæGR@F C�Lpé�IGãSFlP J«CON%P é ÞbAsD : Ü HKN�F HKJ/áOCEF áSæGF JgIGH�N%æ Ý QSR©HKJ°HKNMI#N C	R�RÎP QSR1HR= áXéGR�çOJ JàH¹çaé~æGR�JXæaP N/CcáKN�æcHSF F HR=
LÈH Þ N5I�C Þ J F H/áOC£I|R©H IGH�F C N%ßcQKJàHgIGH�z�é~ß£C ÞEÞ ]|HSR R©éSN u 21{�w�H Þ æON%PTFlP J«C Þ NpF H-áXé�IGH�P Þ IiæOJN%R�P HSFn:c{ Ü =q:^CcN�æGRÒHKN H Þ
JSN�P Þ N ãSR1HKJJ«C Þ N°çGFTæOJ¸ç	C	R�N«P áSæGFlP QSR©HSLpH Þ N Y F C�Lpé�IGãSFlP J«CON%P é Þ IGHKJ¸çEßcã Þ é~LpQ Þ HKJ°H Þ ç	R©é�áSß£H�ç	C	R©é�P O 5�Nlé~D|T»HXáKN%P -@IEH
áXHKN N H ãKN%æ£IGHzHKJN�IGHÆçaé~æGR�JXæaP âER©H¸F�NlHRd<éGR�N@IEH¸LÈé�IEãSFlP J«CcN%P é Þ HKNpIGHÆL/P JàH°CGæ¹çaé�P Þ N�IGHÆLpé�IGQSF HKJ A�D : Ü HKN@INlH Þ
N%PTR©HSR�ç	R©é	ä~NÈçaé~æGRAF�NlãKN�æcIGH-HKNÈF�Nlé~çON%PTLgP J«CcN«P é Þ IGHKJ:J Ý JN�QSLpHKJÈP Þ IiæOJN%R�P HSF J O�, HMN%R>CXâ	CGPTFEJSNlHRd�HXáKN�æcH/COâ£HXázF HMè|R1é~æGçaH
Ü : W�, 7 D HKN�âEP JàH Y CELpãSF P éER©HSR<F HKJÒáSß£Cqp Þ HKJtIEH:áXé Þ áXHSçON%P é Þ HKN^IGH�IGã�â	HSF é~çGçaHSLpH Þ NxP Þ I|æOJN�RÎP HSF J^HKN Y IGã�â£HSF é~çEçSHSR
IGH Þ é~æXâ£HSF F HKJ-LpãKN�ßcé�IGHKJ�IGH/áOCEF áSæGF½çSé~æERxæ Þ H�LpH	PTFTF HSæGR1HgLMC�p1N%RÎP JàHpIEHKJ:J Ý JN QSLÈHKJ:ã Þ HSR�èGãKN%P å|æcHKJ O
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k æcH!F+Nlã�â£é~F æON%P é Þ R1CEçaP IGH¸IGHKJ áOCEç£C£á	P N�ãKJ IGH¸áOCGF áSæGF�HKN/IGHKJgJàáSßcãSLMCOJ Þ æGLpãSR�P å|æcHKJS3�T H!LpH�JXæaP JzP Þ N�ãSR©HKJJàã Y F C
JKPûLgæGF CON%P é Þ¸Þ æGLpãSR�P å|æcHzIEHKJÈè|R>C Þ IEHKJMãXáSß£HSF F HKJ<;�5 W|Ü#K INlãXáXé~æGF HSLÈH Þ N JÈN�æGR�DEæGF H Þ N J°çSé~æER:F C�áOCEçON�æGR©HzIGHKJ�çGß£ãR=
Þ é~LÈQ Þ HKJMP Þ JN�CcN«P é ÞGÞ CGPTR©HKJ:H Þ L�N�P Þ JXçaPTR1C Þ N5IGHKJ:N%R>CXâ	CEæJi�IGãrT Y H�i�P JNC Þ N J@CEæ�F CEDaéGR1CcN�é�PTR©HMIEC Þ J/F H-IGé~LÈCGP Þ H-IEHKJ
ãXáXé~æGF HSLpH Þ N JxR1ãOCcáKN%P -yJ£;�5�æcá k HSR�âEP JàáSß:HKNChaæEFlP H Þ�A ã�â£H	PTFTF é Þ�KRO�, HKN N�HAC£áKN«P âGP N�ã�R©HSç	R©ãKJàH Þ N�HÈLpé Þ JàHXáXé Þ I/CSi	H5IGHÈR©HR=
áSßcHSR1áSßcH O�D P Þ JKP+3aIEC Þ J@F H:áOCcIiR©H@IGH/F CpN%ß£QKJàH�IGH95aCEæGR©H Þ N¤Q�F P Þ 3 Þ é~æcJACXâ	é Þ JAH Þ N�R©HSç	RÎP JAIGHKJxãKN�æcIGHKJ:P Þ N ãSR1HKJJ«C Þ N�HKJ
JXæGRxF HKJ:JKPTL æGF CcN%P é Þ J�5 W~Ü IEC Þ JgF HKJÈP Þ â£HSR�JàHSæGR©J@IGHzçaé~æOJJàãXH/H Þ áXé~F F CGDaéGR>CON%P é Þ COâ£HXá�F HMè|R©é~æGçaH�axP JXç	C Þ é�= Ü æGP ¥OC
D ãSR©éSJN%R æcáKN%æER©HKJ O ]|é~æGR:áXHSF C�3 Þ é~æOJzCXâ	é Þ JzIGã�â£HSF é~çEçSã�æ Þ¨Þ é~æOâ£HOCGæ'Jàé~F â£HSæGR¤{ U 5 W~Ü ;D£CcJàã�JXæERÈæ Þ JàáSßcãSLÈC
¦ W : ?X§ HKN5æ Þ LÈé�IGQSF H I ÝEÞ CEL/P å|æcH@IEH:Jàé~æOJ!=àLÈCGPTFTF H KRO�D ç£R1QKJÒâ	CEFlP I�CON%P é Þ 3 Þ é~æcJACXâ	é Þ JACEçGçGFlP å|æcã�áXHKN�é~æON%PTFGçaé~æGR
F H5áOCEF áSæEFcIGHKJ P Þ JN�CEDaPTF P N�ãKJ�N�RÎP = I~PûLpH Þ JKP é ÞGÞ HSFTF HKJtP JJXæcHKJ�IN�æ Þ H�áXé~æ£áSßcH�IGHMLÈãSF C Þ èGH:áXé~æGR�DaH:IEC Þ J:æ Þ H@áXé Þ ä�è|æER1CS=
N%P é Þ IN�P Þ â£HSR�JàHSæER�IGH�çaé~æOJJàãXH O :^é~æOJ@CXâ	é Þ J-Lpé Þ N�R©ãMå|æ�N�PûF�H�iEP JN H`3|H Þ çEF æOJ:I|ægIEã�ä�F HSLpH Þ N5N é~æER�DaPTFTF é ÞGÞ CaPûR©HpIEHKJ
JN�R�æcáKN�æGR©HKJ@IEH�¨`HSF âGP Þ =qa`HSFTLgßcé~F Nx¥`3�æ Þ LÈé~æXâ£HSLÈH Þ N�JàHXáXé Þ IECGPTR1HgIGH¸D£CcN»N�HSLpH Þ N-F CON�ãSR1CEF�IEH�F C�áXé~æcáSßcH°IGH�LÈãR=
F C Þ èGH©; Y D£COJJàH�-�R©ãXå|æcH Þ áXH K çaé~æXâSC Þ N^JàH áXé~æGçGF HSR½CXâ£HXáÈF C:JN�R�æcáKN�æGR©H5HKN�H Þ èGH Þ I|R1HSR½IGHKJ^âGPTD	R1CcN«P é Þ J5PTL çSéER�NC Þ N�HKJ O
5SHKJtJKPûLgæGF CON%P é Þ J¤5 W|Ü JàHgçaé~æGR�JXæaP â£H Þ NxC£áKN%æcHSFTF HSLÈH Þ NÒIEC Þ J@F HpáOCcIiR©H@IGH F CpN�ßcQKJàH@IEH Ü CELgæcHSF U æGDaéSJ u v�I`w^çaé~æGR
F C�ç	R©ãXI~P áKN«P é Þ IGHKJXª�æcáKN�æ£CcN«P é Þ J@IGH�ç£R©HKJJKP é Þ ç£C	R�P ãKNCGF H�F éGR©J@IN�æ Þ H�P Þ N�HSR1C£áKN«P é Þ é Þ IGH IGH/áSßcé�á�«	áXé~æcáSßcH¸FlPûL/P N H O
, HÈN%R1COâ	CGPTFdDSã Þ ã�ä~á	P H-I|ægJàé~æON%P H Þ ä Þ C Þ á	P HSR`I|æ , : W|ÜeO
]iC	RdCGPTFTF HSæGR©JS3�æ Þ HMç£C	R�N%P H:IGHMLÈé Þ CcáKN%P âEP N�ãAIGH/R©HXáSßcHSR©áSßcH�CpãKN�ã:áXé Þ J«CcáSR1ãXH Y F+NlãKN%æcIEH:IGHKJ P Þ N�HSR1C£áKN«P é Þ J�IGH�áSßcé�áKJ
H Þ R©ãKè~PûLpH JN�CcN«P é ÞGÞ CGPTR©H6;�IEC Þ J�F H°áOCcI|R1H°IEHKJ°ç	R©é�T HKN J B :^B DtÜ#K HKNgF HKJ°çGßcã Þ é~LÈQ Þ HKJMN%R1C Þ JKP N é�PûR©HKJ@IN CELpéER¬OCOèGH
R1CEçaP IGH®;�IEC Þ J/F C áOC£I|R©H I|ægè|R1é~æGçaH D B D£,@KRO 5SHKJ/R1ãKJXæGF NCON J:é~DON�H Þ æOJpáXé Þ ä�R�LÈH Þ NMF C¸çaéGR�N�ãXH/HKNMF�N�P Þ N�ãSR¯KNxJàá	P H Þ =
N%P ä|å|æcH-IGHKJ�ãKN�æcIGHKJpH Þ CcãSR1é�I Ý�Þ CGLgP å|æ£H/JXæGçaHSR�Jàé Þ P å|æcH O
U C Þ J¨æ Þ R©HKè~P JN%R©H�COJJàHJ¥¨I~P d�ãSR©H Þ N�3 HKN�Jàé~æOJ�F�N�P Þ P N%P CcN%P â£H!Iiæ°]�R1é�-yHKJJàHSæGR�±tßcé~æGR�P U ß£CcN»NÆHKN�I|æ°]`R©é�-ÎHKJJàHSæGR
U C ÞXÝ<k C Þ I|R©é~L LpH`31T�N CaP½H Þ NCELpãgIEHKJÈãKN�æcIGHKJÈJXæGR5F H/N�ßcQSLÈH I|æzáXé~æGçEF CcèGH�ª�æaP IGHR=�JN%R æcáKN%æER©H`3�I#N CGDaéGR1I¹H Þ áXé~F =
F CGDaéGR>CON%P é Þ CXâ	HXá W L LÈC Þ æcHSF@5SHR- R>C Þ ¬Xé�P J�;çaH Þ IEC Þ NÈJ«C°N%ß£QKJàH IGH�IGé�áKN�éGR1CcN/çGæaP JpJàé Þ çaéSJNx= IGé�á K HKN@H Þ JXæGP N�H Y
N�R1COâ£HSR�J°F C�N�ßcQKJàH�IN D ÞGÞ HR= Ü é~çEßaP Hj7°é~æGR1é Þ â	CEF½é�[ Þ é~æOJ/COâ£é Þ J/IGã�â	HSF é~çGçaã´æ Þ é~æON%PTF Þ æGLpãSRÎP å|æcH�IGHzáXé~æGçEF CcèGH
ª�æaP IEHR=�JN%R�æ£áKN%æGR1H�CaP Þ JKPdå|æ�N�æ Þ LÈé�IGQSF H�IGHzJNCGDaPûFlP N ã�CcãSR1é�ãSF COJN%P å|æ£H O>, H�N�R1CXâSCaPûFiJàH´çaé~æGR�JXæaP NMC£áKN%æ£HSF F HSLÈH Þ NpH Þ
áXé~FTF CEDSéER1CcN«P é Þ COâ£HXá�F�N ExÞ P â£HSR©JKP N�ã�IGH´B�HXáSß Þ é~F éSè~P H´IGH , é~L çaP QKè Þ HÆIEC Þ J´F H¸áOCcI|R1HÆIiæ±ç£R©éSè|R>CGL LpH Þ CcN«P é Þ CGF
D B D£, ; D ãSR©é�I ÝEÞ CEL/P å|æcHgIEHKJ�B`æ Ý QSR©HKJpHKN D R�R�P QSR©HR= , éGR�çcJ KRO
54NlH Þ JàHSL DGF H�IGHzáXHKJ-N�R1COâ	CGæSi¸JSNlHKJNpHRd<HXáKN%æ£ãzIEC Þ Jzæ Þ áXé Þ N�H�i£N�HzáXé Þ N�R1CcáKN�æcHSF½HKNMINlãXáSß£C Þ èGHKJ�-�R�æcáKN�æcHSæJi!CXâ	HXá
IN CEæON�R©HKJpãXåiæaPTçaHKJpIEH�R©HXáSß£HSR©áSßcH°H Þ 8�R1C Þ áXH�;�5 W�D « ? : WeAsD « BLE`Ü B B çaé~æGR F HKJ/ç	R©é~DGF QSLpHKJpI#N CcãSR©é�I ÝEÞ CGLgP å|æcH K
é~æ Y F+NlãKN%R1C Þ èGHSR9; B B D 7�3 A æcJJKP H¨çaé~æGR/F HKJ¹ç£R©é~DEF QSLpHKJ�I#N�P Þ N�HSR1C£áKN«P é Þ IGH¹áSßcé�áKJ�é~æ²: DtÜ�D = D LpHKJ¹çaé~æGR F HKJ
LÈãKN%ßcé�IGHKJ Þ æGLÈãSRÎP åiæcHKJ KRO
7°HKJzCcáKN%P âGP N ãKJ°INlH Þ JàH	P è Þ HSLpH Þ N°Jàé Þ N¸LpH Þ ãXHKJzIEC Þ J´F H�Lm¯SLÈH¸HKJXç	RÎP N å|æcH¨LÈé Þ N%R>CXâ	CGPTF�IEH�R1HXáSßcHSR©áSßcH O h�N CaP
N�é~æxT é~æGR�JtHKJJ«C Ý ã@IGHgç£R1ãKJàH Þ N HSR`F�N CcJXçaHXáKNAç	R1CcN«P å|æcH@IEHKJxI~P Jàá	PûçGFlP Þ HKJÒCGDaéGR1IGãXHKJ@LMCaP JS3aJXæGR�N�é~æON�3qT�N CGP	N�H Þ N�ã:IGH@áXé~L³=
L æ Þ P åiæcHSR�CEæJi�ãKN�æcI~P C Þ N JgLMCÆç£COJJKP é Þ çaé~æGRÒáXHSF F HKJ!= á	P OtU C Þ JMáXHKN HKJXç	RÎP N�3 Y Lpé Þ C	R�RÎP â	ãXH CEæ�IEãSç£C	R�N�HSLpH Þ N@IEH
7°ãXáOC Þ P å|æ£HÈIEH F+N B : Ü�D IGH A é~æcH Þ 3�T�N CGPaâ£é~F é Þ N�CGPTR©HSLÈH Þ N�ç	RÎP J H Þ áSß£C	R©èGH-HKN�ç£R1é�-yé Þ IEãSLpH Þ NÈR©HSLpé�IGHSF ãgF HÈáXé~æER�J
IGH UXW�D l`7°CcN�ßcãSLÈCcN«P å|æcHKJ CGçGçEFlP åiæcãXHKJ�lgçSé~æER�H Þ -ÎCGPTR©Hgæ Þ áXé~æGR�J:IGH�l`7°ãKN�ßcé�IEHKJ Þ æELpãSRÎP å|æcHKJ H Þ LpãXáOC Þ P å|æ£H
IGHKJ©ª�æaP IEHKJMHKNMCGçEçGFlP áOCON%P é Þ J�l O%U H´Lm¯SLÈH`3`F H�áXé~æGR�J-IGHbl`7�CcáSßaP Þ HKJMN%ß£HSR�L/P å|æcHKJ-HKN�J Ý JN�QSLpHKJMã Þ HSR�èGãKN%P å|æ£HKJ�l
;ov Þ I'á Ý áSF H¸P Þ èGã Þ P HSæGR K C�ãKN ã�áXé~L çGF QKN�HSLpH Þ NgR©HSç£R�P JMHKNgF H°áXé~æGR�J-IGHjl�B^æGR DGæGF H Þ áXH�l¸R©ãR=»CcáKN�æ£CEFlP Jàã H ÞzÝ P Þ N�R©é�=
I|æGP J«C Þ N Þ éSN�CELgLÈH Þ N:IGHKJgLÈé�IEQSF HKJ�IGH9-yHSR�LÈHKN%æER©H/ãSF CEDaéGR©ãKJ�;LgæGF N«P = ãXáSßcHSF F HKJS3 DtÜ 7�3 A 7 Ü 3 OLOLO�KROCU H�çGFTæOJS3�T�N CaP
H Þ JàH	P è Þ ã°IGH´v1µ1µ1v Y v1µ1µ1{�F HgáXé~æGR�JMIGHgl U^ÝEÞ CEL/P å|æcHzIGHKJÈèEC0¥�CXâSC Þ áXãXH�l°IEHKJN«P Þ ã°CEæJi¸ãSF Q�â£HKJ/P Þ èGã Þ P HSæER�JÈIEH
§ QSLÈH@C ÞEÞ ãXHMIEC Þ JpF H�áOCcIiR©HpIEH/F Cpä�FlP QSR©H�l`7°éSN�HSæGR�J�l:CEæ-IGãSç£C	R�N�HSLpH Þ N WdÞ HSR�èGãKN«P å|æcHÈHKNX]�R©é~çEæGF JKP é Þ IGH F�N B : Ü�D
IGH A é~æcH Þ�O



]iC	R/CGPTF F HSæGR�JS3xIEQKJH.0/1/1¶43�COâ£HXá·5�æ£á k HSR�âGP JàáSß�3 Þ é~æOJ´COâ£é Þ J¨LgP J�JXæER çaP HXI æ Þ H Þ é~æXâ£HSFTF H EtÞ P N�ã'IGH k CEF HSæGR
; E@k\K çSé~æERgF�NlH Þ JàH	P è Þ HSLÈH Þ N°IEHKJ!D£CcJàHKJ�IGH±F C'l`7°ãXáOC Þ P å|æ£H'IGHKJ®ª�æaP IGHKJ Þ æGLÈãSRÎP åiæcH!HKN�áXé Þ áXHSçON%P é Þ l!IGé Þ N
F+N CcáXå|æGP JtHKJNtCGæ|T»é~æER©IN�ßGæaPiç	RÎPûLpéGR1I~P CEFEçaé~æGR^F HP-�æON�æGR�P Þ èGã Þ P HSæGR O 5SH/DEæONtHKJN^IEHX-ÎéGR�LÈHSR�F HKJtãSF Q�â£HKJ Y F+N�æON«PûFlP J«CON%P é Þ
R1CcN%P é ÞGÞ HSFTF H�IEHKJ°áXé�IGHKJ�IGH´áOCGF áSæGF�3xPTF�JSN COè~P N Þ é Þ JàHSæGF HSLÈH Þ NgIGH�F HSæERÈçaHSR�LÈHKN»N�R©H�I#N CcáXå|æ£ãSRÎPTR-æ Þ J«COâ£é�PTR\-�CaPûR©H
H Þy, 8 U LÈCGP J ãKèECEF HSLÈH Þ N IEH¸JXæcJàá	P N�HSRpF HSæGRÈP Þ N�ãSR¯KNzçaé~æGR-F C!IGãSLÈC	R©áSß£H´Jàá	P H Þ N%P ä|å|æcHÆHKN�F C±LpãXáOC Þ P å|æ£HÆIEHKJ
ª�æaP IEHKJ O%A ãXáXHSLgLÈH Þ NR3<COâ£HXág5�æcá k HSR�âGP JàáSß�HKN U P I~P HSR k æaPûF F CEL Ý 3 Þ é~æOJgCOâ£é Þ JzR©H�â�æ�HKNgß£C	R�LÈé Þ P Jàã´F+NlH Þ JàHSLgDEF H
I|æ°ç	R©éSè|R1CELgLpH@HKN�IEHKJAáXé~æGR�JAI~P JXçaH Þ JàãKJtIEC Þ JpF H�áOC£I|R©HpIGH/F C�ä�FlP QSR©H97°ãXáOC Þ P å|æcHpIGHKJm8iF æaP IGHKJACEæÈIGãSç	C	R�N HSLÈH Þ N
7°ãXáOC Þ P å|æ£H�IGH�F�N B : Ü�D IGH A é~æ£H Þ çSé~æER5H Þ -�CaPûR©H¹æ Þ H�æ Þ P N ã¸áXé~ßcãSR©H Þ N�H´CXâ£HXá�F C�-ÎéGR LÈCcN«P é Þ IN�P Þ èGã Þ P HSæER H Þ
LÈé�IGãSF P J«CcN«P é Þ IEHKJ:J Ý JN QSLÈHKJMLpãXáOC Þ P å|æ£HKJ�HKN5áXé Þ áXHSçcN«P é Þ�O :^é~æOJpCOâ£é Þ J@ãKèECEF HSLÈH Þ N�P Þ N%R1é�I|æGP N5CEæ�ç	R©éSè|R1CELgLÈH
IGHKJ:JàãSLgP Þ CGPTR1HKJ5HKN IGHKJMP Þ N HSR�â	H Þ N«P é Þ JMP Þ I|æOJN�RÎP HSFTF HKJ O
U C Þ JxF C5áXé Þ N«P Þ æaP N ãAIGH�LÈé Þ JàHSR�âEP áXHtINlH Þ JàH	P è Þ C Þ Nx= áSßcHSR©áSßcHSæGRo3qTqN CGPOCOJJXæGR1ã`3£IGHm.0/1/12 Y v1µ1µ�I3�F C^-ÎéGR�LMCON%P é Þ HKN^F H
JXæaP âGP	I#N�æ Þ H@âGP Þ èaNCGP Þ H�I#NlãSF Q�â£HKJ:P Þ èGã Þ P HSæGR�JxH Þ JN�CcèGH�IGHgR©HXáSßcHSR©áSß£H O#, HKN»N�H�C£áKN«P âGP N�ãMR©HSçaéSJàH:JXæGR`æ Þ H@IEãSLÈC	R©áSßcH
Jàá	P H Þ N«P ä~åiæcHMé�[�F CgIGãXáXé~æXâ£HSR�N�H-I|æ¸Lpé Þ IGH-IEH F CzR©HXáSß£HSR©áSßcH/HKNpF C/áXé Þ - R©é Þ N�CcN«P é Þ�Y IEHKJ-ç£R©é~DEF QSLpHKJMçGß Ý JKP å|æ£HKJ
IGé Þ NtF C Jàé~FTæON%P é ÞMÞ NlHKJNR3�F H@çGFTæOJ^Jàé~æXâ£H Þ NR3~ç£COJÒáXé ÞGÞ æcH`3Gé~æMçSé~æER<F HKJàå|æcHSF JtPûF Þ NlH�iEP JN�H@ç	COJÒIGH9l%Jàé~F æcN«P é Þ æ Þ P å|æcH�l�3
ç	R©ãXáXQXIGH Þ N:HKNÈLpéSN%P â£H Þ N@F�N CEçGç	R©H Þ N%P JJ«CcèGH-N�ßcãXéGRÎP å|æcH/HKNÈF HÈN�R1COâ	CaPûFiçaHSR�Jàé ÞGÞ HSF O
54NlH�i	HSR©á	P áXHpIEH R1HKJXçSé Þ J«CGDaPûFlP N ãKJ CcI|LgP Þ P JN%R>CON%P â£HKJS3�HKN�F HKJ:CcáKN%P âEP N�ãKJAIN C Þ PTLMCON%P é Þ HKN5INléGR�èEC Þ P J«CON%P é Þ Jàá	P H Þ N«P ä~åiæcH
-Îé Þ N!ç£C	R©N«P H�P Þ N ãKè|R>C Þ N�H�I|æ§LpãKN%P HSRMIGH�áSßcHSR©áSßcHSæGR OXD P Þ JKP¸3sT�N CaP�ç	RÎP JÆH Þ áSß£C	R�èGH`3�IEQKJ�LMC Þ é~LgP Þ CcN«P é Þ 3AIEHKJ
R©HKJXçaé Þ J«CEDaPûFlP N�ãKJ INlH Þ áOC£I|R©HSLpH Þ N HKN:IGH-áXé�= H Þ áOCcI|R1HSLpH Þ N�IGH UXW4D 3iIEH/IGé�áKN éER1C Þ N»J@HKN IGHzçaéSJNx= IGé�áKN éER1C Þ N»J�HKN
CEæOJJKPGæ Þ HMF C	R�èGHÈç£C	R�N�IGHKJxC£áKN«P âGP N�ãKJ`áXé Þ N�R1C£áKN%æ£HSF F HKJ�IEC Þ J:F H áOC£I|R©H:IGHMF+Nlé~çaãSR1CON%P é Þ IGHMR1HXáSßcHSR©áSßcH�l�¹~áXé~æGF HSLpH Þ N J
B^æGR�DEæGF H Þ N J , é~L ç£R1HKJJKPTDGF HKJ�l:HKNsT�N CGP�CON NCcáSßcã�æ Þ HMN%R1QKJAè|R1C Þ IGH°PûLgçaéGR©N�C Þ áXH Y F C/I~P d^æOJKP é Þ IGH Þ éSJMR©HXáSßcHSR©áSß£HKJ
CEæGç	R©QKJ5IEH Þ éSJpç£C	R�N�H Þ CaPûR©HKJ�P Þ I|æOJN�RÎP HSF J O4, HKJ5C£áKN«P é Þ JtJàH�Jàé Þ N�áXé Þ áSR©ãKN«P JàãXHKJ@ç£C	R^F C°LgP JàH:H Þ çGF CcáXHpIGHgçEF æOJKP HSæGR�J
áXé Þ N�R1CcN»J/IEH¹R©HXáSßcHSR©áSß£Hb; Þ éSNCGL LpH Þ N/COâ£HXá!F H , : W|Ü HKN�F C Ü : W�, 7 D�K HKNÈIEH Þ é~L D£R©HSæSiÆä Þ C Þ áXHSLpH Þ N J IEH
JNCOèGHKJ:IN�P Þ èGã Þ P HSæGRr3½IGH/N%ßcQKJàHKJ:HKN IGHzçaéSJNx= IGé�áKJ O
W�Þ ä Þ 3�T�N CaPcáXé Þ N�RÎPûDGæcã Y F C:I~P d�æOJKP é Þ IEHKJ5R1ãKJXæGF NCON J`IEH Þ éSJ5R1HXáSßcHSR©áSßcHKJtCEæGç£R1QKJ�I#N�æ Þ F C	R©èGHpçEæGDGFlP á H Þ ç£R©ãKJàH Þ N�C Þ N
IGHKJ¸R©ãKJXæGF N�CcN»J/IEH�JKPTL æGF CcN%P é Þ J Þ æELpãSRÎP å|æcHKJ6;ÎJàé~æcJ�-yéER�LpH¸IGH!çaéSJN�HSR�JS3�IGH'çGßcéSN�éSJ°é~æ´IN C Þ PTLMCON%P é Þ J-âGP IEãXéSJ K
CEæJiXT é~æGR Þ ãXHKJ�l£çaéGR�N�HKJ�é~æXâ£HSR�N�HKJ�lMHKN:CGæSiÆLÈC Þ P -yHKJNCON%P é Þ J�l�5aC Ü á	P H Þ áXH-H Þ -�¯KN�H�l O



Ã¤ #º�(%$y ·»C*#ºg"t¼4½`¾+¿t¾¸½0 #ºb»>*À�!*n¼sÁs*@�!¼sÁe*²*½g» Ì�*tÂeº�*e¾�ÃfÂe*t$Ä*tÂ�½

− Å í�Æ�Ç#ÈsÉ�Æ�ïië�Ê�î+Ê�ËqÌ�Æ�Í�í�É4Îaï�ìeÏ�í�Ð�íÉ�ËÈí�Ë©Ñií�ÆqËRÊ+ÈsÉ
X

A HKJXçaé Þ J«CEDGF H¸Jàá	P H Þ N%P ä|å|æcH¸IGH�F�Nlé~çaãSR1CcN«P é Þ IGH'R©HXáSßcHSR©áSß£HÄl W áXé~æGF HSLpH Þ N J B^æGR DGæGF H Þ N»J , é~L ç£R1HKJ!=
JKPTDGF HKJ�lpCEæ/JàH	P Þ IGHzF+N E 7 AVG1G .JI , : A�Ü = ,>?�A%B�D ;�.0/1/1/�=xv1µ1µ�I KRO

X
I´H Þ áOC£I|R©HSLÈH Þ N»J<;�é~æ�áXé�= H Þ áOC£I|R©HSLÈH Þ N J K IEH N�ßcQKJàH`3tv�H Þ áOCcI|R1HSLpH Þ N J-IGHÆçSéSJNx= IGé�á`3 G H Þ áOC£I|R©HR=
LpH Þ N J:IGH UXW�D 3nv1{�H Þ áOC£I|R©HSLpH Þ N»J@IEH-JN�CcèGH-IGH�R©HXáSß£HSR©áSßcHzP Þ èGã Þ P HSæGR�J�;ovSQSLpH/á Ý áSF H KRO

X
.1.-áXé Þ N%R1CcN J�IGHzR©HXáSßcHSR1áSßcH1Ò>7�P JàHMH Þ çGF CcáXH`3½èGHKJN«P é Þ HKN�«	é~æ¸ç£C	R�N%P á	PTç	CON%P é Þ�O

X
2¸P Þ N�HSR1CcáKN%P é Þ J�«	áXé~F F CEDaéGR1CcN%P é Þ J:CXâ	HXá/IGHKJ/F CGDaéGR>CON�é�PTR©HKJ HKN éGR�èEC Þ P JXLÈHKJ�H�i£N�ãSRÎP HSæGR©J O

X
A HKJXçaé Þ J«CEDGF H©{ E@k ä�FlP QSR1H-LpãXáOC Þ P åiæcHpIEHKJ�ª�æaP IEHKJ£=ÒIGãSç£C	R�N�HSLpH Þ N©7 ãXáOC Þ P å|æcH`3e]iC	R�N«P á	PTç£CcN%P é Þ CGæ
ç£COJJ«CcèGH�CGæzJ Ý JN�QSLpH�5 O 7 OLU ;yä�FlP QSR1Hgã Þ HSR�èGãKN%P åiæcH�P Þ N�HSRL= ãKN�CEDGF P JJàHSLpH Þ N»J B : Ü�DÔÓÕEtÞ P â£HSR�JKP N ã/IEH
A é~æcH Þ`KRO

− ê^Î`ËRÊ�Ö4Ê�ËqÌ�ÆgìiíVÏÎí�Î�ð�í�ÏrÎ�ð�í
X

W N�æcIGH-IGHKJgLpé�IGQSF HKJ:IGHMN�æGR�DGæEF H Þ áXH®; AsD : Ü#K çaé~æGRxF HKJ ãXáXé~æEF HSLpH Þ N»J�áXé~L ç£R©HKJJJKPûDGF HKJ O
X
Ü PûLgæGF CON%P é Þ IGHKJ@è|R1C Þ IGHKJ@ãXáSßcHSFTF HKJ:IGHzF C-N�æGR�DGæGF H Þ áXH®;�5 W|Ü#K

X
, é~æGçGF COèGH�ª�æaP IGHR=�JN�R�æcáKN�æGR©H-HKN:CGçGçEFlP áOCcN%P é Þ JMLgæEF N%PTçGß Ý JKP å|æcHKJ O

X
U ã�â	HSF é~çGçaHSLpH Þ N5IGH/JàáSßcãSLÈCcJ Þ æGLÈãSRÎP å|æ£HKJ-çSé~æERtF HKJ�ãXáXé~æGF HSLpH Þ N J�CXâ	HXágI~P JàáXé Þ N«P Þ æaP N ãKJ O

X
? çON%PTFlP J«CON%P é Þ IGHKJ:J Ý JN�QSLpHKJMç	R©é~çGæGF JKP -yJ�; CcãSR©é Þ CGæON%P åiæcHgHKN:CcãSR1éSJXç£CON%P CEF H KRO

− × ÏrÈ�ìeØ�Î`ËRÊ+ÈsÉbÆ�Î�ÊTí�É�ËRÊ�ÙsÚeØ�íÄÛxË0ÏÎï�ÖEïnØ�Ü¹í1Ë´Ç#Øiëiî+Ê+Îaï�ËRÊ+ÈsÉ�ÆJÝ
X

.0µÆçEæGDGFlP áOCON%P é Þ J�IEC Þ J@IGHKJ-R©H�âEæ£HKJpCXâ	HXá/áXé~L/P N ãMIGH�F HXáKN%æGR1H O
X

§ áXé Þ -yãSR©H Þ áXHKJ�JXæGRÒP Þ âGP NCcN«P é Þ�Y IGHKJPÞÒéGRo_�JXß£é~çOJpHSæGR1é~çSãXH Þ J@HKN Y IGHKJ�áXé Þ -ÎãSR©H Þ áXHKJ Þ CON%P é Þ CGF HKJ O
X

{�.-áXé~FTF é�å|æcHKJ@COâ£HXágC£áKN H-HKN áXé~L/P N ãMIGH�F HXáKN�æGR©H`3�I�JàãSL/P Þ CGPTR©HKJ O
X

.0µÆR>CGçGçaéER�N»J�IEHMä Þ IGH/áXé Þ N�R1CcN O

− ê^Î`ËRÊ�Ö4Ê�ËqÌ�Æ®ÇÌEìiï�Ñ#È�Ñ�Ê+ÚeØ�í�Æ6Û�í�É�Æ�í�Ê�ÑeÉ�í�Ð�íÉ�ËÈí�Ë�Æ�Ø�Ê�Ö4Ê@ÆqË«ï�Ñií�Æ<ÊLÉ�Ñ#Ì�É�ÊTí�Ø#ÏrÆSÝ
X ≈ .0¶1µÈß�«SC Þ IGHÒáXé~æGR©J£;ovSQSLpHÒá Ý áSF H`3OãSF Q�â£HKJ!=P Þ èGã Þ P HSæGR�J B : Ü�D�K ÒaLpãXáOC Þ P åiæcHÒIGHKJtª�æaP IEHKJ Þ æGLpãSR�P å|æcH
HKN�áXé Þ áXHSçON%P é Þ 3�N%æER�DGæGF H Þ áXHR=àLpé�IGãSFlP J«CON%P é Þ HKN�I~P Ccè Þ éSJN%P å|æ£H`3�LÈC£áSßaP Þ HKJ@N�ßcHSR�LgP å|æcHKJÈHKN:J Ý JN�QSLpHKJ
ã Þ HSR�èGãKN%P å|æcHKJ O

X ≈ v1µ±ß`«SC Þ IGHÆáXé~æGR�J�;o{SQSLpH¸á Ý áSF H`3 UXW�D «�7°CcJN�HSR BßB�K ÒtLpãKN�ßcé�IGHKJ Þ æGLpãSRÎP å|æcHKJ°H Þ LÈãXáOC Þ P å|æcH
IGHKJPª�æGP IGHKJ O

X ≈ v�H Þ áOCcIiR©HSLpH Þ N J/ç£C	R�C Þ INlãSF Q�â	HKJMP Þ èGã Þ P HSæGR�J�H Þ�§ QSLÈHgC ÞGÞ ãXHfÒ|JNCOèGH-IEHzR©HXáSßcHSR©áSß£HgCGæ¸F CEDaé�=
R1CON�é�PTR1H�;�I¹LÈé�P J K HKN5JXæaP âGP�JN�CcèGH°P Þ IiæOJN%R�P HSFEH Þ H Þ N%R©HSç	RÎP JàH-é~æ Y F�NlãKN�R1C Þ èGHSR£; G Lpé�P J KRO



− ê�Ø�ËSÏ�í�Ægï4Î`ËRÊ�Ö4Ê�ËqÌ�Æ®Û�Ï�í�Î�ð�íÏ�Î�ð�í#Í<ï�ìtÐ
ÊLÉÊ�Æ�ËSÏ�ï�ËRÊ+ÈsÉbàáÏ�í�Æ�Ç#ÈsÉ�Æ%ï½ë�Ê�î+Ê�ËqÌ�ÆSÝ
X

A CEçGçaéGR�N�HSæGR�çaé~æGRMN�R©é�P J�T»é~æER Þ CEæJi¤Jàá	P H Þ N«P ä~åiæcHKJ@Ò�l DXB�DfD hOé~æER Þ CEF�l�3�l D HSR1é Þ CGæcN«P áOCGF^hcé~æGR Þ CEF�l�3
l A H�âEæ£H W æGR O@W F ãSLÈH Þ N J�8|P Þ P J�l O

X
D æcN HSæGR IGH§çGFTæOJKP HSæGR©J�ç	R©é~çaéSJKP N%P é Þ J´IEH§R©HXáSßcHSR©áSß£H�H Þ âEæcHÔIGH§F�Nlé~DcN H Þ N%P é Þ IN�æ Þ ä Þ C Þ áXHSLpH Þ N
P Þ I|æcJN%RÎP HSF�3�R©HKè~P é Þ CGF+3 Þ CON%P é Þ CGF�é~æ HSæGR©é~çaãXH Þ�O

X
7°HSL D£R©HzIiæ¸è|R©é~æEçSH�HSæGR©é~çaãXH Þ =páOCEF áSæEF½Jàá	P H Þ N«P ä~å|æ£H´LgæGF N«P =�è|RÎPTFTF H6a\] , =�±tRÎP I!IEC Þ J�F HzáOCcIiR©H�I|æ
ç£R©é�T HKN W æGR©éSè|RÎP Ig;ov1µ1µ1µ�=xv1µ1µ1v KRO

X
7°HSL D£R©HH;�ãSFTæ K CGæ , é~LgP N�ã�IGHKJ , ßcHSR©áSßcHSæER�J , CEF áSæEF C Þ N°CEæ , H Þ N%R1H B�Þ -yéER�LÈCcN«P å|æcHy:�CON%P é Þ CEF�IGH
F�N W�Þ JàH	P è Þ HSLpH Þ N Ü æGçaãSRÎP HSæGR ,cB : W|Ü ;ov1µ1µ § =xv1µ�.0µ KRO

X
7°HSL D£R©H<; Þ é~LgLpã K CEæ , é Þ JàH	PûF Ü á	P H Þ N%P ä|å|æcH-IEH�5aCGDaéGR>CON�é�PTR©H©= ,>?�A%B�D ;ov1µ1µ�I`=xv1µ1µ1¶ KRO

X
7°HSL D£R©H<; Þ é~LgLpã K CEæ , é Þ JàH	PûFEIGH®5aCGDaéER1CON�é�PTR1H©= ,@?9ACB�D ;ov1µ1µ1µ�=xv1µ1µ�I KRO

X
7°HSL D£R©H<;�ãSFTæ K CEæ , é Þ JàH	PTFEIEH U ãSç£C	R�N�HSLpH Þ N97°ãXáOC Þ P å|æcH`3 B : Ü�D IEH A é~æcH Þ ;ov1µ1µ1{�=xv1µ1µ G�KRO

X
7°HSL D£R©H¹IEH¨F C , é~L L/P JJKP é Þ IEH Ü çaãXá	P CEFlP JN�HKJ6;ÎJàHXáKN%P é Þ J G µ�HKN G v K 3 B : Ü�D IGH A é~æcH Þ ;�IEHSçGæaP J
v1µ1µ1µ KRO
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54N C£ãSR©éSN�ßcHSR�Lpé�I ÝEÞ CGLgP å|æcH IGHKJ@J Ý JN QSLÈHKJ-ç£R©é~çEæGF JKP ->J�HKJNMæ Þ IGHKJpIEé~LÈCGP Þ HKJ@IEH�F CÆLÈãXáOC Þ P å|æcH IGHKJXª�æaP IEHKJ

é�[�IGHKJ�ç	R©éSè|R©QKJ/IGãXá	P JKP -yJgR©HKJN�H Þ N Y R©ãOCEFlP JàHSR çaé~æGRxCELpãSF P éGR1HSRAF HKJ°çaHSRL-ÎéGR LÈC Þ áXHKJÈIEHKJ/H Þ JàHSLgDGF HKJ LÈéSN HSæER�JS3�H Þ
N�HSR�LpH�IGH!DaPTF C Þ IGH¹çaé~æOJJàãXH`3�IGH�JN�CEDaPTF P N�ã`3�IEH�ä|CEDaPûFlP N�ã�HKN-IGH¹R©ãXI|æ£áKN«P é Þ IGH Þ æaP J«C Þ áXHKJ�;D	R�æaP N�3�ãSLgP JJKP é Þ IEH
çaé~F FTæ£C Þ N»JS3 · · · KRO? Rr3½F HKJAJ Ý JN QSLÈHKJ@ç	R©é~çGæGF JKP -yJ@LpHKN N�H Þ NxH Þ T HSæ/IGHKJMçGßcã Þ é~LÈQ Þ HKJMçGß Ý JKP å|æcHKJ N%R1QKJ5áXé~L çGF H�i	HKJ@ÒP Þ N HSR>CcáKN%P é Þ JpIGH�áSßcé�áKJS31T HKN»JpJXæGçaHSR�Jàé Þ P å|æcHKJS3<IGãXáXé~F F HSLpH Þ N JgLMCOJJKP ->JS3iáXé~æ£áSßcHKJ/IGH¸LpãSF C Þ èGH�-yéER�N�HSLpH Þ N@áXé~L³=
ç	R©HKJJKPTDEF HKJS3�éER�èEC Þ P J«CcN«P é Þ J5N é~æGR DaPTFTF é ÞGÞ CGPTR1HKJAáXé~LgçEF H�i	HKJ:IEC Þ JMF HKJ áOCOJ N�RÎP I|PTLpH Þ JKP é ÞGÞ HSF JS3|P Þ JN�CEDaPTF P N�ãKJ Y è|R>C Þ IEH
ãXáSßcHSFTF H OLOLO ;yâ£é�PûR½ä~è|æGR©H<. O . KROeW�Þ é~æON�R©H`3dF C�çGFTæGç£C	R�N5IGHMáXHKJpçGß£ã Þ é~LpQ Þ HKJ JàH ç£R1é�I|æGP JàH Þ N5IEC Þ J IEHKJAèEC�¥ÈIEHÈáXé~L³=
çaéSJKP N%P é Þ Jàé~æXâ£H Þ NpLMCGFEáXé ÞEÞ æcH`3 Y N%R1QKJpß£CEæON�HMN HSL çaãSR1CON�æGR©H`3iCOâ£HXá-IGHKJ-LÈãXáOC Þ P JXLpHKJ IGHMN�R1C Þ J!-yHSR�NAáXé~LgçGF H�i	HKJ O
5SHKJ�JXæxT HKN J@ã Þ æGLÈãSR©ãKJ@Jàé Þ N H Þ áXéGR©H¸F é�P Þ IN�¯KN�R©H�LMC�p1N%R�P JàãKJS3~N�C Þ N:JXæGR5F H�çGF C Þ IEH�F C�áXé~L ç£R1ãSßcH Þ JKP é Þ çGß Ý JKP å|æcH`3
å|æ£H-JXæGR�áXHSF æGP�IGHzF Czç	R©ãXI~P áKN«P é Þ å|æ£C Þ N%P NCON%P â	H O
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5SHKJ:ãKN%æ£IGHKJ JXæGRÒF C�Lpé�IGãSFlP J«CON%P é Þ IGH�F C/N%æER�DGæGF H Þ áXH-H Þ C£ãSR©é�I ÝEÞ CEL/P åiæcH�P Þ N HSR Þ HÈé~æ H�i£N HSR Þ HÈJàé Þ N5IEé Þ á/CGDcJàé�=
FTæGLpH Þ N Þ ãXáXHKJJ«CGPTR©HKJMçaé~æGRxF Czç	R©ãXIGãKN�HSR�L/P Þ CcN«P é Þ HKNpF+Nlé~çON%PTL/P J«CON%P é Þ IGHKJ:J Ý JN QSLÈHKJ ã Þ HSR�èGãKN«P å|æcHKJ O
5SHKJ�JKPûLgæGF CON%P é Þ J Þ æGLpãSR�P å|æcHKJ\;�H Þ ç£C	R�N%P áSæGF P HSR�F HKJ`JKPTLgæEF CcN«P é Þ J�IGHAè|R1C Þ IGHKJÒãXáSßcHSF F HKJ`IGHAN%æER�DGæGF H Þ áXH K Jàé Þ N�IN�æ Þ H
è|R1C Þ IGH°æON%PTF P N�ã:HKNACEæ/áXé~æGR�J IGHMáXHKJAIGHSR Þ P QSR©HKJ:C ÞEÞ ãXHKJS3�F H ç£C Ý J«CcèGHÈIEH F C�LpãXáOC Þ P å|æcHÈIGHKJ\ª�æaP IGHKJ Þ æGLpãSR�P å|æcHMC
ãKN�ã°ç£R©é�-Îé Þ IGãSLÈH Þ NMLpé�I~P ä|ãÈè|R*D£áXH`3½IN�æ Þ H�ç£C	R�NR3dCGæSi¸ç£R1éSè|R©QKJ/R©ãOCEFlP JàãKJ5H Þ LMCON%P QSR1HÈIEH�Lpé�IGãSFlP J«CON%P é Þ IGHKJ-çGß£ãR=
Þ é~LÈQ Þ HKJ-áXé~LgçGF H�i	HKJ-HKN�3�IN CEæON�R©H´ç£C	R�NR3�CGæSiÆIGã�â£HSF é~çGçaHSLpH Þ N J-IGH�áXé�IGHKJ-IGHzáOCEF áSæEFiIGH´çGF æcJÈH Þ çEF æOJpä|CEDGF HKJS3
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æON%PTF P J«C Þ NAIEHKJ R©HKJJàé~æER©áXHKJ-P Þ -yéER�LÈCcN«P å|æcHKJ@IEH�çGFTæOJ@H Þ çGFTæOJ/PûLgçaéGR�NC Þ N HKJ O>B F�H�iEP JN H CGæxT é~æGR1IN�ßGæaPdIEH/N�R©QKJX-ÎéGR�N�HKJ
LÈéSN«P â	CON%P é Þ J@IGH¸F C´ç£C	R©N@IGHKJ P Þ I|æcJN%RÎP HSF J/çaé~æGR5P Þ N%R1é�I|æGPTR©HgJ Ý JN ãSLMCON%P åiæcHSLpH Þ N-F HgáOCEF áSæGF Þ æGLpãSRÎP å|æcH°IEC Þ J�F HKJ
áSß£Cqp Þ HKJ�IGH/áXé Þ áXHSçON%P é Þ�O
, NlHKJNAIEC Þ JÈáXH/áXé Þ N�H�i£N Hgå|æcH/JSN�P Þ JàáSRÎP N�F C¸LÈC|T HSæGR©Hzç	C	R�N«P H-IGH�LÈé Þ C£áKN«P âGP N�ã-IGHzR©HXáSß£HSR©áSßcH�LÈH Þ ãXHgCEæ ,>?�A%B�D
IGHSçEæaP J9.0/1/12 O

���GF Å���¾�Ât¼�¾*He"%(#I²½1ÁKJt$Ä*#ºb»C*À�|*n¼sÁe*t��¼sÁs*
U C Þ J-áXHKN N HÆç£C	R�N%P H`3�T�NlH�i�çaéSJàH´F HKJ ç	RÎP Þ á	PTç£CEæJiÆN�ßcQSLÈHKJ-CEæON�é~æGRxIGHKJàåiæcHSF J£T�N CaP�IGã�â£HSF é~çEçSã´LÈé Þ C£áKN«P âGP N�ã IEH

R©HXáSß£HSR©áSßcH O

L�MON5P-Q1RTS U�VXW�SYN.Z[P)\]RYV[W�^)_a`)^)R \1Z-b+\
]iC	R�LgP�F HKJ Þ é~L D£R©HSæSi'ç£R©é~DEF QSLpHKJÈå|æaPiJXæGDcJKP JN�H Þ N:H Þ C£ãSR©é�I ÝEÞ CEL/P å|æcH�áXé~Lgç	R©HKJJKPTDEF H`3�F H�ç	R©é~DGF QSLÈHgIGH¸F CÆLÈé�=
IGãSF P J«CcN«P é Þ IGH�F C N%æGR DGæGF H Þ áXHgIEC Þ JpIEHKJ@JKP N�æ£CcN«P é Þ J:áXé~LgçGF H�i	HKJ@Ò�ß£éGR�J@ãXåiæaPTF PTD	R©H-JXçaHXáKN%R>CGF~é~æ9-ÎéGR�N�HgC Þ P JàéSN�R©é~çaP H
IGHKJMáXé Þ N�R1CGP Þ N�HKJpN�æGR�DEæGF H Þ N�HKJS3^R©HKJN H�CEæxT é~æGR©IN�ßGæGP`LÈCEFiCGçEç£R©ãSß£H Þ IGã Oc, HKN»N�H°I~P czáSæGF N�ã°H�iEP JN�H°CEæOJJKP<DaP H Þ IEC Þ J
F C±Lpé�IGãSF P J«CcN«P é Þ IEHKJzJ Ý JN QSLÈHKJ¸R1ãOCcáKN%P -yJzå|æcH¹IEC Þ J!F HKJÆç	R©é~DGF QSLpHKJ¹çGFTæOJzáXé Þ â£H Þ N%P é ÞEÞ HSF J�I#N CcãSR©é�I ÝEÞ CGLgP å|æcH
CEçGçGF P å|æcãXH O 5SC IGãSLMC	R©áSßcH/å|æGP~HKJNpçSé~æER�JXæaP âEP H-HKJNAIEé~æGDGF HfÒ

� U N�æ Þ HÔç	C	R�N�3pF H�IGã�â£HSF é~çEçSHSLÈH Þ N�IGHKJ'P Þ JNCGDGPTFlP N ãKJzIGH�áXé Þ â£HXáKN%P é Þ ;�¨�HSF âGP Þ =qa`HSFTLgßcé~F Nx¥�ç	C	RÈH�i	HSL çGF H K
çSHSR LpHKN I#N CcáXáXãXIGHSR-CEæJi¤ç	R©é~ç	RÎP ãKN�ãKJ�IGH±LÈãSF C Þ èGH Y è|R1C Þ IGH!ãXáSßcHSFTF H O\, HSF C!HKJNÆçaéSJJKPTDGF HÆè|R*DcáXH Y æ Þ H
P Þ N�ãKè|R1CcN«P é Þ JXç£CON%P CEF HMHKN5N HSL çaéGR©HSFTF HpJXæ+c°J«CELgLÈH Þ NÈç£R©ãXá	P JàH OD áXHMJXæxT HKN�3iIEHKJ-LpãKN�ßcé�IEHKJ�IGH-JKPTL æGF CcN%P é Þ
Þ æGLpãSR�P å|æcHÆIGHKJÆçGßcã Þ é~LÈQ Þ HKJ Y è|R1C Þ IGH´ãXáSßcHSFTF Hb;ÎN�HSLgçaéER©HSF F H�HKN�«	é~æ¹JXç	CON%P CEF H K áXé~æEçGF ãXHKJ Y F C�Lpé�IGãR=
FlP J«CcN%P é Þ IEH�Jàé~æcJ!=àLÈCGPTF F H!é Þ N�ãKN�ã�IGã�â£HSF é~çEçSãXHKJy;�5 W|Ü#K IEC Þ J�F H�áOC£I|R©H¨IGHKJ´ãXáXé~æGF HSLÈH Þ N J¸N�æGR�DGæEF H Þ N J
áXé~Lgç	R©HKJJKPTDGF HKJ Of, HKN»N�H¸CEçGç	R©é�áSßcH¨çaHSR�LpHKN/IGH�ç	R©H Þ I|R1HÆH Þ áXé~L çON�H'F HKJ/â	C	RÎP*CON%P é Þ J JXç£CcN%P é�=�N�HSLgçaéGR©HSFTF HKJ
IGHKJ-è|R1C Þ IGHSæGR�J¸çGß Ý JKP å|æcHKJgHKN-IGH!F�N�P Þ JN�CcN«P é ÞGÞ C	RÎP N ã°IGHKJ/è|R>C Þ IEHKJgãXáSßcHSF F HKJgC Þ P JàéSN�R©é~çaHKJ/I|æ�ª�æaP IEH¹ßcéGR©J
ãXå|æaPTF PTD	R©H-ã Þ HSR�èGãKN%P åiæcH O

� 5aCÈJàHXáXé Þ IEHMCEçGç	R©é�áSßcH`3|å|æaPEHKJN:æ Þ H@âEæcH°çGFTæOJxJNCcN«P é ÞGÞ CGPTR©H�IEHgF CÈN%æGR DGæGF H Þ áXH`3~áXé Þ JKP JN�H Y Lpé�IGãSF P JàHSR½IGH
-ÎC�¬Xé Þ H�i�çGFlP á	P N�H9;yâGP*C-IGHKJ ãXå|æ£CcN«P é Þ J:IGHpN%R1C Þ JXçaéGR©NtJXæGçGçGF ãSLpH Þ NCGPTR©HKJ K F HKJxN�R1C Þ J!-ÎHSR�N»J5ã Þ HSR�èGãKN%P å|æ£HKJ5H�iEP J!=
N�C Þ N JtH Þ N%R1H:I~P d<ãSR©H Þ N�HKJÒãXáSßcHSF F HKJtIGH-F C�N%æER�DGæGF H Þ áXH-ç£C	R^æ Þ IEãXáXé~æGç£CcèGH�JXçaHXáKN%R>CGFGL æGF N%P = ãXáSß£HSF F H O 5aC ç£RÎP JàH
H Þ áXé~LgçcN H�IEHKJ/N HSR LpHKJ/IN C Þ P JàéSN�R©é~çaP H`3�H�iEP JN�C Þ NMIEC Þ J�F HKJ/ãXåiæ£CON%P é Þ J IGHb:�COâGP HSRL= Ü N�é�_«HKJ¸Lpé Ý H ÞGÞ ãXHKJS3
JàH®-�CaP N-Jàé�P N�ç£C	R N%R>C Þ JXçaéER�N/I~PTR1HXáKN/I|æ¹N H Þ JàHSæGR:IGH A H ÝEÞ é~F IaJS3^Jàé�P N�ç£C	R-æ Þ H�Lpé�IGãSF P J«CcN«P é Þ CEF èGãSD	RÎP å|æ£H
IGHKJÈáXé Þ N%R1CGP Þ N HKJÈN%æER�DGæGF H Þ N HKJ´;yâGP*C´æ Þ H´R©HSF CON%P é Þ IGH�-ÎHSR�LpHKN�æGR©H INléGR©IiR©H°JXæGçaãSRÎP HSæGR K I~PûR©HXáKN�HSLpH Þ N-P JJXæcH
IGH�F HSæGR©J ãXåiæ£CON%P é Þ J�IGHMN%R>C Þ JXçaéER�N O 5SHKJ N HSR LpHKJ INléGR©IiR©H-JXæGçaãSRÎP HSæGRr34-ÎCGP J«C Þ N@P Þ N�HSR�â£H Þ PûR�IGHKJ:áXéGR�R1ãSF CcN«P é Þ J
JXæGçGçGF ãSLpH Þ NCaPûR©HKJS3~JSNlH�i�ç	RÎPTLÈH Þ N5H Þ -yé Þ áKN«P é Þ IGHMè|R1C Þ IGHSæGR©JgLpé Ý H ÞEÞ HKJ@é~æ IEHzF HSæGR©J5è|R>CcI~P H Þ N J O

L�d4e1Q1Z-N.fhg1Z1\iU=P-\]P-QibjN)RTR \�fk\�Z1W�l�_%\Xb!N)RTR \�fk\�Z1W9\iW�R \jU�WA_�V�Z�U$mn\1_%W$U�o�Vj_�SYQjWAV-^1p
, HÈN%ßcQSLÈHMIGH�R©HXáSßcHSR©áSß£H-N%R>CaP N HÈIGHKJ-çGßcã Þ é~LpQ Þ HKJ@IEH-áXé~æcáSßcHzF PTL/P N HpHKNAIGHKJ:N�R1C Þ J!-ÎHSR�N»J:CcJJàé�á	P ãKJ O 5aC�LÈCqp©N�RÎP JàH
Jàá	P H Þ N«P ä~åiæcH¹IGH'áXHKJÆCOJXçaHXáKN J�IGH�âGP H Þ NÆæ Þ ãSF ãSLpH Þ N�áSF HR--IEC Þ J'F+N CGLÈãSFlP éER1CcN«P é Þ IGH�F C¹äiCGDGPTFlP N ã¹IEHKJ�J Ý JN�QSLpHKJ
LÈãXáOC Þ P å|æcHKJ O 5SHMIGãXáXé~F F HSLpH Þ NxHKNpF H R©HXáXé~F F HSLpH Þ NAIGH-áXé~æcáSßcH�F PTL/P N HpCGçGç	C	R1CaP JJàH Þ N IEC Þ JÈF CzçGFTæGç£C	R�N IGHKJ�CEçGçGFlP =
áOCcN«P é Þ JpP Þ I|æcJN%RÎP HSF F HKJ O#W�Þ L/PTF P HSæMáXé Þ ä Þ ã`3<F HÈIGãXáXé~F F HSLpH Þ NxJSN CcáXáXé~L ç£COè Þ H�F H çGF æOJ Jàé~æXâ	H Þ NAIN�æ Þ R©HXáXé~F F HSLpH Þ N
H Þ COâ	CEFEHKN£-ÎéGR�LMCON%P é Þ IN�æ Þ H�¥Xé Þ H-IGH°R©HXá	PTR1áSæGF CcN«P é Þ�OsU C Þ J:áXHKN N H©¥Xé Þ HMHKN@F HgF é Þ èzIGH�F C/áXé~æcáSßcH-IGH�LÈãSF C Þ èGH`3
F HKJ�ç£R1é~ç£RÎP ãKN ãKJ IGH F�NlãXáXé~æGF HSLpH Þ N�Jàé Þ NxèGé~æXâ£HSR Þ ãXHKJÈç£C	RÒæ Þ H@N�æGR�DGæEF H Þ áXH³-yéER�N�HSLpH Þ NtIGã�â	HSF é~çGçaãXHMHKN:æ Þ HRd�HKNtIEH
D	R1CcJJ«COèGHgP Þ IiæaP J«C Þ NxIGHKJAN%R>C Þ J!-ÎHSR�N J�PûLgçaéGR�NC Þ N»JAIGHgLMCOJJàH`3�IGHÈå|æ£C Þ N«P N ãÈIGH°Lpé~æOâ£HSLpH Þ NAHKNtINlã Þ HSR�è~P H`3~áXHÈå|æaP
H Þ N�R1Cqp Þ H�æ Þ HgCEæOè|LpH Þ NCcN«P é Þ I|æ9-�R©éSN N HSLÈH Þ NAHKN I|æ�ª�æJizIGH/áSß£CEF HSæER O
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D áXHKJzç	R©é~DGF QSLÈHKJMâGP H ÞEÞ H Þ NMJSN CxT é~æON�HSR�F HKJ P Þ JNCON%P é ÞGÞ C	RÎP N�ãKJ�FlP ãXHKJ-CEæJi¹é Þ IGHKJ/IGH�áSßcé�ázHKN-CGæJi¨R©HXá	PTR1áSæGF CcN«P é Þ J
èGã Þ ãSR1ãXHKJ-ç£C	RxF HKJpP Þ N�HSR1CcáKN%P é Þ J é Þ IGHgIGH-áSß£é�á�«�F PTL/P N HÈH Þ R1ãKè~PTLpHÈJXæGçaHSR�Jàé Þ P å|æcH<;yâ	é�PTR<ä~è|æGR©H�. O v KRO
B F�HKJNgIEé Þ á�P Þ I|P JXçaH Þ J«CEDGF H´IGH¨DaP H Þ áXé~Lgç	R©H Þ I|R1H¨F HKJÆLpãXáOC Þ P JXLÈHKJ¸çGß Ý JKP å|æ£HKJ¹R©ãKè~P JJ«C Þ N�F HKJ N�R1C Þ J!-yHSR©N»JÆç£C0=
RÎP ãKN�CEæJi�H Þ ç	R©ãKJàH Þ áXHzIGH�IGãXáXé~FTF HSLpH Þ N�«�R©HXáXé~FTF HSLÈH Þ N�; CXâ	HXá°ã�â	H Þ N%æ£HSF F HSLÈH Þ Ngç	RÎP JàH H Þ áXé~L çON H�IGHKJÈN�R1C Þ J!-yHSR�N J
N�ßcHSR�LgP å|æcHKJgçSé~æER5F HKJ�èEC�¥ áSß£CEæcIaJ K HKN�IN�¯KN�R©HgH Þ LÈHKJXæGR©HgIEH�F HKJgç	R©ãXI~PTR1H COä Þ IGH¸F HKJgR©ãXI|æaPûR©Hgé~æzIGH¸F HKJ/LMC�p=
N�RÎP JàHSR O
5SHKJ°DSHKJàé�P Þ J-CcáKN�æcHSF JMIEC Þ J-áXH�IGé~LÈCGP Þ H°JàH¸R©ãKJXæGLÈH Þ N Y æ Þ HÆç£R©ã�âEP JKP é Þ CEæOJJKP|äiCGDEF H�HKN/ç	R©ãXá	P JàH�å|æcHÆçaéSJJKPTDEF H
IGHKJ°N�R1C Þ J!-yHSR�N J�ç£C	R�P ãKNCGæJi²; C£ãSR©é�I ÝEÞ CEL/P å|æcHKJzHKN/N�ßcHSR�LgP å|æcHKJ K 3 Þ é Þ JàHSæGF HSLpH Þ N/IGH�F HSæGR�J/âSCGF HSæGR�JÆLpé Ý H ÞGÞ HKJ
LMCaP J CEæOJJKP+3iHKN IGH�LMC Þ P QSR©H�çGFTæOJMPTL çSéER�NC Þ N�H`3|IGHzF HSæGR�ã�â£é~FTæON«P é Þ JXç£CcN«P é�=�N HSL çaéGR©HSFTF H O

L�MON5P-Q1RTS U�VXW�SYN.Z[P)\jU:oX_~N.`)R g1fh\jU:f]^-RYWAS �Co)e1�iU�SY�^�\k\jW�f]^-R W�S ��QXbie1\1RTR \
, HÒN�ßcQSLpHAIGH@R1HXáSßcHSR©áSßcHAN%R>CaP N H ç	RÎP Þ á	PTç£CEF HSLÈH Þ N�IGHKJxçEßcã Þ é~LpQ Þ HKJ�C£ãSR©é�ãSF CcJN«P å|æcHKJ£;�áXé~æGçEF CcèGH£ª�æaP IEHR=�JN%R�æ£áKN%æGR1H K
R©H Þ áXé Þ N%R1ãKJÆIEC Þ J�F HKJ�LpéSN�HSæGR�J�-�æOJàãXHKJ O³, HKN N�H'ãKN�æcIGH�JàH!JKP N%æcH`3pç£C	R/áXé Þ JàãXå|æ£H Þ N�3@CEæ±áSR©é�P JàHSLÈH Þ N�IGH�IGHSæJi
I~P Jàá	PTçGF P Þ HKJ@ÒtF HKJzCGçGçEFlP áOCcN%P é Þ JÆLgæGF N«P =àçGß Ý JKP å|æcHKJ°HKN�F�N C£ãSR©éSJXç£CcN«P*CGF H O 5SHÆáXé~æGçGF COèGH
ª�æaP IEHR=�JN%R�æ£áKN%æGR1H¸JSNlHRd<HXáKN�æcH
èGã Þ ãSR>CGF HSLpH Þ N H Þ N�R©H/IGHSæJi¹L/PûFlP HSæJi I~P d<ãSR©H Þ N J-ç£C	RAF H�T HSæ IEHKJ�áXé Þ I~P N%P é Þ JpCGæSiÆFlPûL/P N HKJ Y F�N�P Þ N HSRL-�C£áXHÈIEHKJ@IGHSæJi
IGé~LMCaP Þ HKJ O ]|é~æGR-F CÆJN�R�æcáKN�æGR©H`35æ Þ áSß£CELgç!IEHÆáXé Þ N%R1CGP Þ N HKJ°I~P N�HKJ�ª�æaP IGHKJ°HKJN H�i	HSR©áXãÆJXæGRMæ Þ H¨ç£C	R©N«P H¸IGHÆJ«C
-�R©é Þ N%P QSR©H O ]|é~æGR-F H6ª�æaP IGH`3tIGHKJ�áXé Þ I~P N«P é Þ J�CGæSi(FlPûL/P N�HKJgH Þ âEP N�HKJJàHj;�áXé Þ I|P N%P é Þ IN C£I|ßcãSR1H Þ áXH±ç£C	R@H�iSHSLgçGF H K
Jàé Þ N�PTL çSéSJàãXHKJ�JXæGRgæ Þ H±ç£C	R©N«P H¹IGH±F Cb-�R©é Þ N%P QSR©H´I|æ�IGé~LÈCGP Þ H O 5SHKJ�áXé~æGçEF CcèGHKJ�IGH´N Ý çaH lqª�æaP IEHR=�JN%R�æ£áKN%æGR1H�l
JàH¸I~P d<ãSR©H Þ á	P H Þ N/IGé Þ á´IGHKJ�áXé~æGçGF COèGHKJzINlãXå|æ	CON%P é Þ JzIEC Þ JÆæ Þ Lm¯SLÈH�IGé~LMCaP Þ HV;LÈCcè Þ ãKN é~ß Ý I|R©é�I ÝEÞ CEL/P å|æcH`3
N�R1C Þ JXçaéGR�N�IGHÆç£C	R©N«P áSæGF HKJÈáSß£C	R�èGãXHKJ-IEC Þ J�æ Þ L/PûFlP HSæ°ãSF HXáKN�R©é~LÈCcè Þ ãKN%P å|æ£H`3�ãXáXé~æGF HSLpH Þ NpIN�æ Þ LpãSF C Þ èGH IGH°èEC�¥
R©ãOC£áKN%P -yJpé~æ Þ é Þ�K é~æ�IEHKJMáXé~æEçGF CcèGHKJ-H Þ N%R1H Jàé~æcJ!= IGé~LÈCGP Þ HKJpä�i	ãKJ/CGæ�IEãSç£C	R�Ngçaé~æGR:æ Þ H´Lm¯SLÈH ãXå|æ	CON%P é Þ�O 5aC
JKPûLgæGF CON%P é ÞpÞ æGLpãSR�P å|æcH IGHÈçGß£ã Þ é~LpQ Þ HKJtI#N�P Þ N�HSR1C£áKN«P é Þ J>ª�æaP IGHR=�JN%R æcáKN%æER©HxJSNlHKJN`áXé Þ JKP IGãSR>CGDGF HSLpH Þ N`IGã�â£HSF é~çEçSãXH
CEæÆáXé~æER�JgIGHKJ°IGHSR Þ P QSR©HKJ C ÞGÞ ãXHKJS3�H Þ L©¯SLpHzN�HSLgçOJ/åiæcH'F C�R©ãKJàé~F æON%P é Þ ç£C	R Jàé~æOJ!= IGé~LÈCGP Þ H�HKNzF C¸JKPTL æGF CcN%P é Þ
IN CEæON�R©HKJ-ç	R©é~DGF QSLÈHKJ�áXé~æGçGF ãKJ O



âtãJä�å ) æ�ç�è©é�ê�ë�ìRæ�ç�í`î�ïSð�æ ) í�ì �

���G� Çy�|Ã>"CÂC¾¸º�"s½`¾v�fÂÿ»�(F$y @$��f¾��!*
, H°IGé�áSæELpH Þ NÈHKJN�áXé~LgçaéSJàã�IGH�çEF æOJKP HSæGR�JMáSß£CGçGP N�R©HKJS3�áSß	CcáSæ Þ INlHSæJiÆH�i�çEFlP åiæ£C Þ NgR1CEçaP IEHSLpH Þ N F C´ç	R©é~DGF ãR=

LMCON%P å|æ£HMJàá	P H Þ N%P ä|å|æcH I|æ°IEé~LÈCGP Þ H/IEH�R©HXáSßcHSR1áSßcH COâ£HXá°H Þ JXæaP N�Hzæ Þ H/J ÝEÞ N�ßcQKJàH/IEHKJ@N�R1CXâSCGæJi�HRd<HXáKN%æcãKJpHKN IEHKJ
ç	RÎP Þ á	PTç£CEæJi�R©ãKJXæGF N�CcN»JAé~DON H Þ æOJ O 5	HpIGé�áSæGLpH Þ N Þ N Czç£CcJ ãKN ãpãXáSRÎP NÒIEC Þ JMF HgDGæONxIGHÈIGãKNCaPûF F HSR½N�é~æOJ@F HKJ@ç	R©é~DGF QSLÈHKJ
ãKN�æcI~P ãKJ�HKNÈF HKJ-R©ãKJXæGF N�CcN»J:é~DON�H Þ æOJS3`LÈCGP JMçGFTæONC�SN:IGH�ç£R©ãKJàH Þ N HSRAæ Þ H/J Ý�Þ N%ß£QKJàH-èGã Þ ãSR1CEF H-JXæERxF HKJ@C£áXå|æaP JpC£áKN%æcHSF J
CGP Þ JKP�å|æcHzF HKJ I|PTR©HXáKN%P é Þ JMç	RÎP JàHKJ:HKN áXHSF F HKJ åiæaPdLÈHMJàHSLgDGF H Þ N@F HKJ-çGF æOJMPûLgçaéGR©N�C Þ N�HKJ I�C Þ J-æ Þ -�æON%æERtç£R1é�áSßcH O
5SH�LÈC Þ æOJàáSR�P NAHKJN5áXé Þ JN�R�æaP N IGH�F C�LMC Þ P QSR©HMJXæaP â	C Þ N HfÒ

� 8	CGP J«C Þ NtJXæaP N HÈCGæzç	R©ãKJàH Þ N5áSß£CEçaP N�R©H`3dP Þ N�R©é�I|æcáKN%P -�CGæ/áXé Þ N H Þ æ/IiæzLpãSLpé�PûR©H`3iF HpáSß£CEçaP N%R©H�v HKJNtáXé Þ J«CcáSR1ã
Y F+NlãKN%æ£IGH-HKN Y F C-â	CEFlP IECcN«P é Þ IGHzLÈé�IGQSF HKJ�IGH-N�æGR�DGæEF H Þ áXH/I�C Þ JgF H-áOC£I|R©HgI#N�æ Þ HgCEçGç	R©é�áSß£HgJNCON%P é ÞEÞ CaPûR©H
; A�D : Ü#KRO@, H/N�R1COâ	CGPTFiCÆçaé~æGR DGæON@IGH°å|æ£CEFlP ä~HSR5F HKJgLpé�IGQSF HKJÈIGH/N�æGR�DGæEF H Þ áXH�H�iEP JN�C Þ N J@HKN�IGH°áXé~Lgç£C	R©HSR
F HSæGR�JMçaHSRL-ÎéGR�LMC Þ áXHKJ�H Þ âEæcHgIN CGçEçGFlP áOCON%P é Þ JMP Þ I|æOJN�RÎP HSF F HKJ O

� 5	H´áSß£CEçaP N%R©HM{�áXé Þ áXHSR Þ H¨F H¸IEã�â£HSF é~çGçaHSLÈH Þ N°I#Nlé~æON«PûF J Þ æGLpãSR�P å|æcHKJ´çaé~æGR-F C´JKPTL æGF CcN«P é Þ IEHKJ°è|R>C Þ IEHKJ
JN%R�æ£áKN%æGR1HKJpIGH¸F C°N�æGR�DGæEF H Þ áXH
;�5 W|Ü#K COâ£HXá�CGçGçEFlP áOCcN%P é Þ J Y F�NlãKN�æcIGH°IGHKJ P Þ JNCGDGPTFlP N ãKJ:N�RÎP I~PTLÈH Þ JKP é ÞGÞ HSF F HKJ
IGH-áXé~æcáSßcHKJÈIGH�LpãSF C Þ èGH-HKN IGHKJ@ãXáXé~æEF HSLpH Þ N»J:IGãXáXé~FTF ãKJ�H Þ ç	R©ãKJàH Þ áXH IGH-áSßcé�á O

� 5	H�áSß£CEçaP N%R©H´I±ç	R©ãKJàH Þ N�H´æ Þ H�J ÝEÞ N%ßcQKJàHzIEHKJ°R1ãKJXæGF NCON JMIGH´R©HXáSßcHSR©áSß£Hzé~DON H Þ æOJ/IEC Þ JzF H�IGé~LMCaP Þ H�IGH´F C
çGß Ý JKP å|æcH�IEHKJgãXáXé~æGF HSLÈH Þ N J-JXæGçaHSR�Jàé Þ P åiæcHKJ COâ£HXá�é Þ IGHKJ°IGH�áSßcé�áKJgHKN°çGßcã Þ é~LÈQ Þ HÆIN�ß Ý JN�ãSR©ãKJKP JgCGP Þ JKP
å|æcHzF HKJÈçEßcã Þ é~LpQ Þ HKJ@N�R1C Þ JKP N�é�PTR©HKJpR©H Þ áXé Þ N�R©ãKJ@IEC Þ J-F HKJ:N%æ Ý QSR©HKJ:JXæGçaHSR�Jàé Þ P å|æcHKJ O

� 5	H áSß£CEçaP N%R©H § ç	R©ãKJàH Þ N�H:IGHKJ�N%R1COâ	CEæJiÈIGHMR1HXáSßcHSR©áSßcH JXæGR<æ Þ N%ß£QSLpH Þ é	â	CcN HSæER½å|æaP£HKJNxF H áXé~æGçGF COèGH\ª�æaP IEHR=
JN%R�æ£áKN%æGR1H O 5	HKJ�R©ãKJXæGF NCcN»J-é~DON�H Þ æOJ°é~æXâER©H Þ NzF Czâ	é�P H�â£HSR©JgIGH Þ é~æOâ£HSF F HKJ CGçEçGFlP áOCON%P é Þ J�LgæGF N«P =àçGß Ý JKP å|æcHKJ
P Þ áSFTæ£C Þ N�IGHKJ�J Ý JN QSLÈHKJ�çGß Ý JKP å|æcHKJtçGFTæOJ�áXé~LgçEF H�i	HKJf;�áXé~L LpH F HÒáXé~æEçGF CcèGHcª�æaP IGH�«£JN�R�æcáKN�æGR©H�«£N�ßcHSR�LgP å|æ£H KRO

� 5	H:áSß	CGçaP N%R1H G -�CaP N`ãKNCON�IGH�áXé~FTF CEDSéER1CcN«P é Þ J5P Þ I|æcJN%RÎP HSF F HKJ^H Þ N�R©H-F HMF CEDaéGR1CcN é�PûR©H:HKN5F HKJ5P Þ IiæOJN%R�P HSF JÒáXé Þ áXHSR =
Þ ãKJ ç£C	R Þ éSN�R©H:CcáKN%P âGP N ãAIGHÈR©HXáSßcHSR©áSß£H`3SâGP J«C Þ N Y IGã�â£HSF é~çEçSHSR<F HKJ`N�R1C Þ J!-ÎHSR�N»J`N HXáSß Þ é~F éSè~P å|æcHKJS3 Þ éSNCGL LpH Þ N
H Þ LMCON%P QSR©HgIGH áOCEF áSæEF�Jàá	P H Þ N%P ä|å|æcHgHKN:IGH°IGã�â£HSF é~çGçaHSLpH Þ NpIGH�LÈé�IGQSF HKJ O#� æ£HSF å|æcHKJMáOCcJpIN CEçGçGF P áOCcN«P é Þ J
R©ãOCGF P JàãKJ:CGæ¸F CEDaéGR1CcN é�PûR©H-CXâ	HXá/IGHKJ@é~æON%PTF J@P Þ I|æOJN�RÎP HSF J Ý Jàé Þ N:CGæcJJKP½ç£R1ãKJàH Þ N ãKJ O

U C Þ J'F C�IGHSR Þ P QSR©H�ç£C	R©N«P H'I|æ¨IGé�áSæGLpH Þ Nj; C ÞGÞ H�i	H D�K 3pLpé Þ áSæGR�RÎP áSæGF æEL âGP N$� HKJN¹ç£R©ãKJàH Þ N ãfÒ@F HKJ¸C£áKN«P âGP N�ãKJ
INlH Þ áOCcI|R1HSLpH Þ N�HKN�INlH Þ JàH	P è Þ HSLpH Þ N Ý Jàé Þ N�IGãXáSRÎP N�HKJS3aLpé Þ N%R1C Þ N<å|æcH�F C5I~PTR1HXáKN«P é Þ IGH:R©HXáSß£HSR©áSßcHf-�CGP NdIEãrT Y ç	C	R�N«P H
P Þ N ãKè|R>C Þ N�H�IGHgLpé Þ CcáKN%P âEP N�ã-ç£R1é�-yHKJJKP é ÞGÞ HSF F H OW�Þ ä Þ 3dæ Þ HpIGHKJàáSR�PTçON%P é Þ JXæcáXá	P Þ áKN�H@IEHKJACcáKN%P âEP N�ãKJxáXé Þ N�R1CcáKN�æcHSFTF HKJ
ãKNCGDEFlP HKJÈCXâ£HXá¸F HKJ/P Þ I|æcJN%RÎP HSF J@HKJN\-Îé~æGR Þ P H COä Þ I#N CON N HKJN�HSR`IEH�F C�áOCGç£C£á	P N�ã Y L�N�P Þ JàãSR©HSR`IEC Þ J°F H�Lpé Þ IGH°IGH¸F C
R©HXáSß£HSR©áSßcHgCEçGçGF P å|æcãXH�Lpé�IGHSR Þ H O
W�Þ çEF æOJS3EHKJNtC ÞGÞ H�i	ã Y áXH@IEé�áSæGLÈH Þ N æ Þ áXHSR�N�CGP Þ°Þ é~L D£R©HpIN C	R�N%P áSF HKJS3GH Þ áXé~æGR©JAINlã�â	CEF æ	CON%P é Þ é~æÈIEãrT Y çEæGDGFlP ãKJS3
COä Þ IN�PTFTF æOJN�R©HSR�çGFTæOJ:H Þ IGãKNCaPûF J:áXHSR�NCaP Þ J�COJXçaHXáKN J�IGHKJ@C£áKN«P âGP N�ãKJ:IGH�R©HXáSßcHSR©áSß£H�ç	R©ãKJàH Þ N�ãXHKJ�IEC Þ J@áXH�R1CEçGçaéGR�N O
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F9��� Ð�Âs½1�C�f»�(e¼4½`¾0�fÂ
54Nlã�â£é~FTæON%P é Þ IGHKJ�LpãKN�ßcé�IEHKJ Þ æGLpãSR�P å|æcHKJ/H Þ LpãXáOC Þ P åiæcH�IGHKJ�ª�æaP IGHKJ�çaHSR�LpHKNÈIGHzN�R1CGP N�HSRtIGHKJ�ç	R©é~DGF QSLÈHKJ

áXé~L çGF H�i	HKJS3�N�HSF J-å|æcH!F HKJ-ãXáXé~æGF HSLÈH Þ N J/IEC Þ JzF HKJ-éGR�èEC Þ HKJgIEH¹ç£R1é~çGæGF JKP é Þ ;ÎN�æ Ý QSR1H�HKNMC	R RÎP QSR©HR= áXéER�çOJ K 3�H Þ æON«P =
F P J«C Þ N�IGHKJzLpé�IGQSF HKJÈIGH°N�æGR�DGæEF H Þ áXHzIGH´çEF æOJ-H Þ çGFTæOJ-ãSF CEDaéGR©ãKJ O 7´¯SLpH JKP½IGHKJzLpãKN�ßcé�IGHKJ-IGH°JKPTL æGF CcN«P é Þ IEHKJ
è|R1C Þ IGHKJ:ãXáSßcHSFTF HKJ©;�5 W~Ü#K ãSLÈHSR�èGH Þ NACEæxT é~æGR©IN�ßEæaP�áXé~L LpH æ Þ H�çaéSJJKPTDaPûFlP N ã:IGH�ç	R©ãXI~P áKN«P é Þ ä|CEDGF HMHKNpç£R©ãXá	P JàHpIEHKJ
ãXáXé~æGF HSLpH Þ N J@R1HSF CcN«P â£HSLpH Þ NÒáXé~L çGF H�i	HKJ IEC Þ JÈæ Þ CXâ	H Þ PTR�ç	R©é�áSß£H`3�IGHKJÈLpãKN�ßcé�IGHKJ@D	COJàãXHKJ5JXæGR�F C°R©ãKJàé~FTæON%P é Þ IEHKJ
ãXå|æ	CON%P é Þ JAIGH9:�CXâGP HSRL= Ü N�é�_«HKJ�Lpé Ý H ÞEÞ ãXHKJm; AsD : Ü#K 3�COâ£HXá@IGHKJ@Lpé�IGQSF HKJÒIGHP-ÎHSR�LÈHKN%æGR1H:ãSF CEDSéER©ãKJ¤; DtÜ 7�3|LgæEF N%P =
ãXáSßcHSFTF HKJ OLOLO�K 3�R©HKJN�H Þ N�æ Þ H/CEF N�HSR Þ CcN%P â£HgP Þ N�ãSR©HKJJ«C Þ N�H Y Lpé Ý H Þ N�HSR�LpHÈãKNC Þ N5IGé ÞGÞ ãXH�F C�çGæGP JJ«C Þ áXH-CcáKN�æcHSF F HpIEHKJ
éER©I~P Þ CON�HSæGR�J O
U HgN%R©QKJ Þ é~LgD	R©HSæJi�N�R1COâ	CGæSi¸é Þ N�HSæ´çSé~æER5ç	RÎP Þ á	PTç£CEF|é~DxT HKN-F�N CELpãSF P éGR>CON%P é Þ IGHKJgLÈé�IGQSF HKJ@IGH N%æER�DGæGF H Þ áXH�çaé~æGR
ç	R©H Þ I|R1HÈH Þ áXé~L çON HÈIGHKJÈçGßcã Þ é~LÈQ Þ HKJ�CGæcJJKPaI|P â£HSR�J5å|æcH°F HgLpãSF C Þ èGHpáXé~Lgç	R©HKJJKPTDEF H`3½F HKJtâ	C	R�P CcN«P é Þ J@R1CEçaP IGHKJ5IEH
F C/JN�R�æcáKN�æGR©HMIGHzF C/N�æGR�DEæGF H Þ áXH6; C Þ P JàéSN�R©é~çaP H K 3<F HKJ:HRd�HKN J�IGHzR©éSNCcN«P é Þ é~æ H Þ áXéER©H�F HKJ�HRd�HKN J:IGH�-�CaPûDGF H Þ é~L D£R1H
IGH A H ÝEÞ é~F IaJ N%æGR DGæGF H Þ N³;çGßcã Þ é~LpQ Þ HKJ@é~L Þ PTç	R©ãKJàH Þ N J IEC Þ JÈF+N CcãSR1é�I Ý�Þ CGLgP å|æ£H-IGHKJ�CXâGP é Þ J KRO#?MÞ çaHSæON CGæxT é~æGR =
IN�ßEæaP�R©ãKJXæGLÈHSR F HÆç£C Þ éGR1CELÈC¸IGHKJ�Lpé�IGQSF HKJÈIGH°N�æGR�DGæEF H Þ áXH´æON%PTF P J«CEDGF HKJgçSé~æER:F HKJMãXáXé~æGF HSLÈH Þ N»JMN�æGR�DGæEF H Þ N JÈH Þ
I~P JN«P Þ è|æ£C Þ NxN�R1C£I~P N%P é ÞEÞ HSF F HSLpH Þ NxIEHSæJizáSF COJJàHKJ:IGH�LÈé�IEQSF HKJ@Ò

� 5	HKJ-LÈé�IEQSF HKJ Y âEP JàáXéSJKP N�ãpN é~æGR DaPTFTF é ÞGÞ CGPTR1HÈé~æ N%æER�DGæGF H Þ N H O
� 5	HKJ-LÈé�IEQSF HKJ:I|ægJàHXáXé Þ I�éGR1I|R©H O

U C Þ J!F CÔç	R©HSLgP QSR©H!áOCcN�ãKèGéGRÎP H`3Aé Þ N�R©é~æXâ	H�F HKJ'Lpé�IGQSF HKJ�CEF èGãSD	RÎP åiæcHKJ u�§ wx3�F HKJ!LÈé�IEQSF HKJ Y æ Þ H�é~æ(çEF æOJKP HSæGR�J
ãXå|æ	CON%P é Þ J5IGHpN%R1C Þ JXçaéGR©N u v G 3 § {43 §1§ w OsU C Þ JpF CÈJàHXáXé Þ IGH`3dPTF�R©HKJN H@N é~æcJ@F HKJ@Lpé�IGQSF HKJpD£COJàãKJAJXæGR^æ Þ Hm-yHSR LpHKN�æGR©H
IGHKJ�ãXåiæ£CON%P é Þ J@CGæ/JàHXáXé Þ I�éGR1I|R©H u /43I�{43 § ¶43n¶12`w OD æ/JàH	P Þ IEH/áXHKN»N�HMáOCON�ãKèGéGR�P H`3�PTF�áXé Þ âGP H Þ N5IGHgI~P JN%P Þ è|æ£HSRÒF HKJ
LÈé�IGQSF HKJ5I|P d<ãSR©H Þ N%P HSF JS3�R©HSçaéSJ«C Þ NAJXæERÒæ Þ áXHSR�NCGP ÞzÞ é~L D£R©HgINlãXå|æ£CcN«P é Þ JpCEæJi�IEãSRÎP â£ãXHKJMç£C	R©N«P HSF F HKJS3|IGHKJ-LÈé�IEQSF HKJ
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TURBULENCE MODELS

1-equation

EDDY VISCOSITY

ALGEBRAIC 

ASM

k-eps

k-tau

multiscale
k-eps-v^2-f

NON EDDY VISCOSITY

k-omega

RSM2-equations

4-equations

nut

k 
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CEF èGãSD	RÎP åiæcHKJ'çaé~æGR F HKJàå|æcHSF J!F HKJ�â	C	RÎP CEDGF HKJ�N%æER�DGæGF H Þ N HKJ¸Jàé Þ NzáOCGF áSæGF ãXHKJ'ç£C	R�æ Þ J Ý JN QSLÈH!INlãXå|æ£CcN%P é Þ J¹CGF èGãR=
D	RÎP åiæcHKJS3<FlP Þ ãOCaPûR©HKJ:é~æ Þ é Þ FlP Þ ãOCaPûR©HKJ O
W�Þ N�R©HÔáXHKJ�IGHSæJi�è|R1C Þ IGHKJ¨áOCcN ãKèGéERÎP HKJS3ÈJàé Þ N'CEçGç£C	R�æOJ±IGHKJ¤Lpé�IGQSF HKJ±P Þ N�HSR�LÈãXI~P CGPTR©HKJ!áXé~L LpH�F HKJÔLÈé�IEQSF HKJ
Y âGP JàáXéSJKP N ãÔN%æGR DGæGF H Þ N H§C Þ P JàéSN�R©é~çaH u v1µ�wo3/é~æ IGHKJ�Lpé�IGQSF HKJ¨IEC Þ J§F HKJàåiæcHSF J¤F C F é�P@áXé Þ JN%P N�æON«P â£HÀ;R©HSF CcN«P é Þ
áXé Þ N�R1CGP Þ N�H�«	IGãR-ÎéGR�LMCON%P é Þ`KMÞ NlHKJN/çEF æOJ°FlP Þ ãOCaPûR©H u�G v`w OCExÞ H�CGæON�R©Hgâ£é�P H�CzãKèECEF HSLÈH Þ N@ãKN�ãgH�i�çGF éGR©ãXH�IGHSçEæaP J°çGF æ0=
JKP HSæGR�JÒC ÞGÞ ãXHKJ@ç£C	R Ü áSßaP HKJN�HSFcHKN�JàHKJtáXé~FTF CEDaéGR1CcN HSæER�J çSé~æER�F HKJ LÈé�IGQSF HKJ LgæGF N«P = ãXáSßcHSF F HKJ u 21/�3�{1/�w<CXâ	HXá�I~P d<ãSR©H Þ N J
Þ P â£HOCEæJiÆIGH�-ÎHSR�LpHKN�æGR©H u ¶ § 3@/�.Rw OcEtÞ IGHSR Þ P HSR5çaé�P Þ Ngç£C	R©N«P áSæGFlP HSR�áXé Þ áXHSR Þ H´F C!ç£R�P JàH°H Þ áXé~LgçON�H�H�i�çGF P á	P N�HgIEHKJ
HRd<HKN»J IGH-áXé~L ç£R©HKJJKPûDaPTF P N�ã`3�å|æGP�CgãKèECEF HSLÈH Þ NAãKN�ãÈN%R>CaP N ãXH ç£C	R`IEHpN�R©QKJ Þ é~L D£R©HSæSizCEæON HSæER�J�;yâ£é�PTRÒF CzR©H�â�æcH©-ÎCGP N�H
IEC Þ J u ¶ G w KRO ]|é~æGRMR©ãKJXæGLÈHSRAáXHSF C�35F C¸ä~è|æGR©HMv O .¸IGé ÞEÞ H�æ Þ H�âEæcHÆINlH Þ JàHSLgDEF HÆIGHKJ¸LÈé�IEQSF HKJgHKNzLÈé Þ N%R1H!F HSæER
çaéSJKP N%P é ÞEÞ HSLpH Þ N@R©HSF CcN«P - O
U C Þ J¸áXHKN N�H'ãKN�æcIGH`3 Þ é~æOJ¹CXâ£é Þ J�â	CEFlP IGã�æ Þ áXHSR©N�CGP Þ¤Þ é~LgD	R©H�IGH(Lpé�IGQSF HKJ�IEH'N�æGR�DGæEF H Þ áXH`3:CGFTF C Þ N�I|æ�çGFTæOJ
JKPûLgçGF H

k − ε
T%æOJàåiæ�N CGæSi¤Lpé�IGQSF HKJ°áXé~L çGF HKN J A�Ü 7�3ÒH Þ ç£COJJ«C Þ NÆç£C	R�IGHKJ¹LÈé�IGQSF HKJ DtÜ 7 é~æ'IGHKJ´Lpé�IGQSF HKJ

L æGF N%P = ãXáSßcHSFTF HKJ OeD æÆN éSNCGF+3�JKP i±Lpé�IGQSF HKJ/é Þ N/ãKN ã¸ãKN%æ£I~P ãKJ@ÒxF H¹LÈé�IGQSF H
k − ε

IEH
hcé Þ HKJ°HKN®5aCEæ Þ IGHSR u�§ I`wx3xF H
LÈé�IGQSF H�L æGF N%P = ãXáSß£HSF F HKJÈIGHg¨ÒPûL u�§1§ wo3�F H¸LÈé�IEQSF H DtÜ 7 IGH
±`CcN JS_£P Ü çaHXá	P*CGF u {1v`wo3�F HÆLpé�IGQSF H DtÜ 7 IGH Ü ßaPTß0=
Ì`ßGæ0=q5�æELgF H Ý²u /�I1wo3 F H�Lpé�IGQSF H A�Ü 7¿IGHy5aCEæ Þ IGHSRL= A HXHXáXHR= A é�I~P u�§ ¶�w@HKN¸F H�Lpé�IGQSF H A�Ü 7ÖL æGF N%P = ãXáSßcHSFTF HKJgIEH
¦§PûF áXéJi u /�.Jw O ]iC	R�LgP�F HKJ-áXé Þ ä~è|æGR1CcN«P é Þ J/INlãXáXé~æGF HSLpH Þ NR3�áSßcé�P JKP HKJ°çaé~æGRÒâ	CEFlP IGHSRxáXHKJ�Lpé�IGQSF HKJS3�ä~è|æGR©H Þ NeÒÒæ Þ H
çGF CcåiæcHzçGF C Þ H/JXæGçaHSR�Jàé Þ P åiæcH u v1/�wx3½IGHSæJi�áXé~æcáSßcHKJÈIGHzLpãSF C Þ èGH/áXé~Lgç	R©HKJJKPTDEF HKJS3�æ Þ H�çGF C Þ H u {12`w`HKNMæ Þ H CSiEP J Ý =
LÈãKN%RÎP å|æcH u .0µ�wo3�æ Þ HÈèGãXé~LpãKN�RÎP H<l%èGã Þ ãSRÎP å|æcH�l Y N�R©é�P J@LÈC	R©áSßcHKJ IGHKJàáXH Þ I�C Þ N�HKJS3<æ Þ HÈN�æ Ý QSR©HÈN%R1C Þ JJàé Þ P å|æcHMCXâ	HXá
P Þ N HSR>CcáKN%P é Þ é Þ IGH�IGH°áSßcé�á�«	áXé~æ£áSßcHÆFlPTLgP N�H u v1µ�wo3`æ Þ H°N�æ Ý QSR1HgJXæGçaHSR�Jàé Þ P å|æcH°IN C	R�R�P QSR©HR= áXéER�çOJ Y JKPTL çGF H�ª�æJi¸HKN
æ Þ HgN�æ Ý QSR©HgJXæEçSHSR©Jàé Þ P å|æ£H Y IGé~æGDEF H�ª�æJib;çGFTæOJgç	R©é�áSßcH°IGHKJpáOCcJgP Þ I|æOJN�RÎP HSF J K©u I`w O 5SH�DGæONpHKJN I#N CGçGç	R©ãSßcH Þ IGHSR
CEæ�L/P HSæJi¸F HKJÈçaHSRL-ÎéGR LÈC Þ áXHKJ�IGH/áXHKJ-LÈé�IGQSF HKJ:H Þ âEæcHgIN CGçEçGFlP áOCON%P é Þ JMP Þ I|æOJN�RÎP HSF F HKJ O
]iC	RÒJàé~æcá	P½IEHzáXé Þ á	P JKP é Þ HKNpCGæcJJKP�çSé~æERtIGHKJzR1CGP Jàé Þ JMIGH�áXé Þ ä|IGH Þ N%P CEFlP N�ã`3 Þ é~æOJ Þ H´ç	R©ãKJàH Þ N�é Þ JS3<IEC Þ J/áXHÆR1CGç0=
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çaéGR©N�3�åiæ�N�æ Þ H�i£N�R1CaP N-IGHKJ�R©ãKJXæEF NCON J/é~DON�H Þ æOJ°COâ£HXá�F HKJzLÈé�IGQSF HKJ�F HKJ�çGF æOJ�R©HSç£R1ãKJàH Þ N�CcN%P -yJS3�IGH�JàéER�N�H Y áXH�å|æ£H
F HKJxáXé Þ áSF æcJKP é Þ JAèGã Þ ãSR1CEF HKJAIEHpáXHKN N HpãKN%æ£IGHgR1HKJN H Þ N5P Þ áSß£C Þ èGãXHKJ O ]iC	R�L/P~F HKJpLpé�IGQSF HKJtN�HKJN�ãKJS3 Þ é~æOJÈç£R1ãKJàH Þ N é Þ J
F H�LÈé�IGQSF H

k − ε
3^F HÆLpé�IGQSF H DtÜ 7 ; Ü Ì%5 K 3ÒF H¸Lpé�IGQSF H�L æGF N%P = ãXáSßcHSFTF HKJÈHKN/F HÆLpé�IGQSF H A�Ü 7 ;�5 A%AeK JXæER^N�R©é�P J

áXé Þ ä~è|æGR1CcN%P é Þ J�INlãXáXé~æEF HSLpH Þ N O
F9�����~� Î �f»�J@)+* $·(%)�½`¾ L  n¼sÁe*t))¸*#º
54Nlé~DxT HXáKN%P -½IGHpF CMLÈé�IEãSFlP J«CcN%P é Þ L æGF N%P = ãXáSßcHSFTF HKJ�HKJN�IEH@LgP HSæJi/ç	R©H Þ I|R©H:H Þ áXé~L çON HpF HKJALpãXáOC Þ P JXLÈHKJ�IGH5N�R1C Þ J!-yHSR�N
ã Þ HSR©èGãKN«P å|æcHzH Þ N�R©HÆF HKJMI~P d<ãSR©H Þ N�HKJ-ãXáSßcHSF F HKJ-IGH´F C�N%æGR DGæGF H Þ áXH O 5�N�P IGãXH�IGH´D£CcJàHzIGHKJzLpé�IGQSF HKJ L æGF N%P = ãXáSßcHSFTF HKJ
JSN CEçGçGæaP H@JXæER`æ Þ IGãXáXé~æEç£COèGH-Iiæ-JXçSHXáKN�R©HpINlã Þ HSR�è~P HpH Þ ¥Xé Þ HKJ I~P JN%P Þ áKN�HKJ O�, HKJ�¥Xé Þ HKJ5Jàé Þ N:F HKJpFlP HSæJi�ç	RÎP âGPTF ãKè~P ãKJ
IGH�ç	R©é�áXHKJJXæOJ-çGß Ý JKP å|æcHKJgDaP H Þ I~P d<ãSR©H Þ N J O

kp

κ

kt

cκ κlog[ ]

d’onde

Production

Transfert

Dissipation

Nombres 

log[E(  )]

tε

εp

κd

± ½.�G� v O v �ËÏ5Ð$Ñ-Ò�ÓkÔ	ÕjÖ9×$Ô�Ø�ÖKÙ.ÕiÒ$ÐCÚ!Û�Ü-Ô�ÝiÖ¼Õ+Û:Ø*Ü)Ö$Ð�ÞnßtÖàÕ�á Ò�â5Ö�ßAã
ÝjäGÖ�å

U C Þ J¹F H¸áOCcJzIGHKJ´Lpé�IGQSF HKJ Y IGHSæSi�ãXáSßcHSF F HKJS3AF H
JXçaHXáKN�R©H@IEH/F�Nlã Þ HSR�è~P HpHKJNtI~P âGP Jàã�H Þ IGHSæJi�R©ãKè~P é Þ J
I�C Þ J(F HKJàå|æ£HSF F HKJ¨F HKJ
¥Xé Þ HKJ�IGH ç	R©é�I|æcáKN%P é Þ 3@IEH
N�R1C Þ J!-ÎHSR�N�HKN�IGH I~P JJKPTç£CcN«P é Þ Jàé Þ NtDaéGR Þ ãXHKJ ç£C	R�F HKJ
Þ é~LgD	R©HKJxINlé Þ IEHKJAIGH�áXé~æEçGæGR©H�;yâ£é�PTR|ä~è|æGR©Hmv O v KRO
D P Þ JKP+3xF�Nlã Þ HSR�è~P H�IGH'F CÆN�æGR�DGæEF H Þ áXHÆIGHKJgè|R>C Þ IEHKJ
ãXáSß£HSF F HKJAHKJN Þ éSN ãXH

kp
3�áXHSF F H:áXéER�R©HKJXçaé Þ IEC Þ N CGæJi

çaHKN%P N�HKJ/ãXáSßcHSF F HKJ
kt
3AF HzN�R1C Þ J!-yHSR©NÈINlã Þ HSR�è~P H�IEHKJ

è|R>C Þ IEHKJ´â£HSR�J¨F HKJ¨çaHKN«P N HKJÆãXáSßcHSF F HKJ´JàHj-�CGP N!ç£C	R
F+N�P Þ N�HSR�LÈãXI~P CGPTR©HMIGH

εp
O 5aC°I~P JJKPTç£CcN«P é Þ HKJN:ãKèECGF H

Y
εt
O 5	HKJtIEHSæJi-ãXáSß£HSF F HKJtã Þ HSR�èGãKN«P å|æcHKJtJàé Þ N�CEF éER�J

kp
HKN

kt
O

]iC	R L/P@F HKJ�LÈé�IGQSF HKJ'ç	R©é~çaéSJàãKJ¹IEC Þ J±F C§F P N N ãSR>CS=
N�æGR©H`3 Þ é~æOJ�COâ£é Þ J�áSßcé�P JKP IN�æON%PTFlP JàHSRzF H�LÈé�IGQSF H
k − ε

Y IGHSæJi�ãXáSßcHSFTF HKJ IEã�â£HSF é~çGçaã�ç£C	R9¨tPTL8HKN
, ßcH Þ u�§1§ w O£, H'LÈé�IEQSF H�C
-�CGP N-JàHKJ�ç	R©HSæXâ	HKJ°JXæER

IGHKJ�ãXáXé~æGF HSLpH Þ N JÒáXé~LgçGF H�i	HKJ�COâ£HXá:IGHKJ%¥Xé Þ HKJtIGH IGãXáXé~FTF HSLpH Þ N�HKN�IGHÈR©HXáXé~FTF HSLpH Þ N£;LÈC	R©áSß£HpLÈé Þ NC Þ N�H`3~R1CELgçaH
IGHÆáXé~Lgç	R©HKJJKP é Þ 3�N�æ Ý QSR©H´IGãXáXé~F F ãXH OLOLO�KRO£, H!LÈé�IGQSF H!æON%PTF P JàHzå|æ	CON�R©HÆãXå|æ£CcN«P é Þ J°IEH�N�R1C Þ JXçaéGR�NKæ^IEHSæJiÔçaé~æGRMF HKJ
çaHKN%P N�HKJ5ãXáSßcHSFTF HKJ�HKN IGHSæJi¹çaé~æGRtF HKJ:è|R>C Þ IEHKJ O 54N�æ Þ IGHKJ/P Þ N�ãSR¯KN J IEH-áXHzLpé�IGQSF H-HKJNpF C9-ÎC�¬Xé Þ IEé Þ N:HKJN5IGã�ä Þ P H
F CMâGP JàáXéSJKP N�ãpN�æGR�DEæGF H Þ N�H OtW�Þ HRd<HKN�3|áXHSFTF HR= á	P�HKJN IGé ÞGÞ ãXH�ç£C	R�Ò

µt = Cµ ρ̄
(kp + kt)

2

εp

ç t~e©vjè
Ü é Þ éGRÎP è~P Þ CEFlP N ãMR1ãKJKP IGH�I�C Þ JpF C ç	RÎP JàH�H Þ áXé~L çON H@I|æMN HSR�LÈH:IGH�N�R1C Þ J!-ÎHSR�NÒINlã Þ HSR�è~P H@IGHKJAè|R1C Þ IGHKJAãXáSßcHSFTF HKJÒâ	HSR�J
F HKJ-çSHKN%P N�HKJ�ãXáSßcHSFTF HKJ-çGFTæONC�SN:å|æ£H�F H-N HSR LpH-IGH I~P JJKPûç£CON%P é Þ�OD P Þ JKP¸3|JKP�F+Nlé Þ ãXáSRÎP N

µt
IEH�LÈC Þ P QSR©H/I~P d�ãSR©H Þ N H`3½é Þ

C^Ò
µt = Cµ

εt

εp
ρ̄

k2

εt
= F (εt,εp) ρ̄

k2

εt

ç t~e t-è
5SéGR©Jàå|æcH�F C-N%æGR DGæGF H Þ áXH-HKJNAH Þ ãKNCONAINlãXå|æaPûFlPTD	R©H`3<F C�-Îé Þ áKN«P é Þ

F (εt,εp)
HKJNAãKèECGF H Y

Cµ
O?-Þ HKJN5CEF éER�J5I�C Þ J-F H

áOC£I|R©H�IN�æ Þ -yéER�LÈCEFlP JXLpH�P IGH Þ N%P åiæcHzCGæ!LÈé Þ é�= ãXáSßcHSFTF H OcU C Þ JzF H�áOCOJ-IN�æ Þ HzN�æGR�DGæGF H Þ áXH´ßcéER�J-INlãXå|æaPûFlPTD	R©H`3Òç£C	R
H�i	HSL çGF H`3dF éER�Jàå|æcHgF H:N�R1C Þ J!-yHSR©N�I#Nlã Þ HSR�è~P HÈIGHKJAè|R1C Þ IGHKJxâ	HSR�J�F HKJpçaHKN«P N HKJÒJN�R�æcáKN�æGR©HKJxHKJN çGFTæOJ�PûLgçaéGR©N�C Þ NÒå|æcH F C
I~P JJKPTç£CcN%P é Þ 3½CEF éER�J

µt
I~PTLgP Þ æcH`3�áXH åiæaP|JàH/N�R1CcIiæaP N-ç£C	R æ Þ H°I|PTL/P Þ æON%P é Þ IGH�F CÆç£R1é�I|æ£áKN«P é Þ IEH�F C°N%æGR DGæGF H Þ áXH O

U C Þ J@F H@áOCcJ@P Þ â£HSR�JàH`3�áXH@N�HSR�LÈH/çaHSR�LpHKNÒIN C£áXáSR©éJp1N%R©H F�N�PûLgçaéGR©N�C Þ áXH�IGH F Czç£R©é�I|æcáKN%P é Þ IGH F CÈN�æGR�DEæGF H Þ áXH On, HKN»N�H
IGãXáXé~L çaéSJKP N%P é Þ JXçaHXáKN%R>CGF HzáXé Þ JKP JN�H�H Þ -�CaP N Y áSR©ãXHSRpæ Þ

Cµ
å|æaP�â	C	RÎP H�IEC Þ J�æ Þ JàH Þ J-N HSF�å|æcH'F C�N%æGR DGæGF H Þ áXH

Jàé�P N�R1CELpH Þ ãXH Y æ Þ ãKN�CcN5I#NlãXå|æaPTF PTD	R©H O
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F9�����ÆF ê �>�R$·(C)¸"s½`¾v�fÂ·"%Â>¾�ºi�t½1�$�àH>*·»�('½0*@Âsº�*t(%��»>* Ã¤*ìë@ÂK�f)�»>º
5SH´LÈé�IGQSF H

k − ε
HKJNMCEçON�H Y IGãXáSRÎPTR1H´æ Þ Hzè|R1C Þ IGH�â	C	RÎP ãKN ã�I#NlãXáXé~æGF HSLÈH Þ N»J-N�æGR�DEæGF H Þ N J Oc, HKN»N�H�áOCGç	Ccá	P N ã

HKJN�J«C Þ J�IGé~æON�H Y F�NléGR�P è~P Þ H!IGH!J«C�è|R1C Þ IGH(çaé~çGæGF C	RÎP N�ã O :^ãOC Þ Lpé�P Þ JS3@çaé~æGRMáXH!N Ý çaH'IEHÔLÈé�IGQSF H`3�F Cj-ÎéGR�LÈH
IGé ÞEÞ ãXH�CGæSiÆáXé Þ N�R1CaP Þ N�HKJÈIGH A H ÝEÞ é~F IaJ�ç£C	R�F+N�ß Ý çaéSN%ß£QKJàH°IEH
Q<é~æcJJKP Þ HKJàå Þ HÆçaHSR�LÈHKN/ç£CcJMI#N CGçGç	R©ãSßcH Þ IGHSRMF HKJ
çGß£ã Þ é~LpQ Þ HKJ-C Þ P JàéSN�R©é~çaHKJ�IGH�F C N%æGR DGæGF H Þ áXH`3�áXH å|æaP<FlPûL/P N�HpJàã�â£QSR©HSLpH Þ N-F C¸ç£R1ãXá	P JKP é Þ IGHKJgR1ãKJXæGF NCON J�IEC Þ J°F HKJ
¥Xé Þ HKJ�é�[°áXHKJ-çGßcã Þ é~LÈQ Þ HKJ�Jàé Þ NÈç£R1ãSçSé Þ IGãSR1C Þ N»J O
ExÞ H Þ é~æXâ£HSFTF HzCGçEç£R©é�áSßcH`3tçaHSR�LÈHKN»NC Þ N@IGH´ç	R©H Þ I|R1HzH Þ áXé~LgçON�HÆF�N C Þ P JàéSN�R©é~çaP HgIGHKJ/áXé Þ N%R1CGP Þ N HKJMIGH A H ÝEÞ é~F IGJS3
C°ãKN�ã/JXæOèaèGãSR©ãXH�ç£C	R A é�I~P u 212�w OCU C Þ JÈáXHgáOCcJS3�F H-N H Þ JàHSæGR^IEH A H ÝEÞ é~F IGJ

ρ̄ũ
′′

i u
′′

j

3�CGçGç	C	R1CaP JJ«C Þ N�H�i�çGFlP á	P N�HSLpH Þ N
IEC Þ J�F HKJ/ãXå|æ£CcN«P é Þ JgIGH!Lpé~æXâ£HSLÈH Þ N/CaP Þ JKP�åiæcH�IEC Þ J�F C6-yéER�LpHzH�iSC£áKN�H�I|æ¸N HSR�LÈHzIGH¹ç	R©é�I|æcáKN%P é Þ IGH

k
3�HKJN

P IGH Þ N%P ä|ã Y F+N CaP IGHMIN�æ Þ H�R©HSF CcN«P é Þ IGH�-ÎHSR�LpHKN�æGR©HMI|æ N Ý çaHfÒ

ρ̄ũ
′′

i u
′′

j =
2

3
ρ̄kδij −A1

(
Sij −

1

3
Sllδij

)

−A2

(
SilΩlj − ΩilSlj

)

−A3

(
SilSlj −

1

3
SlkSklδij

)

−A4

(
ΩilΩlj −

1

3
ΩlkΩklδij

) ç t~elk-è
é�[�F HKJ N H Þ JàHSæER�J�IGH/IGãR-ÎéGR LÈCcN«P é Þ

Sij
HKN IGHzR©éSNCON%P é Þ

Ωij
Jàé Þ N IGé ÞGÞ ãKJ/ç	C	R�Ò

Sij =
1

2

(∂ui

∂xj
+

∂uj

∂xi

)
; Ωij =

1

2

( ∂ui

∂xj
− ∂uj

∂xi

)

54NlãXáSßcHSFTF H�IEH�N�HSLgçOJ N%æGR DGæGF H Þ N
ξ
HKNzF HKJzP Þ â	C	RÎP*C Þ N»J N H Þ JàéERÎP HSF JgIGHÆI~PTF CONCcN«P é Þ

η
HKN/IGHÆIGãR-ÎéGR�LMCON%P é Þ

χ
Jàé Þ N

IGé ÞEÞ ãKJ/ç£C	R�Ò
ξ =

k

ε
; η =

k

ε
(SijSij)

1/2 ; χ =
k

ε
(ΩijΩij)

1/2

54NlãXå|æ£CcN%P é Þ ;ov O { K ç	R©H Þ I¸æ Þ H³-yéER�LpH-çEF æOJtèGã Þ ãSR1CGF H�å|æcHgF�NlãXå|æ	CON%P é Þ IGH�Q<é~æcJJKP Þ HKJàå3�IEC Þ J@F C£å|æcHSFTF H:IGHKJAN HSR LpHKJ
å|æ	CcI|R>CON%P å|æ£HKJ�Jàé Þ N:CxT é~æON�ãKJ Os, HKJ:N�HSR�LÈHKJAJXæGçEçGF ãSLÈH Þ N�CGPTR1HKJ>T»é~æ£H Þ NpF H�RG�~F HMIGHgáXéGR�R©HXáKN%P é Þ J@C Þ P JàéSN%R1é~çSHKJ O
U C Þ JMF H Lpé�IGQSF H DtÜ 7�3dç	R©é~çaéSJàã°ç£C	R Ü ßaPûß�3�Ì`ßGæ Ó 5�æELgF H Ý�u /�I�wo3dF HKJ5áXé�H�czá	P H Þ N J {Ai,i=1...4}

Jàé Þ N�-yé Þ áKN%P é Þ
IGHKJ°â	C	R�P CEDGF HKJ�IGH¨F+NlãXáXé~æGF HSLÈH Þ N O 54N�æ Þ H¹IGHKJ�éGRÎP è~P Þ CEFlP N ãKJ�IGH¹áXH¨LÈé�IGQSF H'R1ãKJKP IGH´IEC Þ J¹F C!â	CEF HSæGR�IEH

Cµ
å|æaP

IGãSçaH Þ I¸IGHKJ-ç£C	R1CELpQKN�R©HKJ�IGH�F�NlãXáXé~æGF HSLpH Þ NeÒ

Cµ =
2/3

C1 +
√

2η + C3

√
2χ

ç t~e �.è

CEF éER�J�å|æcH�IEC Þ J�F H±LÈé�IGQSF H DtÜ 7 IGH²±`CcN»JS_	P = Ü çaHJ¥	P CEF H u {1v�w
Cµ
HKJNzáXé Þ JNC Þ N H�HKN�HKJNzãKèECGF H Y J«C�â	CEF HSæGR

JNC Þ IEC	R©I O

íËî ÈdìnÌ~î+Ê�Æ�ï�ËRÊ+ÈsÉÄÇ�ÏrÈsÎ�ð�íVÇ�ï4ÏrÈnÊ1ïwðoÈ#Ï|ÐgØ½î*ï�ËRÊ+ÈsÉ�ë�Ê í Î1ÈsØ�Î�ð�í
5aCÈLÈé�IGãSF P J«CcN«P é Þ DaP = áXé~æcáSßcH5áXé Þ JKP JN�H Y æON%PTF P JàHSRiF H:Lpé�IGQSF H

k−ε
IEC Þ JAF CpR©ãKè~P é Þ IGHtN�æGR�DEæGF H Þ áXHpçGF H	P Þ HSLÈH Þ N

IGã�â	HSF é~çGçaãXHÈHKN5ß£éGR�J IGH/F CMáXé~æcáSßcH FlPûL/P N�H`3aHKN:F H-LÈé�IEQSF H@IEHX¦�é~F ->JXßcN H	P Þ�u /1v�w<IEC Þ J@F C°R©ãKè~P é Þ IGHgç£R©é�áSßcH ç£C	R©é�P O
5aC¹N�R1C Þ JKP N%P é Þ H Þ N�R©H�F HKJzIGHSæSi¤Lpé�IGQSF HKJ JSNlHRd<HXáKN%æ£HÆIEé Þ á!IEC Þ J¹F Cb¥Xé Þ H

30 ≤ y+ ≤ 300
O 5SH¨Lpé�IGQSF HÆIGH
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¦¨é~F -yJXßON H	P Þ áXé Þ JKP JN HgH Þ æ Þ H ãXåiæ£CON%P é Þ IGH N�R1C Þ JXçSéER�N JXæGR
k
JàHSLgDEF CEDGF H Y áXHSF F HgI|æ´Lpé�IGQSF H

k − ε
HKN�H Þ æ Þ H

-ÎHSR�LpHKN�æGR©H-CEF èGãSD	RÎP åiæcHzçaé~æGR
ε
HKN

νt
Ò

ε =
k3/2

lε

ç t~el�-è

νt = Cµk1/2lµ
ç t~el�-è

, HMJàé Þ N
lε
HKN

lµ
åiæaP~áXé Þ N«P H ÞGÞ H Þ N-F HKJP-yé Þ áKN%P é Þ J�IN CGLÈéGR�N%P JJàHSLÈH Þ N Þ ãXáXHKJJ«CaPûR©HKJpCOä Þ IGH�ç	R©H Þ I|R1HgH Þ áXé~LgçON�H

F Czç£C	R©é�PJÒ
lε = Cly(1 − e−Ry/Aε)

ç t~e ��è
lµ = Cly(1 − e−Ry/Aµ)

ç t~el�-è
é�[

y
R©HSç	R©ãKJàH Þ N�H@F C:I~P JN�C Þ áXH Y F CÈç£C	R1é�PcHKN

Ry = k1/2y/ν
F H Þ é~L D£R1H5IEH A H ÝEÞ é~F IaJ�N%æGR DGæGF H Þ N O 5SHKJ^áXé Þ JNC Þ N HKJ

Jàé Þ N5IGé ÞGÞ ãXHKJ ç£C	R , ßcH Þ HKN©]iCcN HSF u .02�w�Ò
Aε = 2Cl ; Aµ = 70 ; Cl = κC−3/4

µ ; κ = 0.41
ç t~el�-è

5SHKJtâSCGF HSæGR�J IGHKJ5áXé Þ JN�C Þ N�HKJAJàé Þ NAI~P d<ãSR©H Þ N�HKJAI|æzLÈé�IEQSF H@IEH³¦¨é~F -yJXßON�H	P Þ éGRÎP è~P Þ CEF�3 Þ éSN�CELgLÈH Þ N�çaé~æGR
Cµ

O 5SH
áSßcé�P i°IGH , ßcH Þ HKN©]iCON�HSF#;LMCaP J:CEæOJJKP�IEH®¨ÒPTL u�§1§ w K HKJN5IGH�ç£R1H Þ I|R©H�æ Þ

Cµ
áXé~ß£ãSR©H Þ N:CXâ£HXá�F H°Lpé�IGQSF H

k − εCOä Þ IGH�FlP JJàHSR�F HKJ5â	C	RÎP*CGDGF HKJ�N�æGR�DGæGF H Þ N�HKJ Y F+N�P Þ N�HSRL-�CcáXHMH Þ N�R©H�F HKJ:IGHSæSi´LÈé�IGQSF HKJ O
U C Þ JAáXHKN N�H@ãKN�æcIGH`3 Þ é~æOJ:CXâ£é Þ J5áSßcé�P JKPSI#N CGçGçEFlP åiæcHSRÒF C Lpé�IGãSF P J«CcN«P é Þ DaP = áXé~æcáSßcHMCGæJi/N�R©é�P J@Lpé�IGQSF HKJxIEH@N�æGR�DGæ0=
F H Þ áXH{æ

k − ε
3<LgæEF N%P = ãXáSßcHSFTF HKJ HKN DtÜ 7ÚH Þ C|T%æOJN�C Þ NÈF C áXé Þ JNC Þ N�H

Cµ
çaé~æGR`áSß£C£å|æcH�Lpé�IGQSF H O

F9�����Æ� Î �f»> @) ¾¸º�"s½`¾v�fÂ·"%( º�*�¼5�fÂe»ò�C�!»��!*
D ç	R©ãKJàH Þ NR3 Þ é~æOJ Þ é~æOJ°P Þ N�ãSR©HKJJàé Þ J Y F C´Lpé�IGãSFlP J«CON%P é Þ IGHÆF C�N�æGR�DEæGF H Þ áXH�CEæzJàHXáXé Þ I¹éER©I|R©H OcU C Þ J-áXHKN»N�H

ãKN�æcIGH`3 Þ é~æcJ�CXâ£é Þ J¹æON«PûFlP Jàã!F H�LÈé�IGQSF H A�Ü 7 IGã�â£HSF é~çGçaã±ç£C	R�5aCEæ Þ IGHSRL= A HXHXáXHR= A é�I~P u�§ ¶�wx3:çGæaP JzãKN�H Þ I|æ¨CGæJi
ãXáXé~æGF HSLpH Þ N JMáXé~Lgç	R©HKJJKPTDGF HKJgç£C	R k C Þ I|R©é~L LpH�HKN �1�Æ u ¶12�wxI�C Þ J�F HXå|æcHSF�F+NlãXå|æ£CcN«P é Þ Lpé�IGãSFlP JàãXHgI|æzN�R1C Þ JXçaéGR�N
IGHKJ�áXé Þ N%R1CGP Þ N HKJ N�æGR�DGæGF H Þ N�HKJ:JSNlãXáSRÎP NeÒ

∂

∂t
ρũ

′′

i u
′′

j +
∂

∂xk

(
ρŨkũ

′′

i u
′′

j − c′sρ̄
k

ε
ũ

′′

ku
′′

l

∂ũ
′′

i u
′′

j

∂xl
− µ

∂ũ
′′

i u
′′

j

∂xk

)

= +Pij −
C2 + 8

11

(
Pij −

2

3
Pδij

)
−8C2 − 2

11

(
Qij −

2

3
Qδij

)
−30C2 − 2

55
ρ̄kδij

−C1ρ̄
ε

k

(
ũ

′′

i u
′′

j − 2

3
kδij

)
−
(

u′′

i

∂P

∂xj
+ u′′

j

∂P

∂xi

)

− ρ̄
ε

k

(
ũ

′′

i u
′′

j fs + (1 − fs)
2

3
kδij

)

+
k3/2

ε yn

[
C3ρ̄

ε

k

(
ũ

′′

i u
′′

j − 2

3
kδij

)
+ C4

(
Pij − Qij

)

+C5ρ̄k

(
∂Ũi

∂xj
+

∂Ũj

∂xi
− 2

3
δij

∂Ũl

∂xl

)]

ç t~e©v¥�-è
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5SHKJ N H Þ JàHSæGR�J
Pij
HKN

Qij
Jàé Þ N IGé ÞGÞ ãKJgç£C	R�Ò

Pij = −ρũ
′′

i u
′′

k

∂Ũj

∂xk
− ρũ

′′

j u
′′

k

∂Ũi

∂xk

Qij = −ρũ
′′

i u
′′

k

∂Ũk

∂xj
− ρũ

′′

j u
′′

k

∂Ũk

∂xiHKNeÒ
P = Q = −ρũ

′′

i u
′′

k

∂Ũi

∂xk
, u′′

i =
Ũkũ

′′

i u
′′

k

(γ − 1)CpT̃
, Rt =

k2

νε

D áXHMJ Ý JN�QSLpHÈJSN C|T é~æON H�F+NlãXå|æ£CcN«P é Þ LÈé�IGãSF P JàãXHÈI|ægN�R1C Þ JXçaéGR�N IGH�F CgI~P JJKPTç£CcN%P é Þ
ε
u ¶12�w4Ò

∂

∂t
ρε +

∂

∂xk
ρŨkε = +

∂

∂xk

((
µδkl + Cερ̄

k

ε
ũ

′′

ku
′′

l

) ∂ε

∂xl

)
− Cε1ρ̄

ε

k
ũ

′′

i u
′′

k

∂Ũi

∂xk

−Cε3µ
k

ε
ũ

′′

j u
′′

k

(
∂2Ũi

∂xj∂xl

)(
∂2Ũi

∂xk∂xl

)

−Cε2ρ̄
ε

k
fε

(
ε − 2ν

(∂
√

k

∂yn

)2

)

ç t~e©v�vjè

]|é~æGRxF HKJ:ãXáXé~æGF HSLÈH Þ N J�áXé~Lgç	R©HKJJKPTDGF HKJS3�F�NlãXå|æ£CcN%P é Þ LÈé�IGãSF P JàãXHMI|æ N%R1C Þ JXçaéGR©NAIGHzF+Nlã Þ HSR�è~P HMN éSNCGF HMHKJNsÒ

∂

∂t
ρẼ +

∂

∂xk

[(
ρẼ + p̄ +

2

3
µ

∂Ũl

∂xl

)
Ũk +

(
ρ̄ũ

′′

i u
′′

k − µ
∂Ũi

∂xk

)
Ũi

−µ
∂

∂xk

(
ŨiŨi

2
+

ũ
′′

i u
′′

i

2

)
− 0.5 C ′

s

k

ε
ũ

′′

ku
′′

l

∂ũ
′′

i u
′′

i

∂xl

−
(

Cs Cv γ ρ̄
k

ε
ũ

′′

ku
′′

l + δlkλ

)
∂T̃

∂xl

]
= 0

ç t~e©v¥t-è

5SHKJ:áXé Þ JNC Þ N�HKJ@å|æGP~CEçGç£C	R1CGP JJàH Þ N:IEC Þ J�áXHzLÈé�IEQSF HÈJàé Þ N IGé ÞGÞ ãXHKJ ç£C	RxF HpNCEDGF HOCEægJXæaP â	C Þ N u ¶12�w�Ò

C1 C2 C3 C4 C5 C ′

s Cε Cε1 Cε2 Cε3 Ce

vael��� �~e �q� �~e©vO� �~e ��vOk �~e �1�?v �~e ta� �~e©vO� vae ta� vael��� t~e � �~elk�vOk

é�[
fε = 1 − 0.22 exp(−(Ret/6)2)

HKN
fs = 1/(1 + Rt/10)

O
]|é~æGR°æ Þ ãXáXé~æGF HSLpH Þ N�v U 3ÈF HÔLpé�IGQSF H'áXé Þ N«P H Þ N�á	P Þ å¤ãXåiæ£CON%P é Þ JÆIGH�N�R1C Þ JXçSéER�N

ũ′′2,ṽ′′2,w̃′′2,ũ′′v′′ ,ε
O³, HKJ

ãXå|æ	CON%P é Þ J@Jàé Þ NMP Þ N�ãKè|R©ãXHKJ>T%æOJàå|æ�N Y F C¸ç£C	R©é�PiH Þ æON%PTFlP J«C Þ N@F HKJ¤-yé Þ áKN%P é Þ J�IN CGLÈéGR�N%P JJàHSLÈH Þ N
fε
HKN

fs
O 5SHKJ@á	P Þ å

ãXå|æ	CON%P é Þ J-IGH�N�R1C Þ JXçaéGR�NÈI|æ!LÈé�IGQSF H A�Ü 7�3<áXé~æGçGF ãXHKJgCGæJi¹å|æ£CcN%R1HzãXå|æ£CcN«P é Þ J-I|æ¸áSß£CELgç'Lpé Ý H Þ 3tçaéER�N H Þ N Y
Þ HSæ0-5F H Þ é~LgD	R©H-N�éSN�CEFEINlãXåiæ£CON%P é Þ J Y R1ãKJàé~æcI|R©H O
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F9�GF Ã³ #º�(%)�½0"s½0º��f&s½0*tÂ%(sº
F9�GF9�~� Î "t��¼sÁs*'»>*nº�¼�*tÂt»C"CÂs½0*

]iC	R L/P F HKJ�èGãXé~LÈãKN%RÎP HKJ!F HKJ'çGF æOJ6- R1ãXå|æcHSLgLÈH Þ N¹æON%PTF P JàãXHKJ´çaé~æGR F+NlãKN%æ£IGH�IEHKJ¸ãXáXé~æGF HSLpH Þ N J¸IGãXáXé~FTF ãKJS3xé Þ
R©HKN�R©é~æXâ	H�F H�çGFTæOJ:Jàé~æXâ£H Þ NMF CzLÈC	R1áSßcH/IGHKJàáXH Þ I�C Þ N�H O 5SH/áOCcJ:N�HKJN5C£IGé~çON�ã�P á	P�HKJN áXHSF æGP�IGH U RÎP â£HSR�HKN Ü HXHKè|L/PûF =
F HSR u v1v�w�å|æaP|ç	R©ãKJàH Þ N�HgF+N CXâSC Þ NCcèGHpIN�¯KN�R©H DaP H Þ IGé�áSæGLpH Þ N ã u v1v�3�v1243 §1§ 3�/�I`wo3�áXHpå|æaPEáXé Þ JN%P N�æcHgæ Þ ãSF ãSLpH Þ N�IEH
áXé~L ç£C	R1CGP Jàé Þ JXæGçGçGF ãSLpH Þ NCaPûR©H O 5aC âGP N HKJJàH/IEãSDaP NC Þ N H HKJN

U0 =44.2m/s
HKN-F H Þ é~L D£R1H IGH A H Ý�Þ é~F IaJ´;D£CcJàã

JXæGRÒF C�ß	CGæON�HSæGR^IGHzF C�LÈC	R1áSßcH`3
h
K HKJN

Reh
'37500

; COâ£HXá
h=1.27 cm

KRO 5SH-IGé~LMCaP Þ H-IGH/áOCEF áSæGF�JSNlãKN H Þ I�IGH
−4h

Y
30h

O
5SH�çaé�P Þ N:IGH�R1HXáXé~F F HSLÈH Þ N:áXé Þ JN%P N�æcHzæ Þ ãSF ãSLÈH Þ NMPTL çaéGR�NC Þ N IEHgáXé~Lgç	C	R1CaP Jàé Þ H Þ N%R1H�F HKJgLpé�IGQSF HKJ@IEHgN�æGR�DGæ0=
F H Þ áXH O 5SH�R1HXáXé~F F HSLÈH Þ N:IGH¸F C°áXé~æcáSßcHÆFlPûL/P N H´;R©HSF H�â£ã H�i�çSãSR�PTLpH Þ N�CEF HSLÈH Þ N K JàH-JKP N�æcH Y æ Þ H I|P JNC Þ áXH IGH G�O v G
-Îé�P JÈF C�ß£CEæON HSæER�IGHzF CzLÈC	R1áSßcH/H Þ COâ	CEF�IGH-áXHSFTF HR= á	P O :AæGLÈãSRÎP å|æ£HSLpH Þ NR3<F C�çSéSJKP N«P é Þ IGH-áXH�çaé�P Þ N áXéGR R©HKJXçaé Þ I Y
F+N C ÞGÞ æGF CcN«P é Þ Iiæ�áXé�H�czá	P H Þ N@IEH9-�R©éSN N HSLÈH Þ N O 5	HKJ@â	CEF HSæGR�JÈH�i�çaãSRÎPTLÈH Þ NCGF HgHKN Þ æGLÈãSRÎP åiæcHKJÈIEH�F CÆF é Þ è|æcHSæER�IEH
R©HXáXé~FTF HSLÈH Þ NtJàé Þ NÈç£R1ãKJàH Þ N ãXHKJpIEC Þ J/F HÈNCGDGF HOCGæ<v O . O

Á�° � e
k − ε

{}k�r©l�¨��ÛxzynÄ?mpr©rsmz� Ð�i�Æ � i�Æ

Lr/h 6.26 ± 0.1 5.478 6.013 6.092 5.959

Á¡~�~nmpk�~kô ³ −12.5 −3.94 −2.7 −4.8

õ ²«ö´�Ht~e©v�� 3 
 ���%�%� 
 �Ø�;�[� 
 �*�#�S�q�}�n� ��
 �n�©�p�E�����a 
?-Þ R©HSLÈC	R1å|æcH�å|æ£H�N�é~æOJzF HKJzLÈé�IGQSF HKJMJàé~æOJ!= HKJN«PûLpH Þ N F C'F é Þ è|æ£HSæGRAIGH!R©HXáXé~F F HSLpH Þ N OC, HKN N H´F é Þ è|æcHSæGR5HKJNÈH Þ
ç£C	R©N«P áSæGFlP HSRtL/P HSæJiÆç	R©ãXI~P N H�ç£C	RAF HKJ/Lpé�IGQSF HKJ-LgæGF N«P = ãXáSßcHSF F HKJ HKN DtÜ 7 åiæaP~IEé ÞGÞ H Þ N/æ Þ H HKJN%PTLMCON%P é Þ CcJJàHJ¥zP Þ =
N�ãSR©HKJJ«C Þ N HMCOâ£HXázLpé�P Þ J IGH

4%
INlHSR�R©HSæGR O ]iC	R�áXé Þ N�R©H`3iáXé Þ N�R1CaPûR©HSLpH Þ N Y áXH-åiæcH Þ é~æOJ@CcN»N�H Þ I~P é Þ JS3<F H Lpé�IGQSF H

A�Ü 7 áXé Þ IiæaP N Y æ Þ R©ãKJXæGF N�CcN:Lpé�P Þ J@Daé Þ å|æcH�F HKJ@LÈé�IGQSF HKJ@L æGF N%P = ãXáSßcHSFTF HKJxHKN DtÜ 7 OsA HSLMC	R©å|æcé Þ J�ãKèECGF HSLpH Þ N
å|æ£H�F HzLpé�IGQSF H DtÜ 7 -yé~æER Þ P N-F C¸LpH	PTFTF HSæGR1Hzç£R1ãXI~P áKN%P é Þ I|æ´çaé�P Þ N:IGH¸R©HXáXé~F F HSLpH Þ N Oe, HKN»N�H/å|æ	CGF P N�ã�F H�çGF C£áXHgH Þ
N!¯KN H°ç£C	RAR1CEçGçaéGR�N�CEæJizCEæON�R©HKJ-Lpé�IGQSF HKJ:IGHMN�æGR�DEæGF H Þ áXH O
5SH�áXé�H�czá	P H Þ N/IGH�- R1éSN»N�HSLpH Þ N�ç£C	R�P ãKNCGF

Cf
H Þ COâ	CEF�IEH'F C�LÈC	R©áSßcH¸HKJNzç£R1ãKJàH Þ N ã¸JXæGRÈF HKJgIEHSæJi!è|R1CGçEßcHKJ°IEH

F C!ä~è|æGR©HHv O { O 5aC�áXé~æGR�DaH'H�i�çSãSR�PTLpH Þ N�CEF H±LÈé Þ N�R©H±F�NlH�i�P JN�H Þ áXH!IGH�å|æ£CcN%R©Hj¥Xé Þ HKJ¸I~P JN«P Þ áKN�HKJwæX;�. K ¥Xé Þ H'IEH
R©HXá	PûR©áSæGF CON%P é Þ JàHXáXé Þ I�CaPûR©H³T%æOJN�HzH Þ D£CcJgIGH¹F C!LMC	R©áSßcHg;

Cf > 0
CEæ�â	é�P JKP Þ COèGHzIGH

x/h = 0
K 3£;ov K ¥Xé Þ H�IGH

R©HXá	PûR©áSæGF CON%P é Þ ç£RÎP Þ á	PTç	CGF H�çaP ãKèGãXH H Þ N�R©H�F�NlãXáXé~æGF HSLpH Þ N�IGãXáXé~FTF ã HKN-F CÆç£C	R©é�P@;
Cf < 0

K 3%;o{ K ¥Xé Þ H°IGH¸R©HXáXé~æXâER©HR=
LÈH Þ N�é�[¹F�NlãXáXé~æGF HSLpH Þ N:JXæEDaP N-æ Þ H�-ÎéGR©N H°áXé~Lgç	R©HKJJKP é Þ JXæaP N H Y F�N�PûLgç£C£áKN:I|æ³T HKN�JXæGR5F C´ç	C	R©é�P½HKN9;�I K ¥Ké Þ H°IEH
R©HSF CJiaCON%P é Þ ;�é~æ�R©HKN�é~æGR Y F+NlãXå|æaPTF PTD	R©H K IEC Þ J¸F C£å|æcHSF F H´F CÆáXé~æcáSßcH'FlPûL/P N�HÆR©H�âGP H Þ N Y Jàé Þ ãKN�CcN-INlãXå|æaPûFlPûD£R©H�HKN°F H
N�R1C Þ J!-yHSR©Nxã Þ HSR�èGãKN%P å|æ£H-JàH©-ÎCGP N5I|æ�LÈé~æXâ£HSLÈH Þ NpLÈé Ý H Þ â	HSR�J-F H�LÈé~æXâ£HSLpH Þ NAN�æGR�DGæEF H Þ N O
U C Þ JÆF C
¥Xé Þ HH;�. K 3^é Þ R©HSLMC	R©å|æcH´å|æ£H¸JàHSæEF J�F HKJ�Lpé�IGQSF HKJ°CEæ¹JàHXáXé Þ I¨éGR©I|R1HÆIEé ÞGÞ H Þ N¸æ Þ

Cf
çaéSJKP N«P -tT%æOJN�H

IGHSR RÎP QSR©H/F C°LÈC	R1áSßcH O#, HXá	P|Lpé Þ N�R©H-F HSæGR�áOCGç£C£á	P N�ã Y ç£R©ãXI|PTR©H F H@N é~æGR DaPTFTF é Þ JàHXáXé Þ IECaPûR©H@IEHgF C©¥Ké Þ H�;�. K 3~áXé Þ N�R1CaP =
R©HSLÈH Þ N5CEæJi�CGæON�R©HKJ-LÈé�IGQSF HKJ�; Ý áXé~Lgç	RÎP JÈF H�Lpé�IGQSF H DtÜ 7 K å|æaP�LÈCcJàå|æcH Þ NMF+NlHRd�HKN5IGH/áXHMN�é~æGR�DaPûF F é Þ�O
U C Þ J�F C�¥Ké Þ HM;ov K 3ÒF H�áXé�H�czá	P H Þ NpIGH´-�R©éSN N HSLÈH Þ N�3�IGH°JKP è Þ H Þ ãKèECON%P -!3�ç£R©ãKJàH Þ N H´æ Þ çaP á
;ç	R©HKJJKP é Þ LgP Þ PûLÈCEF H K
å|æGPaáXéER�R©HKJXçaé Þ I Y F C°çaéSJKP N%P é Þ áXH Þ N%R1CEF HÈI|æMN�é~æGR�DaPûF F é Þ ç	RÎP Þ á	Pûç£CEF O 5	HKJpLpé�IGQSF HKJ

k − ε
3½L æGF N%P = ãXáSß£HSF F HKJAHKN DtÜ 7

ç	R©ãXI~P JàH Þ N^áXéER�R©HXáKN�HSLpH Þ N F C/çaéSJKP N%P é Þ HKN F+N�P Þ N�H Þ JKP N�ã5IGH@áXH-çGP á`3ECEF éGR©Jtå|æcH/F HMLpé�IGQSF H A�Ü 7�IGé ÞGÞ H æ Þ H/çSéSJKP N«P é Þ
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F ãKèGQSR©HSLpH Þ N5IGãXáOCEF ãXH/H Þ CELpé Þ N COâ£HXá�æ Þ H�P Þ N H Þ JKP N ã çGFTæOJP-yéER�N�H O
5aCX¥Xé Þ H�;o{ K HKJN�áOC	R>CcáKN�ãSRÎP JàãXHÈç£C	R�æ Þ H�CEæOè|LpH Þ NCcN«P é Þ PTLgçaéER�N�C Þ N�HAIiæ

Cf
3�P Þ IiæaP N�H@ç	C	R�F C@áXé~Lgç	R©HKJJKP é Þ R1CEçaP IEH

IGH¸F�NlãXáXé~æEF HSLpH Þ N:JXæaP N�HgCEæÆR1HXáXé~F F HSLÈH Þ N�IGH¸F C�áXé~æcáSß£H¸F PTLgP N�H Os, H�çGßcã Þ é~LÈQ Þ H�IGH áXé~L ç£R1HKJJKP é Þ IGãSDGæON�H Y F C
ä Þ IGH'F C
¥Xé Þ Hj;ov K HKN/IGHSLÈHSæGR©HÆIEC Þ J N�é~æON�H'F C
¥Ké Þ Hj;o{ KROf?MÞ R©HSLMC	R©å|æcHÆå|æcH�F C�çaH Þ N�H�Iiæ!áXé�H�czá	P H Þ N/IEH
-�R©éSN N HSLÈH Þ N`HKJNADaP H Þ ç£R©ãXI|P N�H-ç£C	R½N�é~æOJ�F HKJ Lpé�IGQSF HKJ Y F�NlH�i	áXHSçcN«P é Þ I|æ Lpé�IGQSF H

k−ε
å|æaPSN H Þ I Y F C@JXæGR©HKJN%PTLÈHSR O

W�Þ áXHpåiæaPEáXé Þ áXHSR Þ H�F C©¥Xé Þ H´;�I K ;R1HKN é~æGR Y F+NlãXå|æaPûFlPTD	R©H K 3�é Þ áXé Þ JN�CcN�Hpå|æ£H F HKJ@LÈé�IGQSF HKJ@L æGF N%P = ãXáSßcHSFTF HKJS3 A�Ü 7
HKN DtÜ 7ÂR©HKN%R1é~æXâ£H Þ NMçGFTæOJ@é~æ�LÈé�P Þ J-F H�Daé Þ�Þ P â£HOCGæ�IGH�-�R©éSN N HSLÈH Þ N:CGF éGR�J�å|æ£H�F H�LÈé�IEQSF H

k − ε
F H-JXæGR©HKJN%PTLÈH

F ãKèGQSR©HSLpH Þ N OfEtÞ IGHKJ�R1ãKJXæGF NCON JzR©HSLMC	R©å|æ£CEDGF HKJ°HKJN F H�áXé~LgçaéER�N HSLÈH Þ N-I|æ�Lpé�IGQSF H DtÜ 7 å|æGP�JàH�N%R©é~æOâ£H�N�R©QKJ
ç	R©é�áSßcH-I|æ�LÈé�IEQSF H A�Ü 77IEC Þ J/F HKJ^¥Xé Þ HKJ9;o{ K HKNm;�I K 3½CXâ	HXázæ Þ HzLÈH	PTFTF HSæGR©H ç	R©ãXI~P áKN%P é Þ IEHzF�N�P Þ N H Þ JKP N�ã@HKN IGH�F C
çaéSJKP N%P é Þ I|æ N é~æER�DaPTFTF é Þ IEC Þ J/F C9¥Xé Þ H�;ov KRO
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5SHKJ5ç£R©é	ä�F J�IGHAâGP N HKJJàHpLpé Ý H ÞGÞ HMF é Þ è~P N%æcI|P Þ CEF H CcI|PTLpH Þ JKP é ÞGÞ ãKJ5ç£C	R�F C5âGP N HKJJàHAIGHÈR©ãR-yãSR1H Þ áXH
U0

Jàé Þ Ntç	R©ãKJàH Þ N�ãKJ
JXæGRÈF HKJ è|R1CEçGßcHKJ�IGH'F C¸ä�è|æER©Hgv O I O ±tF é~D£CGF HSLpH Þ NR3xß£éGR�J�IGH�F CM¥Xé Þ HÆIGH�R©HXá	PTR©áSæEF CcN«P é Þ ;

y/h > 1
K 3^N é~æOJÆF HKJ

LÈé�IGQSF HKJ³-Îé~æGR Þ P JJàH Þ N@IEHKJzR©ãKJXæGF NCcN»JÈJKPTLgPTF CGPTR1HKJS3iN%R1QKJ ç	R©é�áSßcHKJ/IGHKJzR©ãKJXæGF N�CcN JÈH�i�çaãSRÎPûLpH Þ NCEæJi OfU H´Lm¯SLÈH`3�F HKJ
I~P d�ãSR1H Þ áXHKJ:é~DOJàHSR�â£ãXHKJ Þ H/Jàé Þ NAå|æ£H-N%R1QKJ^-�CGPTDGF HKJ5H Þ CXâ	CEF�Iiæ�çaé�P Þ N5IGH�R©HXáXé~FTF HSLpH Þ N³; Y ç£C	R�N%PTR�IGH

x/h > 10
KRO

?-Þ R©HSLMC	R©å|æcHÈå|æ�N CEæ Þ P â£HOCEæ-IGH/F C ç£C	R©é�P+3�F H/Lpé�IGQSF H DtÜ 7�JàHpáXé~LgçaéGR©N H-LgP HSæJi/å|æcHgF H-LÈé�IEQSF H A�Ü 7�JXæGR�N�é~æON
çaé~æGR�F HKJ ç	R©HSLgP QSR©HKJ-JNCON%P é Þ JpJKP N%æcãXHKJ-IEC Þ JzF C�¥Xé Þ H�IEH´R©HXá	PTR©áSæEF CcN«P é Þ�OeD PTF F HSæGR�JS3`F HKJ-IGHSæJi¨Lpé�IGQSF HKJ-IGé ÞGÞ H Þ N
IGHKJ-R1ãKJXæGF NCON J å|æ£CcJKPTLpH Þ N@P IGH Þ N%P å|æcHKJ O
5aC°ä~è|æGR©H�v O I¨ç	R©ãKJàH Þ N�H�CEæOJJKP�F HKJ R©ãKJXæEF NCON JpI|æ¹LÈé�IEQSF H¸LgæGF N«P = ãXáSßcHSF F HKJ@HKNpI|æ¹LÈé�IEQSF H

k − ε
O 5SC�I~P d<ãSR©H Þ áXH

H Þ N�R©H�F HKJ IEHSæJiÆLÈé�IGQSF HKJ JàHMJKP N�æcH°ç£RÎP Þ á	PTç	CGF HSLpH Þ N:CGæ Þ P â	HOCGæ°IGHzF C�ç£C	R©é�P|IEC Þ J/F C9¥Xé Þ H/IGHzR1HXá	PTR©áSæGF CON%P é Þ 3~é�[
F+NlãXáOC	R�N-ç£C	R R1CEçGçaéGR�N Y F+NlH�i�çaãSRÎP H Þ áXHgHKJN-F H�çGF æOJ@âGP JKPûDGF H O 5	H�Lpé�IGQSF H�LgæGF N«P = ãXáSßcHSF F HKJ@CGLÈãSFlP éGR©HzF ãKèGQSR©HSLpH Þ N-F HKJ
R©ãKJXæEF NCON J Þ éSN�CELgLÈH Þ N Y F CgN�R©é�P JKP QSLpHpJN�CcN«P é Þ IGH�F C�¥Xé Þ H/IGH�R©HXá	PTR©áSæEF CcN«P é Þ�O
F9�GF9�ÆF É9(uë.J@�|*²½1�|"%Âeº�ºX�fÂC¾0û�(s* F Êá"s¿n*�¼ÿ&��@º�º�*§üF)¸"ýHe"t�C�f¾

5SH�IEHSæJiEP QSLÈH�áOCcJ/N�HKJN�3tç	R©ãKJàH Þ N�ã¹P á	P+3�HKJN°F C¸N�æ Ý QSR1H�N�R1C Þ JJàé Þ P å|æ£H�v U 3^CEçGçaHSF ãXH!DSéSJJàH�IGH U ãSF HSR ÝHu v1µ�w O
54NlãXáXé~æGF HSLpH Þ NÆIEC Þ J'áXHKN»N�H�N%æ Ý QSR©HÔHKJN¸áOC	R1C£áKN ãSR�P Jàã¤ç£C	R�F C§ç	R©ãKJàH Þ áXH�I#N�æ Þ áSßcé�á¨JXæ+c�J«CGL LpH Þ N6-yéER�N'çaé~æGR
ç	R©é�I|æaPTR1H�F H-IGãXáXé~FTF HSLpH Þ NAIGHzF C/áXé~æcáSß£H�FlPûL/P N HÈCXâ£HXá�æ Þ H9¥Xé Þ HgIGH�R©HXá	PTR1áSæGF CcN«P é Þ PTL çSéER�NC Þ N�H O

Photo ONERA

Calcul CORIA

M=1.41
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5aCÂç	R©HKJJKP é Þ HKN�F C N�HSLgçaãSR1CcN%æER©H�èGã Þ ãSR1CcN%RÎP áXHKJ
âSCGF H Þ N/R©HKJXçaHXáKN%P â£HSLÈH Þ N

96000Pa
HKN

300K
O 5SH

Þ é~LgD	R©HpIEH A H Ý�Þ é~F IaJ5áOCGF áSæGF ã Y ç£C	R�N%PTRdIEHKJxáXé Þ I~P =
N%P é Þ J°èGã Þ ãSR1CON�RÎP áXHKJ°HKN¸R1CGLÈH Þ ã Y F C±ß£CEæON�HSæGR@I|æ
áOC Þ CEF�; Y F+NlH Þ N%R1ãXH K âSCGæON

2.078 × 106
O

Ü æER�F HKJ:çEßcéSN éSJtIEH-F C�ä�è|æER©Hmv O�§ 3Gé Þ é~DOJàHSR�â£H�áSF CaP =
R1HSLpH Þ N�F CÈJN%R æcáKN%æER©HpIiæ/áSßcé�áÈH Þ

λ
OsW�Þ HRd�HKNR3dF HKJ

è|R>CcI~P H Þ N J!IGH�ç£R1HKJJKP é Þ 3@CcJJàé�á	P ãKJ´CEæJi¤HRd<HKN J´IEH
áXé~æER�DGæGR©H�IGH´F C!ç£C	R©é�P�P Þ -ÎãSRÎP HSæGR1H`3dJàé Þ NÈJXæ+c�J«CGL³=
LÈH Þ N�PûLgçaéGR©N�C Þ N J(çaé~æGR!ç	R©é	â£é�å|æcHSR'F H�IGãXáXé~F F HR=
LÈH Þ N�IGHÈF C:áXé~æcáSßcHMF PTL/P N HxH Þ æ Þ çaé�P Þ N

x/h ' 22JKP N%æ£ã±H Þ COâ	CGF I|æ¤áXé~FAIGH§F C�N�æ Ý QSR©Hÿ;�é�[
h
HKJN

F+NlãSç£CGP JJàHSæGR IGH�F C�DaéSJJàH`3`HSFTF HzâSCGæON
12mm

KRO 5aC
áXé~L ç£R1HKJJKP é Þ R1CEçaP IGH/COJJàé�á	P ãXHMCEægáSßcé�á-H Þ èGH Þ I|R©H
æ Þ -�CGP JàáXHOCEæ¤INlé Þ IGHKJ±áXé Þ â£HSR�èGH Þ N�HKJ¨å|æaP:JàHÄ-Îé�=
áOCEFlP JàH Þ N±çaé~æGR�-yéER�LpHSRÆæ Þ áSßcé�á(é~DGF P å|æ£H ;�P Þ P N%P ã
CEæ!çaé�P Þ N@IGHzIGãXáXé~FTF HSLpH Þ N@IGHÆF C�áXé~æcáSßcH´FlPûL/P N H KRO
54NlãXáXé~æGF HSLpH Þ N´JXæGçaHSR�Jàé Þ P å|æcH�CEæ(áXH Þ N%R©H±Iiæ(áOC0=
Þ CGF�HKJNÈIGãXáXãSF ãSR©ã¤T%æOJàå|æ�N Y IGHKJ/áXé Þ I~P N%P é Þ JMJXæGDcJàé�=
Þ P å|æcHKJ-CEæ N�R1COâ£HSR�JpIiæ�áSß£é�á å|æ£CcJKP = Þ éER�LÈCEF O�Ü æaP N�H
CEæ§áXé Þ ä Þ HSLpH Þ N�IGH�F+NlãXáXé~æGF HSLÈH Þ N¹IEC Þ J(F H�áOC0=
Þ CGF+3:F C!áXé~æ£áSßcH¨FlPûL/P N�H!R1HXáXé~F F H�æ Þ çaHSæ±çGFTæOJ´F é�P Þ

;
x/h ' 27

K -yéER�LÈC Þ N@CGP Þ JKP<æ Þ H�¥Xé Þ H°IGH¸R©HXá	PTR©áSæEF CcN«P é Þ çaP ãKèGãXH H Þ N�R©H�F CÆç£C	R©é�P<P Þ -ÎãSRÎP HSæGR1H/IGH¸F C°N�æ Ý QSR1H HKN-F C
áXé~æcáSß£H/IGHzLÈãSF C Þ èGH°P Jàé~D£C	R1H O
5SHKJ:çaéSJKP N%P é Þ JÒIGHKJ:çaé�P Þ N»JtIEH�IGãXáXé~F F HSLpH Þ N�HKNÒIGH-R©HXáXé~FTF HSLÈH Þ N^CGP Þ JKPSå|æcH-F C�NCGPTF F H IGH-F CgDGæGFTF H�IEH-R©HXá	PTR1áSæGF CcN«P é Þ 3
ç	R©ãXI~P N HKJ°ç£C	RxáSß£C£å|æcH!Lpé�IGQSF H`3�Jàé Þ NÈáXé~Lgç£C	R©ãXHKJ/CEæJi�â	CEF HSæER�J-H�i�çaãSRÎPTLÈH Þ N�CEF HKJMáXéGR R©HKJXçaé Þ IEC Þ N HKJ/I�C Þ JzF H°N�C0=
DGF HOCGæ�v O v O 5aC-Jàé~æcJ!= HKJN«PûLÈCcN«P é Þ IGH°F C�F é Þ è|æ£HSæGR�IGH°F C�¥Xé Þ H-IEãXáXé~F F ãXH ç£C	RtF HgLÈé�IEQSF H

k − ε
HKJN�P á	PGáSF CGPTR©HSLÈH Þ N

âGP JKPTDGF H O ]|é~æGRxN é~æOJ�F HKJ LÈé�IGQSF HKJS3`F HKJÈI|P d<ãSR©H Þ áXHKJ/CGçEç£C	R1CGP JJàH Þ NÈJXæGR�N�é~æONpCEæ Þ P â£HOCGæ¸IGH´F C!çSéSJKP N«P é Þ Iiæ!çaé�P Þ N
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IGH�R1HXáXé~F F HSLÈH Þ N OsW�Þ áXé~Lgç£C	R1CGP Jàé Þ CXâ	HXázF HKJ-LÈé�IGQSF HKJ�C Þ P JàéSN%R1é~çSHKJS3�F H�Lpé�IGQSF H°LgæEF N%P = ãXáSßcHSFTF HKJ áXé Þ I|æaP N Y æ Þ H
¥Xé Þ H IGH�R©HXá	PûR©áSæGF CON%P é Þ F ãKèGQSR©HSLpH Þ NpLÈé�P Þ J@ãKN�H Þ I|æ£H O 5SHKJ/LpH	PûF F HSæGR�JMR©ãKJXæGF N�CcN»J:Jàé Þ N é~DcN H Þ æcJgç£C	R5F HKJ/LÈé�IEQSF HKJ
DtÜ 77HKN A�Ü 7Úå|æaP�ç£R1ãXI~P JàH Þ NMæ Þ H/NCaPûF F HÈIGH�¥Xé Þ HgIGHzR©HXá	PûR©áSæGF CcN%P é Þ R©HSF CON%P â£HSLÈH Þ N@ç	R©é�áSßcHgIEHKJ�IGé ÞGÞ ãXHKJÈH�i�çaãR=
RÎPûLpH Þ NCEF HKJ O
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5SHKJpáXé~æER�DaHKJMIEH�ç	R©HKJJKP é Þ JXæGR F C´ç£C	R©é�P<P Þ -yãSR�P HSæGR©H`3�é�[¹F C´ç	R©ãKJàH Þ áXH�IN�æ Þ çGF CcN HOCEæ�IGH¸ç£R1HKJJKP é Þ áOC	R1C£áKN ãSRÎP JàH�F H
çGß£ã Þ é~LpQ Þ HMIGHMIGãXáXé~FTF HSLÈH Þ N�3�Jàé Þ N�ç	R©ãKJàH Þ N�ãKJ5JXæGR�F CÈä~è|æGR©H�v O�G�O|Ü æGR�áXHpIEHSR Þ P HSR�çaé�P Þ N�3�F HKJpLpé�IGQSF HKJ

k − ε
HKN

L æGF N%P = ãXáSßcHSFTF HKJpç£R©ãXI|P JàH Þ NÈæ Þ çGF CON�HOCEæ�Lpé�P Þ JMç£R©é Þ é Þ áXã COâ£HXá�æ Þ DSé Þ�Þ P â£HOCEæ IEH�ç£R©HKJJKP é Þ H Þ COâ	CEF�IGH�F+N�P Þ N�HSRL=
C£áKN«P é Þ�O 5SCzç£R©ãXI|P áKN%P é Þ HRd�HXáKN�æcãXH°ç£C	RÒF H/Lpé�IGQSF H A�Ü 7 HKJN Þ HKN N�HSLpH Þ N�LÈH	PTFTF HSæGR©H O 5	H°LÈé�IGQSF H DtÜ 7 ç£R©ãXI|P N�æ Þ
Þ P â£HOCEæ/IGH°çGF CcN HOCEæzF ãKèGQSR1HSLpH Þ NÒJXæGR1HKJN«PûLpã O4?-Þ�Þ éSN H°çaé~æGR�F H Lpé�IGQSF H DtÜ 77C�æ Þ HÈN�H Þ IEC Þ áXH Y JXæGR1HKJN«PûLpHSR�F H
Þ P â£HOCEæ IGH�ç	R©HKJJKP é Þ H Þ COâ	CGF�IGHzF+N�P Þ N�HSR1C£áKN«P é Þ�O
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F9�GF9�Æ� Ø�¼5�f(%)+*t$Ä*tÂs½�» Ì�"t�R�q¾0Jt�!* L ¼5�C��Heº
D F C/JXæGP N�H-IGH/áXHKJ�ãKN�æcIGHKJS3 Þ é~æcJ Þ é~æOJ�Jàé~L LpHKJÈP Þ N ãSR©HKJJàãKJ�CEæ áOCEF áSæGF�IN�æ Þ HgN%æ Ý QSR©H IN C	R�RÎP QSR©HR= áXéGR çOJ9;yâ£é�PûR

ä~è|æGR©H9v O 2 K 3�çaé~æGRxF C£å|æcHSF F H-IGHKJ-LpHKJXæER©HKJ�H�i�çaãSRÎPTLÈH Þ NCGF HKJAJàé Þ N I~P JXçSé Þ PTDGF HKJ u I1w O

± ½.�ë�$t~e �Ë�)( ä0ØAÛ)Ô��Tä0Ø�Ô!Þ*äGÚ!âhÜ)Ô+ß:Ú!Óþ×�ßtÚ+Ø�Ð$Ú$ÜäGÖþÕìá Û�â ÒCÐ$Ú!Û*� Ö�ÓkÖ�â)ÞµÕ�á Ô+ßAßAä�+�ßtÖ�ãaÐCÚ!ßnÜ.Ø�å-,4Ñ-Ú!Þ%Ú/.1032547698;:�<�å
5aCÆä~è|æGR©Hgv O ¶(Lpé Þ N�R©H�F HKJ�ã�â£é~F æcN«P é Þ J°áOCEF áSæEF ãXHKJ�HKN�LpHKJXæGR1ãXHKJ°I|æ�áXé�H�czá	P H Þ N IGH�ç£R©HKJJKP é Þ JXæGRMF H�R©ãKN�R©H	P Þ N O
U N�æ Þ H�LÈC Þ P QSR©HpèGã Þ ãSR1CEF H`3ié Þ R1HSLÈC	R©å|æ£H-å|æcH�F HKJ áOCEF áSæGF JpP JJXæOJAIEHKJ I|P d<ãSR©H Þ N JÈLÈé�IEQSF HKJAIEHMN%æGR DGæGF H Þ áXH�R©HSç£R1ãR=
JàH Þ N�H Þ NxáXéER�R©HXáKN�HSLpH Þ N@F H@áXé~L çaéGR�N�HSLpH Þ NAIGHgF+NlãXáXé~æGF HSLÈH Þ NxIEC Þ J áXHKJpR1ãKè~P é Þ J O :`ãOC Þ LÈé�P Þ JS3 Y F+NlH�i£N%R1ãSL/P N�ã�I|æ
R©ãKN�R©H	P Þ N�3`F H¸Lpé�IGQSF H

k − ε
Lpé Þ N%R©H¸æ Þ HzI|P d<ãSR©H Þ áXH¸PTL çSéER�NC Þ N�H�CXâ£HXá´F+NlH�i�çaãSRÎP H Þ áXH OsD P Þ JKP+3`F H°áXé�H�czá	P H Þ NpIGH

ç	R©HKJJKP é Þ HKJNxJXæGR©HKJN%PTLÈãpI#NlH Þ âGPTR1é Þ {1µ/=Âç£C	RAR1CEçGçaéGR�N Y F�NlH�i�çaãSRÎP H Þ áXH O 5SHKJ-Lpé�IGQSF HKJMLgæEF N%P = ãXáSßcHSFTF HKJS3 DtÜ 7ÚHKN
A�Ü 7ÂçSHSR LpHKN N H Þ N5IN CELpãSFlP éGR©HSR�áXHKJ-R1ãKJXæGF NCON J:H Þ R©ãXI|æGP J«C Þ NpF+NlãXáOC	R�NÈç£C	RxR1CEçGçaéGR©N Y F�NlH�i�çSãSR�P H Þ áXH O
54N C Þ CGF Ý JàH�IGHKJ�R©ãKJXæGF N�CcN»JÈIGHKJ-áSß£CELgçOJzLÈé Ý H Þ HKN@N�æGR�DGæEF H Þ N F H¸F é Þ è¹I|æmT HKN�JXæEçSHSR©Jàé Þ P å|æ£H�;yä~è|æGR©HKJ Þ é Þ ç£R1ãR=
JàH Þ N�ãXHKJ K áXé Þ ä�R�LpHzF C Þ ãXáXHKJJKP N�ãÈI#N�æON«PûFlP JàHSR�IEHKJ-Lpé�IGQSF HKJ�C Þ P JàéSN�R©é~çaHKJ O
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F9�G� Ã³ n¼�"µH>¾¸½1(C)¸"�½`¾�>
, HKN N H-ãKN�æcIGH Þ é~æOJMC�çaHSR�LgP J�INlã�âSCGFTæcHSR F HKJ-çaHSRL-ÎéGR�LMC Þ áXHKJpIGHgå|æ£HSF å|æcHKJ°Lpé�IGQSF HKJ�IGH/N�æGR�DGæEF H Þ áXH{æ

k − ε
3

L æGF N%P = ãXáSßcHSFTF HKJS3 DtÜ 7�3½HKN A�Ü 7ÚJXæGR^IGHKJ@áXé Þ ä~è|æGR1CcN%P é Þ JÈINlãXáXé~æGF HSLÈH Þ N JX-ÎCGP J«C Þ N:CGçEç£C	R1Cqp©N�R©H`3 Þ éSNCELgLpH Þ N�3�F H
IGãXáXé~FTF HSLÈH Þ NtHKN@F HgR©HXáXé~FTF HSLÈH Þ NtIGHMáXé~æcáSßcH�F PTL/P N H O 5�NlãKN�æcIGH-áXé~L ç£C	R1CcN«P â£HMIGHMáXHKJMLpé�IGQSF HKJ Þ é~æOJ�CzçaHSR�LgP JAIEH
IGãKèECcèGHSRxF HKJ:áXé Þ áSF æOJKP é Þ J:JXæaP â	C Þ N HKJ@Ò

• U H6-�C�¬Xé Þ èGã Þ ãSR1CEF H`35F HKJ�Lpé�IGQSF HKJ�C Þ P JàéSN%R1é~çSHKJ DtÜ 7�HKN A�Ü 7 Jàé Þ NzF HKJ¸çGF æcJ�çaHSRL-ÎéGR�LMC Þ N J�çaé~æGR:IGãR=
N HSR�LgP Þ HSR@F HKJgãXáXé~æGF HSLpH Þ N JgIGãXáXé~FTF ãKJgHKN©-ÎéGR�N�HSLpH Þ NMá	P J«CaPûF F ãKJ O%W�Þ ç£C	R�N%P áSæGF P HSRr3ÒF H¹Lpé�IGQSF H DtÜ 7 IGé ÞGÞ H
IGH¹Daé Þ J�R©ãKJXæEF NCON J-áXé Þ áXHSR Þ C Þ NzF�NlHKJN%PTLMCON%P é Þ IGH!F C'F é Þ è|æcHSæERAIGH¹R1HXáXé~F F HSLÈH Þ NpHKN-IGH!F�N C Þ P JàéSN�R©é~çaP H°IEH
F C N%æER�DGæGF H Þ áXH®; Þ éSNCGL LpH Þ N:IEC Þ J F H/áOCcJ@IGH�F C�LÈC	R©áSßcH IGHKJàáXH Þ IEC Þ N�H KROCB F�çaHSR�LpHKN ãKèECEF HSLpH Þ N IEHzDaP H Þ
áOCGF áSæGF HSRÒF+NlãXáXé~æGF HSLÈH Þ NpLÈé Ý H Þ HKN5N%æER�DGæGF H Þ N5I�C Þ J-F H-áOCOJ�IEH�F CgN%æ Ý QSR©HMN�R1C Þ JJàé Þ P åiæcH/CXâ	HXázæ Þ H/åiæ£CGF P N�ã
IGH�ç£R1ãXá	P JKP é Þ Jàé~æXâ£H Þ N:áXé~Lgç	C	R1CGDEF H Y áXHSF F HMI|æ�LÈé�IGQSF H A�Ü 7 Os, H-IGHSR Þ P HSRr3�DaP H Þ å|æ�N CcJJàHJ¥zçaHSRL-yéER�LÈC Þ NR3
Jàé~æSd^R1H IN�æ Þ LÈC Þ å|æcH�IGHÆR©é~DEæOJN HKJJàH�;ÎJXæGR�N�é~æONÈH Þ ç£R©ãKJàH Þ áXH°IEH°áSß£é�áKJ K HKN@IGH�I~P c�áSæEF N�ãKJÈIGHÆLgP JàHgH Þ
? æXâER©H`3½áXH-åiæaP�R1H Þ I�I~P c�á	PûF HMJàé Þ æON%PTF P J«CcN«P é Þ IEC Þ J-F H-áOC£I|R©H/IGHKJ@CEçGçGF P áOCcN«P é Þ JMP Þ I|æOJN�RÎP HSFTF HKJ O

• 5SH¨LÈé�IGQSF H'L æGF N%P = ãXáSß£HSF F HKJ�IGé ÞGÞ H!IGHKJ¹R©ãKJXæGF N�CcN J�C£áXáXHSçONCGDGF HKJS3ÒJàé~æXâ£H Þ N´LÈH	PTF F HSæGR�J°å|æcH±F HKJ¸R©ãKJXæEF NCON J
I|æ¹Lpé�IGQSF H

k − ε
;�H Þ ç£C	R©N«P áSæGFlP HSR�I�C Þ J�F HKJm¥Xé Þ HKJ-IGH´-ÎéGR�NpIGãKJàãXå|æaPûFlPTD	R©H�IGHÆF CzN%æGR DGæGF H Þ áXH´=Mçaé�P Þ N@IGH

R©HXáXé~F F HSLpH Þ N KRO
• 5SHKJ!LÈé�IEQSF HKJ¹LgæEF N%P = ãXáSßcHSFTF HKJzHKN DtÜ 7 Jàé Þ N´F HKJ¹çGFTæOJ®-�Ccá	PûF HKJ Y LpHKN N%R1H¹H Þ ? æXâ�R©H�çaé~æGRÈN%R>CaP N HSR�IGHKJ
ãXáXé~æGF HSLÈH Þ N»J¸IGãXáXé~F F ãKJS3xáOC	R F H¹N�R1CaP N HSLÈH Þ N Y F C¤ç£C	R©é�PÒJàHM-�CGP N�IGHÔLMC Þ P QSR©H±R1HSF CcN«P â£HSLpH Þ N°JKPTL çGF H¹H Þ
æON«PûFlP J«C Þ N@æ Þ HgCEçGç	R©é�áSß£H�DaP = áXé~æcáSßcH O

W�Þ áXé Þ áSF æOJKP é Þ�Y áXHKN N H@ãKN%æcIEH`3iPTF	HKJN R©HXáXé~LgLMC Þ IEã@IN�æON%PTF P J«CcN«P é Þ F H-LÈé�IEQSF H DtÜ 7#CGP Þ JKPSå|æcH F H-LÈé�IEQSF HMLgæEF N%P =
ãXáSßcHSFTF HKJ5çaé~æGRiIGHKJtCGçEçGFlP áOCON%P é Þ JAP Þ I|æOJN�RÎP HSFTF HKJ`H Þ R1HSLgçGF CcáXHSLÈH Þ N`I|æ-LÈé�IEQSF H

k−ε
O�W�Þ çGF æOJS3~F H£-�CaPûDGF HAJXæGRL= áXéA@cN

H Þ N�HSLgçOJMIGH�áOCGF áSæGFt; , ] EcK H Þ èGH Þ IiR©ã´ç£C	RtáXHKJ°Lpé�IGQSF HKJ�;
8%
çaé~æGR:F+N DtÜ 78HKN

30%
çaé~æGR F H¸LgæGF N«P = ãXáSßcHSF F HKJ

áXé Þ N�R©H
700%

çaé~æGRtF H�Lpé�IGQSF H A�Ü 7 K R©H Þ I¹çEF æOJ@CcN»N�R1C£áKN«P -AF HSæGRÒæON%PTFlP J«CON%P é Þ P Þ I|æOJN�RÎP HSFTF H O
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•

® ��N#� ���0�0¡>��Q�q�CÃ�q�CÃr� ® �%T���T²R� �����0�����|�ß�o����½m�S�+±C����� �!�S�J���q�q��±C�|�u¯��S�n� �R� ½J�c�!�S��U£�r�T±£�S� ���r� ��������¯�x�S������YLr�+�t²q�����������!��¡>� ¡#¡V¢q�S¢R���.·�·�LbaRc�d�c��������������!�x�r����½eO$·�·�·��
���x�ß���X���o�o� ²R� ���\�S���+�!���q���+���q�P����¢����S���|�R� �f�q�x�|�q��� � ��±C�����%�S�0���P� �X�|�����+�X�S�©� �¤�|��³|���X�S�	Ä��!±£�q���5À@�ML
¹R���9´ PR]�¸�A²q�!�P�S�£�|�S¢S¢R�S���uº��q�S�q��� ���4���\�n e�jÄ��gff�q�q� ���q�|�%�+�|�|�S� �������c�+��� ���o� ¯¸�@�0�$Å\�!�x���S� ��±C�����ß�t�|�S¢R���hL
�����R� ���q�x�#��²q�!�%���������+���x�r� ���@���q�S�@�S�>�q���0�Mi��|���q���q�f� �T±c� �����q�j¹������S���t�+�!�!��±¼±C�����n�S�S���t� �@�!�q���¸�@�S�@�!�x�����
�|��³|�������������>�C½J�S� ��±C�����C¢R�+�|���q�����|�>�S�S���@�!�f���q�S¢R� �|�+�R�����|�f�+�|�|�S� �������t�������@���^�|���S���>�S�\�+�!�S�q�x�o� ���X¢R���S�
¢S�+¹S� � �!���o� ���0�

�9��� Ð�Âs½1�C�f»�(e¼4½`¾0�fÂ
5SHKJ-LÈé Ý H Þ JpIGH/JKPTLgæEF CcN«P é Þ°Þ æGLpãSRÎP å|æcH/HKNÈF�N C	R RÎP â£ãXH-IEH Þ é~æXâ£HOCEæJiÆCEF èGéERÎP N�ßGLpHKJMçaHSR�LÈHKN»N�H Þ N5CEæxT é~æGR©I#N�ßGæaP

IN CEDaéGR©IEHSR^IGHKJ ç£R1é~DGF QSLÈHKJ@IGH�LÈãXáOC Þ P å|æcH IGHKJ¤ª�æaP IGHKJ@IGH�çGF æOJÈH Þ çEF æOJ@áXé~L çGF H�iSHKJpCXâ	HXágIGHKJÈIGãKN�CGPTF J�IGH�LÈé�=
IGãSF P J«CcN«P é Þ IGH±çGFTæOJ�H Þ çGFTæOJ�ä Þ J O 5aC'JKPûLgæGF CON%P é Þ¨Þ æELpãSRÎP å|æcH!I~PûR©HXáKN�HV; U : Ü#K çaHSR�LÈHKN IGH�R©ãKJàé~æcI|R©H´N�é~æON�HKJ
F HKJ°ãXáSßcHSFTF HKJzIGH¨F C¹N�æGR�DGæGF H Þ áXH¹HKN�é�d^R©H¹CGP Þ JKP�IEHKJ´P Þ -ÎéGR�LMCON%P é Þ J JXæGRgF�NlH Þ JàHSL DGF HÆIGHKJ�ãXáSßcHSFTF HKJ�JXç£CcN«P*CGF HKJ°HKN
N�HSLgçaéGR1HSF F HKJpIGH´F�NlãXáXé~æGF HSLpH Þ N O Q^P H Þ å|æcH�áXHKN N HzCEçGç	R©é�áSß£H�Jàé�P N/F PTL/P N ãXH Y IGHKJ Þ é~L D£R©HKJ-IGH A H ÝEÞ é~F IaJ�R©HSF CcN%P =
â£HSLÈH Þ NzLpé�IGãSR©ãKJS3^HSF F H�C�3 Þ ãOC Þ Lpé�P Þ JS35çSHSR L/P J IGHKJ°COâ	C Þ áXãXHKJzIGãKN HSR L/P Þ C Þ N�HKJ�çaé~æGRMF C´áXé~Lgç	R©ãSßcH Þ JKP é Þ IEHKJ
çGß£ã Þ é~LpQ Þ HKJ-çEß Ý JKP åiæcHKJ Oe, NlHKJN5CEæOJJKPiæ Þ é~æcN«PûFGIGH�ç£R1HSL/P QSR1H°PTLgçaéER�N�C Þ áXH°çaé~æGRtF+N CGLÈãSFlP éER1CcN«P é Þ IEHKJÈLÈé�IEãSFlP J«C0=
N%P é Þ J Þ ãXáXHKJJ«CGPTR1HKJ Y F+N CGçEç£R©é�áSßcH AsD : Ü HKNR3ECXâ£HXágF�N CEæOè|LpH Þ N�CcN«P é Þ IGH-F C/çEæaP JJ«C Þ áXH�IGHKJAéGR©I~P Þ CcN HSæGR©JS3iF H:áSß£CELgç
IN CEçGçGF P áOCcN«P é Þ IGHzF C U : Ü HKJN:CGçGçaHSF ã Y áSR©éJp1N%R1H O
U C Þ J F HÈLm¯SLÈHxN�HSLgçcJS3�F H@DaHKJàé�P Þ IN�P Þ -ÎéGR LÈCcN«P é Þ J^áXé Þ áXHSR Þ C Þ N F�N�P Þ JN�CcN«P é ÞGÞ C	RÎP N ãAIGHMF�NlãXáXé~æEF HSLpH Þ N�JSN C+c´R�LÈH5IEH
çGFTæOJ�H Þ çGF æOJ çaé~æGR<F HKJ�CEçGçGF P áOCcN«P é Þ JxP Þ I|æOJN�RÎP HSF F HKJ O 5	HKJ DaHKJàé�P Þ J`Jàé Þ NxLgæGF N«PûçGF HKJ O ]iC	RiH�i	HSLgçGF H`3~F C�áXé ÞEÞ CaP JJ«C Þ áXH
IGHKJcª�æcáKN�æ£CcN«P é Þ JxIGH5âGP N HKJJàH:é~æÈIGHMç	R©HKJJKP é Þ çSé~æER�F�N C£ãSR©é�I ÝEÞ CEL/P å|æcH�é~æÈIGH:N�HSLgçaãSR1CcN%æGR1Hpçaé~æGR`F CpáXé~LgDGæcJN«P é Þ
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HKJN:ç	RÎPTLÈéGR©I|P CEF H OsU H L©¯SLpH`3�F HKJxâ	CGF HSæGR�J:H�i£N�R¯SLpHKJ5IGHKJ:HRd�éER�N JAJXæGR�F HKJxJN�R�æcáKN�æGR©HKJpP Þ N�ãSR©HKJJàH Þ NR3�H Þ CEæON�R©HKJS3�F HKJ
áXé Þ áXHSçcN HSæGR©JMIEH´LpéSN�HSæGR�JMIN CXâEP é Þ é~æ�IGH´-�æOJàãXH O ]|é~æGR:F H�LÈé~LpH Þ NR3�F C U : Ü¤Þ NlãKNC Þ N ç£CcJ°æcN«PûFlP J«CEDGF HgáXé~LgLÈH
é~æON%PTFXIGH áXé Þ áXHSçcN«P é Þ 3|F HKJ5R©HXáSßcHSR©áSß£HKJ^JSNléERÎP H Þ N H Þ N`Jàé�P N�â£HSR©J�IEHKJÒC£IECEçONCON%P é Þ J5P Þ JN�CcN%P é ÞGÞ CGPTR1HKJ`IGHKJ�N�HXáSß Þ é~F éSè~P HKJ
P JJXæcHKJpIGHKJMáOCEF áSæGF J AsD : Ü 3<áXé~L LpH¸F HKJ-CGçGç	R©é�áSßcHKJ E�AsD : Ü é~æ¹F HKJpJKPûLgæGF CON%P é Þ Jgß Ý D	RÎP IGHKJ AsD : Ü «45 W|Ü 3<Jàé�P N
â£HSR©J-F C-JKPûLgæGF CON%P é Þ IGHKJ@è|R1C Þ IGHKJ@ãXáSßcHSFTF HKJ�;�5 W~Ü#KRO
54N�P IEãXH�IGH�D£COJàH¸IGH�F CH5 W~Ü HKJN-IGH¸áOCEF áSæEF HSRAH�i�çGFlP á	P N�HSLpH Þ N�F HKJgè|R1C Þ IGHKJgJN�R�æcáKN�æGR©HKJgIEH'F+NlãXáXé~æGF HSLÈH Þ N<;Îè|R©éSJ
N�é~æGR�DaPûF F é Þ J K 3�IEH�áOC	R1C£áKN QSR©H Þ é Þ =àæ Þ P â£HSR�JàHSF+3�HKNÈIEH´Lpé�IGãSFlP JàHSR:F HKJ�çaHKN«P N HKJMãXáSßcHSF F HKJ O>?MÞ çaHSæONR3�H Þ HRd<HKNR3<JSN CONx=
N�H Þ I|R©H Y áXHzå|æ£H¹F HKJzçaHKN%P N�HKJÈãXáSßcHSFTF HKJ/IGH�âEP H ÞGÞ H Þ N P Þ IGãSçaH Þ IEC Þ N�HKJ IGHKJzß£ãKN ãSR©éSèGã Þ ã	P N�ãKJ/IGH¹F�NlãXáXé~æEF HSLpH Þ NÈHKN
IGHKJtáXé Þ I~P N%P é Þ JxCEæJi�FlPTLgP N�HKJ`HKN^JXæaP â	H Þ NAæ Þ áXé~LgçaéER�N HSLÈH Þ N�å|æ£CcJKP =àæ Þ P â£HSR�JàHSFGçaé~æGR�å|æ�N�æ Þ Lpé�IGQSF HpR1HSF CcN«P â£HSLpH Þ N
JKPûLgçGF HgçGæGP JJàH�F HKJMR©HSç	R©ãKJàH Þ N�HSR�IEC Þ J�N�é~æON�HKJ-F HKJ:áXé Þ ä~è|æGR1CcN«P é Þ J@H Þ âEP J«CcèGãXHKJ O
54N CEçGçGFlP áOCON%P é Þ IGHÆF CM5 W|ÜyY F CzN%æGR DGæGF H Þ áXH áXé~L ç£R©HKJJKPûDGF H HKJN/æ Þ çaé�P Þ N-ç£C	R�N%P áSæGF P QSR©HSLÈH Þ N�IGãSFlP áOCON�Iiæ<-ÎCGP N�I|æ
áOC	R1C£áKN�QSR©H°LgæGF N«P = ãXáSßcHSF F HKJtIGHKJ:ãXáXé~æGF HSLÈH Þ N»J5JXæGçaHSR�Jàé Þ P å|æcHKJ5N%æER�DGæGF H Þ N»J OsW�Þ èGã Þ ãSR1CEF�3|áXH ç£R©é~DEF QSLpHm-�CaP NxCGçEç£CS=
R1Cqp©N�R©HÈN�R©é�P J:ãXáSßcHSFTF HKJ�áOC	R1C£áKN ãSR�P JN%P å|æcHKJ N�R©QKJ�I~P d�ãSR©H Þ N HKJ@Ò

∆x
3
ηchoc
HKN

ηk
3½å|æaP�R©HSç	R©ãKJàH Þ N�H Þ NMR©HKJXçaHXáKN«P â£HSLpH Þ N

F H�ç£COJpIGHgI~P JàáSR©ãKN%P J«CcN«P é Þ JXç	CON%P CEF�3<F+NlãSç£CaP JJàHSæGR�I|æ�áSßcé�á/HKNMF C�çGF æcJ/çaHKN«P N H-ãXáSßcHSFTF H-I Ý�Þ CGLgP å|æ£HSLpH Þ N@C£áKN«P â£H/I|æ
áSß£CELgçzIGHgâGP N HKJJàH O@U C Þ J°F H áOCOJMIGHKJÈJKPTLgæEF CcN«P é Þ J E�AsD : Ü é~æg5 W~Ü 3�é Þ áXé Þ JKP IEQSR©H åiæcH`3

ηchoc ≤ ηk ≤ ∆x
3

CEæON�R©HSLpH Þ N5I~P NR3 Þ P½F C/JN�R�æcáKN�æGR©H P Þ N HSR Þ H-I|ægáSßcé�á Þ P�F HKJMçGF æcJ-çSHKN%P N�HKJ ãXáSßcHSF F HKJ Iiæ áSß£CELgçgIEHMâGP N�HKJJàH Þ H-Jàé Þ N
R©ãKJàé~FTæcHKJxI~PûR©HXáKN�HSLpH Þ N:ç£C	R�F H@áOCEF áSæGF OnW�Þ áXé Þ JàãXå|æcH Þ áXH`3iIEHKJAJàáSßcãSLMCOJ Þ æGLÈãSRÎP å|æ£HKJ C£IECEçON ãKJ IGé�P â£H Þ N�¯KN�R©H@HSL³=
çGF é Ý ãKJ:çaé~æGRièEC	R1C Þ N%PTR<F C�JN�CEDaPûFlP N�ãxIEHMF C:JKPûLgæGF CON%P é Þ HKN^IGHKJ Lpé�IGQSF HKJ�IGH Jàé~æOJ!=àLMCaPûF F H5IGé�P â£H Þ Nc¯KN%R©HÈæON%PTF P JàãKJtçaé~æGR
ç	R©H Þ I|R1HÈH Þ áXé~L çON�HgF HKJAãXáSßcHSFTF HKJAIEH�âGP N HKJJàHpIGHÈN�CGPTFTF HMP Þ -ÎãSRÎP HSæGR1HpCEæzç£COJ INlHKJXç£C£áXH O#?MÞ H Þ N�H Þ IzèGã Þ ãSR>CGF HSLpH Þ N
ç£C	RXl%N%R>CaP N HSLÈH Þ N Þ æGLÈãSRÎP åiæcHgC£IECGçcN ã�l�3�F+N�æOJ«CcèGH/IGHMJàáSßcãSLMCOJ�IGHgáOCGçON�æGR©HgIGH-áSßcé�á O
W�Þ 5 W|Ü 3AF H!ç	R©é~DGF QSLpH¸IGH'F C´áXé~LgçaãKN%P N%P é Þ H Þ N�R©H'F C´I~P d^æOJKP é Þ'Þ æELpãSRÎP å|æcHV;�P Þ N�R©é�I|æaP N�H¹ç£C	RMF HKJ/JàáSßcãSLÈCcJ IEH
áOCEçON�æGR©HgIEH áSßcé�á�çaé~æGRÒCcJJXæGR©HSR5F C°áOCGçcN%æGR1H IGHKJÈI~P JàáXé Þ N«P Þ æaP N�ãKJ@H Þ èEC	R1C Þ N«P JJ«C Þ N-F C°JNCGDaPûFlP N ãMIGH¸F C Jàé~F æcN«P é Þ�K
HKN F C�I|P JJKPTç	CON%P é Þ çGß Ý JKP å|æcH¹P Þ N�R©é�I|æaP N�H¸ç£C	R@F H N�H Þ JàHSæGRAIGH�Jàé~æOJ!=àLÈCGPTFTF H°IGH�âGP H Þ NÈáSR æcá	P CEF½áOC	R�F HKJÈJàáSß£ãSLÈCcJMIEH
áOCEçON�æGR©H:IGH:áSßcé�á Jàé Þ N^áXé Þ ¬SæOJ�çaé~æGR�F PTLgP N�HSR½F HKJ%-ÎéGR�N�HKJ^â	C	RÎP*CON%P é Þ JÒIGH/F C:Jàé~FTæON%P é Þ HKN`IEH:áXH\-ÎCGP N`CELpéER�N%P JJàH Þ NAF HKJ
ª�æcáKN�æ£CON%P é Þ JÒN%æGR DGæGF H Þ N HKJ O�, HMçSé�P Þ N^C³-�CaP NtF�Nlé~D|T»HKN�IGHMçGFTæOJKP HSæER�J5P Þ â£HKJN%P èECcN%P é Þ J�IEC Þ J�F C/FlP N»N�ãSR1CcN%æGR1HAHKNAF�N�æ Þ IEHKJ
é~DxT HXáKN%P -yJ5IEH-áXH-N%R>CXâ	CGPTFGHKJN5IGH/áOC	R1C£áKN�ãSRÎP JàHSRÒF+N�P Þ ª�æcH Þ áXH�R©HKJXçaHXáKN%P â£HMIGHgáXHKJ IEHSæJizI|P JJKPTç	CON%P é Þ J O 54N CGæcN%R©H�ç	C	R�N«P H
I|æ:N�R1COâ	CGPTF�3SIGé Þ NAæ Þ CEçSHSR�¬Sæ@HKJNtç	R©ãKJàH Þ N�ã5I�C Þ JÒáXHÈLÈC Þ æOJàáSR�P NR3	HKJN�áXé Þ J«CcáSR©ãXH Y F�N CEçGçGFlP áOCON%P é Þ IGHÈF C:JKPTL æGF CcN%P é Þ
IGHKJgè|R1C Þ IGHKJ°ãXáSß£HSF F HKJ Y F�NlãKN�æcIGH�IGHKJ°áOCOJ¸R©ãOCEFlP JN�HKJ-IN�P Þ JN�CEDaPTF P N�ãKJ-N%R�P I~PûLpH Þ JKP é ÞGÞ HSF F HKJÈI�C Þ J�IGHKJgáXé~æ£áSßcHKJ°IEH
LÈãSF C Þ èGH®;çGF C Þ H é~æ°áXé~æER�DaH K é~æ�IGHKJpãXáXé~æGF HSLpH Þ N J@IGH áXé~æcáSßcH�FlPTLgP N�H-CXâ£HXá�P Þ N�HSR1C£áKN«P é Þ áSßcé�á�«	áXé~æcáSßcH¸FlPûL/P N H
N�æGR�DGæEF H Þ N�H O

�9�GF Û´ÁK�c¾vI'»C*°)¸"ýHt�$�c¼� �»£(%�|*°ÂC(%$Ä t��¾0û�(s* *#½M»C*°)¸" $��c»C t)¾¸º�"�½`¾0�fÂ·ºi�f(eº L $Ä"C¾�))¸*
W�Þ èGã Þ ãSR1CEF�3�DaP H Þ å|æcH°F HKJxáXé Þ N�R1CaP Þ N�HKJ�PTL çaéSJàãXHKJ�ç£C	R�F C<5 W|Ü 3�H Þ N�HSR�LpH�IEH Þ é~L D£R1HpIGHÈIGHKè|R©ãKJ IGHgFlPTDaHSR�N�ã

; Þ é~L D£R1HKJ5IGH°çaé�P Þ N»J5IGH°LÈCGPTF F COèGH K 3�Jàé�P H Þ N:DGP H Þ Lpé�P Þ J@PûLgçaéGR©N�C Þ N�HKJAå|æ�NlH Þ�U : Ü ;ç£R1é~çSéER�N%P é ÞGÞ HSF�CGæ Þ é~L D£R1H
IGH A H ÝEÞ é~F IaJ Y F C�çGæGP JJ«C Þ áXH�{�«`v´çaé~æGRtF HKJ�ãXáXé~æGF HSLÈH Þ N J-FlPTD	R©HKJ K 3<F C/JKPûLgæGF CON%P é Þ IGHKJ�è|R>C Þ IEHKJ�JN%R æcáKN%æER©HKJP-ÎCGP N
-�CcáXH Y çGFTæOJ�IGH±ç	R©é~DGF QSLpHKJzN�ßcãXéGRÎP å|æcHKJ�HKN Þ æGLÈãSRÎP å|æ£HKJ�å|æcH±F C!JKPûLgæGF CON%P é Þ I~PûR©HXáKN H O�?-Þ çaHSæON�á	P N�HSRr3tH Þ N�R©H
CEæON�R©HKJS3tF C�ç	R©ãKJàH Þ áXHÆINlã Þ HSR©è~P H Y F CÆáXé~æGçGæGR1H�R1HSç£R©ãKJàH Þ N ãXH'ç£C	RMF H!LMCaPûF F COèGHM;�HKN�«	é~æ¨F HzJàáSßcãSLMC Þ æGLÈãSRÎP å|æ£H K
å|æGPxPTL çaéSJàH¨æ Þ H�C Þ CEF Ý JàH'IGH±F�NlHSR R©HSæGR Þ æELpãSRÎP å|æcH'áXé~L L/P JàH`35F H¨Lpé�IGQSF H¹IEH¹Jàé~æOJ!=àLÈCGPTFTF H´å|æaP Þ ãXáXHKJJKP N H¨æ Þ
áXé Þ N�RG�~F H¹áXéGR�R©HXáKNzIGH�F C�å|æ£C Þ N«P N ã'INlã Þ HSR�è~P H Y N%R1C Þ J!-ÎãSR©HSR@H Þ N�R©H±F HKJ¹çaHKN«P N HKJzHKNÆF HKJzè|R1C Þ IaJ�JN�R�æcáKN�æGR©HKJS3té~æ
H Þ áXéER©H�F HKJÈç	R©é~DGF QSLÈHKJ�IGH-áXé~LgL æONCON%P é Þ H Þ N�R©H°F Hpä�F N�R©HÈCcJJXæGR1C Þ NÈF C/JàãSç£C	R1CcN«P é Þ INlãXáSßcHSF F HKJ:HKN@F HKJ:é~çaãSR1CcN HSæER�J
IGH°IGãSRÎP â	CcN«P é Þ�OC, H°IGHSR Þ P HSR çSé�P Þ N-R©HKJN�H IEãSFlP áOCcN�H Þ 5 W|ÜeO :^ãOC Þ Lpé�P Þ JS3�é Þ çaé~æGR R1CzN�R©é~æXâ£HSRÒIEC Þ J�F HKJÈN�R1CXâSCGæJi
IGH6±tßcéSJ«CEF u {�I3@{ § wxHKN k R©HSLÈC Þgu ¶1/�wtIGHKJ-ãSF ãSLÈH Þ N»JÈIGHÆR©ãRª|H�iEP é Þ6Y áXHgJXæxT HKN OCW�Þ áXH�å|æaP½áXé Þ áXHSR Þ H´F HKJÈIGHSæJi
ç	R©HSL/P HSR�J-çaé�P Þ N J�;ç	R©ãXáXãXIGHSLgLÈH Þ N�á	P N�ãKJ K 3|N�é~æON HKJ-F HKJ�ãKN%æ£IGHKJgLÈH Þ ãXHKJ>T%æOJàå|æ�N Y ç	R©ãKJàH Þ N JXæGRAF C�5 W~Ü N H Þ N�H Þ N Y
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LÈé Þ N%R1HSR�å|æcHzLÈé�IGQSF HMIGH-Jàé~æOJ!=àLMCaPûF F HÈHKNÈLpãKN�ßcé�IEH Þ æGLpãSR�P å|æcH/Jàé Þ N@P Þ N%PTLpHSLÈH Þ N�F P ãKJ O
U C Þ JÒáXH5N%R1COâ	CGPTF+3 Þ é~æcJ Þ é~æOJÒJàé~LgLÈHKJxç£C	R�N%P áSæEFlP QSR1HSLpH Þ NÒP Þ N�ãSR©HKJJàãKJ^CEæ/ç	R©é~DGF QSLÈH IGHÈF C�I|P JJKPTç	CON%P é ÞÈÞ æGLÈãSRÎP å|æ£H
HKN5I|æ áSßcé�P i�IGH�Lpé�IGQSF HMIGH-Jàé~æcJ!=àLÈCGPTF F H O
�9�GF9�~� Î  ½1Áu�f»>*#ºyÂ%(%$y @�q¾ùû£(e*#º
*tÂ ÑtØAÙ ¼5�f$ Ht�!*#º�º�¾ß&C)¸*

5SHKJ@ãKN�æcIGHKJpJXæGR5F HKJ@HSR�R1HSæGR�J@H Þ 5 W~Ü²u {�I#3e{ § 3 §�G wÒé Þ N�IGãSLpé Þ N%R©ã å|æcH¸F HKJ�JàáSß£ãSLÈCcJ Þ æGLÈãSRÎP å|æ£HKJpIGé�P â£H Þ N
¯KN�R©H Jàé�P è Þ HSæOJàHSLpH Þ NÒáSßcé�P JKP J O :^é~æOJ@ç	R©ãKJàH Þ N�é Þ J@P á	P	åiæcHSF å|æ£HKJxN�HKJN»JtáXé Þ ä�R�LMC Þ NÒå|æ£H/F HKJxJàáSßcãSLÈCcJ Þ æGLÈãSRÎP åiæcHKJ
æON%PTF P JàãKJ5H Þ�AsD : Ü¨Þ HMJàé Þ Npç	COJ�N�é~æOJ@CEçGç	R©é~ç£R�P ãKJ/çaé~æGRtF C65 W|ÜeO

íkj ð�ÈnÊ�Ü¹ìeØVÆRÎ�ð�Ì�Ð�ïHÇ#ÈsØ#ÏÈîlí�Æ�Ë«íÏ|Ð�í�Æ�Î1ÈsÉ�ÖEí�Î`ËRÊ ðoÆ
U N�æ Þ H£-�C�¬Xé Þ èGã Þ ãSR1CGF H`3�F HKJ�JàáSßcãSLMCOJ^IGH áOCGçcN%æGR1HAIGH áSßcé�áAJàé Þ NÒF HKJAçGF æOJ�áXé~æGR1CELgLÈH Þ NÒæON%PTF P JàãKJ�H Þ ãXáXé~æGF HSLpH Þ N J
JXæGçaHSR�Jàé Þ P å|æcHKJÆCXâ£HXá�é Þ IGH�IGH'áSß£é�á O 5	HKJ¸N HKJN J�áSF CcJJKP åiæcHKJ¹çaéGR�N�H Þ NzJàé~æXâ£H Þ NzJXæGRÈIEHKJ!ç£R1é~DGF QSLÈHKJ¸IGH'N Ý çaH
l%N�æGDaH Y áSß£é�á�l�é~æÆIGHKJ/áOCcJ-JKPTLgçEF HKJMIGHzN�R1C Þ JXçSéER�NpIEHzN é~æER�DaPTFTF é Þ IEC Þ J�æ Þ ãXáXé~æGF HSLpH Þ N°æ Þ P -yéER�LpH OtD æS= IEHSF Y
IGHKJ�áXé~L çaéGR�N�HSLpH Þ N JMçGæGR©HSLÈH Þ N Þ æGLpãSR�P å|æcHKJ�;ÎJNCEDaPTF P N�ã@HKNÈLpé Þ éSN�é Þ P á	P N ã K IGHKJ-LÈé�IEQSF HKJS3�F HKJMç	R©ãXé�áXáSæEç£CON%P é Þ J
C£áKN%æ£HSF F HKJ�H Þ CcãSR1é�I Ý�Þ CGLgP å|æ£HzP Þ JN�CcN«P é ÞGÞ CGPTR©H�çaéER�N H Þ N5JXæERxF C°áOCEç£C£á	P N�ã/IGHgáXHKJ@JàáSßcãSLÈCcJ Y DaP H Þ CGçEç£R©ãSß£H Þ IGHSR
IGHKJÈãXáXé~æGF HSLÈH Þ N J@N�æGR�DGæGF H Þ N JpáXé~LgçEF H�i	HKJ P Þ áSFTæ£C Þ N�IGHKJÈN%R1C Þ J!-ÎHSR�N J-PTL çSéER�NC Þ N J@IGH¸LÈCcJJàH/HKN�IGH°å|æ£C Þ N%P N�ã IEH
LÈé~æXâ£HSLpH Þ N O
U C Þ JÒæ Þ ç£R©HSLgP HSRGN�HSLgçcJ�HKN<COä Þ IGHtIGãKN�HSR�L/P Þ HSR|F�N�PûLgç£C£áKNdIEH:F CxI~P JJKPûç£CON%P é Þ:Þ æGLpãSRÎP å|æcH`3 Þ é~æOJ`COâ£é Þ JtR©ãOCEFlP Jàã`IEHKJ
JKPûLgæGF CON%P é Þ JÒIGH@N%æER�DGæGF H Þ áXH/ßcé~LÈéSèGQ Þ HgP JàéSN�R©é~çaH�H Þ æcN«PûFlP J«C Þ NAF HKJ�LÈãKN%ßcé�IGHKJ Þ æGLpãSRÎP å|æcHKJ5I~P JXçaé Þ PûDGF HKJxI�C Þ JpF C
F P N N ãSR1CcN�æGR©H5çaé~æGR½F HKJ�ãXáXé~æGF HSLÈH Þ N J�áXé~Lgç	R©HKJJKPTDEF HKJS3SP O H O IGHKJ�JàáSßcãSLMCOJ�B k³U ;�B�éSN�CEF k C	RÎP*CON%P é Þ�U PTLgP Þ P JXßaP Þ è KCu /1{�w
é~æ´¦ W : ? ;�¦¨H	P è|ßON�HXI W JJàH Þ N«P*CGFTF Ý :`é Þ6? Jàá	PûF F CON�éGR Ý1K�u�§ .Jw O ]|é~æGR F CM5 W|Ü 3^F CÆç	R©ãXá	P JKP é Þ IGHÆF C�I~P JàáSR©ãKN%P J«CcN%P é Þ
IGHKJMN�HSR�LpHKJMáXé Þ â£HXáKN%P -yJÈâ	C	RÎP HzI|æ�JàHXáXé Þ I�CGæ�á	P Þ å|æaP QSLpH�éGR1I|R©H OfEtÞ JàáSßcãSLÈCj] DXUXW áXé~L ç£CcáKNMINléER©I|R©H G HKJN
æON%PTF P Jàã:çaé~æGR<F C U : Ü�u+G .Rw O 5SC@I~P JàáSR1ãKN«P J«CON%P é Þ H Þ N HSL çOJ^HKJNxR©ãOCGF P JàãXH5CXâ£HXáMæ Þ HÈLpãKN�ßcé�IEH@ç	R©ãXI~P áKN HSæGR = áXéGR�R©HXáKN�HSæGR
INléER©I|R©H©v/é~æ°æ Þ H LpãKN�ßcé�IGH A æ Þ èGHR=q¨tæcN»NC/INléER©I|R©H�{ O 5SH/DEæONtHKJNÒIGH�JàãSF HXáKN«P é ÞGÞ HSR�æ Þ JàáSß£ãSLÈCÈé�d^R>C Þ N:F H-çGFTæOJ
è|R1C Þ I'çSéSN�H Þ N%P HSF|çaé~æGRAF C�5 W|Ü áXé~L ç£R©HKJJKPûDGF H O
5aC�ç£R1HSL/P QSR1H�áXé Þ áSFTæOJKP é Þ IGH�áXHKN N H¸ãKN%æ£IGHb;�IGé Þ NzF HKJgIGãKNCGPTF J-JàH�N%R©é~æOâ£H Þ NgIEC Þ J¸F C�R©ãR-ÎãSR©H Þ áXH u .0{�wtT é�P Þ N H�H Þ
C ÞGÞ H�i	H K C¸Lpé Þ N�R©ã-å|æcH�F HMJàáSßcãSLMC9¦ W : ?X§ ãKNCGP N@æ Þ áOC Þ I~P I�CON-çaéSN�H Þ N«P HSFiçaé~æGRxF C65 W|Ü áXé~L ç£R©HKJJKPûDGF H O�, HSF C
Þ é~æcJ´C�çaHSR�LgP JÆIGH�áOCEF áSæEF HSR-IGHKJ´ãXáXé~æGF HSLÈH Þ N»J´á	P J«CGPTFTF ãKJ¹F PTD	R©HKJ�J«C Þ J´é Þ IGH¨IGH�áSßcé�á';�HKJJàH Þ N%P HSFTF HSLÈH Þ N°IEHKJ
áXé~æcáSß£HKJ@IGH�LpãSF C Þ èGH K IEC Þ J-F H-áOC£I|R©H/IEHzF C/N%ßcQKJàH-IEH�5aCGæGR1H Þ N�Q�FlP Þ�u .0v�w O
U C Þ JtF HÒáOCcI|R1HxIGH@F CxN%ßcQKJàHxIGH Ü CELgæcHSF U æGDaéSJS3 Þ é~æcJ^COâ£é Þ Jxçaé~æGR©JXæaP âGP	F HKJ�ãKN�æcIGHKJ`JXæGR½F HKJ<JàáSßcãSLÈCcJ Þ æGLÈãSRÎP å|æ£HKJ O
D N�R1COâ£HSR�J:æ Þ H�i	HSLgçEF H:INlãXáXé~æGF HSLpH Þ NÒJXæEçSHSR©Jàé Þ P å|æ£H�;q7ml�v O { K F HMF é Þ è/IN�æ Þ HgçGF C£å|æcHgçGF C Þ H�;yâ	é�PTRiä~è|æGR©Hm{ O . K 3
Þ é~æcJ@CXâ£é Þ JgR©HSLMC	R©å|æcã/åiæcHzF HMJàáSß£ãSLÈC9¦ W : ?X§ ;ç£R©ãXáXãXIEHSLgLpH Þ N5JàãSF HXáKN«P é ÞGÞ ã K çaé~æXâ	CGP NMLÈHKN»N�R©H Y IEãR-ÎCEæONMF C
ç	R©ãXá	P JKP é Þ IGHKJtáOCEF áSæGF JP5 W|Ü 3 Þ éSNCELgLpH Þ N Y áOCGæOJàH@IN�æ Þ H:Jàé~æcJ!= HKJN«PûLÈCcN«P é Þ Iiæ¤-�R©éSN»N�HSLpH Þ Ntç£C	RÎP ãKN�CEF�;�IGãSç	COJJ«C Þ N
ç£C	R -yé�P J-F HKJ³v1µn= K HKN I#N�æ Þ H/JXæER©HKJN«PûLÈCcN«P é Þ I|æÆçaP á/IEHzF C�ª�æcáKN%æ	CON%P é Þ IGHMâGP N HKJJàH�F é Þ è~P N�æcI~P Þ CEF Os, Hzç£R1é~DGF QSLÈH
C±ãKèECEF HSLÈH Þ N�ãKN�ã�áXé Þ JN�CcN ã(ç£C	R/IN CEæON�R©HKJ´áSßcHSR©áSßcHSæGR©J u ¶�I`wgHKN�HKJN¸CON N�RÎPTDGæ£ã�CEæJi¤HRd<HKN»JÆIGHÔF C±I~P JJKPTç£CcN«P é Þ
P Þ N%R�P Þ JàQXå|æ£HÈIEHKJ�JàáSßcãSLÈCcJ Þ æGLÈãSRÎP å|æ£HKJ@IGãXáXH Þ N�R©ãKJ O
7´¯SLpHAJKPGR©ãXáXHSL LpH Þ N\]�PûR©é`¥J¥Ké~F P ���«���ù u 2 G w½é Þ N5Lpé Þ N�R©ã å|æ�N�æ Þ JàáSßcãSLMCP¦ W : ? 2°çaHSR�LpHKN N�CGP N�IEH JKPTLgæEF HSRiCXâ	HXá
IGH/N%R©QKJMDaé Þ R1ãKJXæGF NCON JMæ Þ H áXé~æcáSßcHzF PTL/P N HpN�æGR�DGæGF H Þ N�H-JXæGçaHSR�Jàé Þ P å|æcH-JXæGRxæ Þ LMCaPûF F CcèGH U : Ü ç£R©ãKJàH Þ N�C Þ N-çGFTæOJ
IGH N�R©H Þ N�HML/PûF F P é Þ J^IGHMçaé�P Þ N JS3|F H5JàáSßcãSLMCX¦ W : ?X§ 3iæON%PTF P JàãAIEC Þ JxáXHKN»N�H:ãKN�æcIGH`3 Þ NlãXáSß	CGçGçaHgç£COJ Y F CpáXé Þ N�R1CGP Þ N�H
F P ãXH Y F CgI|P JJKPTç	CON%P é Þ F éER�Jàå|æcH�F�Nlé Þ áSßcHSR1áSßcH Y F�N�æON%PTF P JàHSR�JXæGRÒæ Þ LÈCGPTF F COèGH<5 W|ÜeO
5SH:ç	R©é~DGF QSLpHxåiæaPXJàH�çaéSJàHtHKJN�CEF éGR©J�IGHtN�R©é~æXâ	HSRdæ Þ HxJàé~FTæON«P é Þ çaHSR�LÈHKN»NC Þ N�IEH�R©ãXI|æGPTR©H:F C I~P JJKPûç£CcN«P é Þ�Þ æGLÈãSRÎP å|æ£H
I|æ°JàáSßcãSLMC�¦ W : ?X§ N�é~æON�H Þ áXé Þ JàHSR�â	C Þ N/F�N COâ	C Þ NCOèGH°IGH J«CÆR©é~DGæOJN�HKJJàH O ]|é~æGRÒáXH�-�CGPTR©H`3 Þ é~æOJMCOâ£é Þ JMáSßcé�P JKP
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M=2.3
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 �po � yM��� �.�5� ��
 � ��& �©�v�3�[�%�Û� �B�<�¥����©�����Û�����!�?���Ì� 
 �ì�qp�?�! ÷«& �;�:���n�������������1�K(��q�
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IN�æcN«PûFlP JàHSR�æ Þ H-LpãKN�ßcé�IGH-ç	R©é~çaéSJàãXH-ç£C	R@±`C	R Þ P HSR u {�.JwdáXé~L DaP Þ C Þ N F H JàáSß£ãSLÈC¤¦ W : ?X§ CXâ£HXágæ Þ JàáSß£ãSLÈCpáXH Þ N%R1ã
INléER©I|R©HyI§IGé Þ N�F H�áOC	R1C£áKN�QSR©H�çaHSæ�I~P JJKPûç£CON%P - CÔãKN ã¤ç	R©ãOCEF CEDGF HSLÈH Þ NÆIEãSLpé Þ N�R©ã�JXæGRzF H�áOCcJ´IEH¨N%æGR DGæGF H Þ áXH
ßcé~LÈéSèGQ Þ H�P JàéSN%R©é~çaH O
54N�P IEãXH�HKJN-IN�æON%PTFlP JàHSR:F é�áOCGF HSLpH Þ N°F H�JàáSßcãSLÈCÆáXH Þ N�R©ã�I#NléGR©I|R1H�IÔF éGR�JàåiæcH¹F HKJ�ç£R©é~ç	RÎP ãKN ãKJgIEH!F�NlãXáXé~æEF HSLpH Þ N Þ H
çaHSæXâ£H Þ N¸ç£CcJzèGã Þ ãSR©HSR�I#N�P Þ JNCGDGPTFlP N ãKJ Þ æGLÈãSRÎP å|æ£HKJg;ÎN Ý çaP åiæcHSLpH Þ N�H Þ F+N CGDOJàH Þ áXH¹IGH´è|R1C£I~P H Þ N J K 3Òá`NlHKJNo= Y = I~PûR©H
CEæJiÆH Þ IiR©é�P N J-é�['F�NlHSL çGF é�P½Iiæ�JàáSßcãSLÈC�¦ W : ?8Þ NlHKJNgç	COJ�T%æOJN%P ä|ã OeD P Þ JKP¸3`PûFiáXé Þ âGP H Þ NÈI#N CXâ£é�PûR�R©HXáXé~æGR©J Y æ Þ
áSRÎP N QSR1H�çaHSR�LÈHKN»NC Þ NpIGH�IEãKN HSR�LgP Þ HSR:F HKJ�¥Ké Þ HKJgé�[¹PTFdHKJNgçaéSJJKPTDGF H�INlHSLgçGF é Ý HSR@F H JàáSß£ãSLÈC¸áXH Þ N%R1ãzJ«C Þ J°çaé~æGR
CEæONC Þ N IGãKè|R1C£IGHSRtF C-JNCGDGPTFlP N ãpI|æ áXé�IGH-IGH-áOCEF áSæEF O 5SHpJàH Þ JàHSæGR�IGH U æcáSR1éSJ u v § wxç£C	R1Cqp©NAN%R1QKJÈDGP H Þ C£IECEçON ã�çaé~æGR
JàãSF HXáKN«P é ÞGÞ HSRÒF HÈJàáSßcãSLMC Þ æGLpãSR�P å|æcH Y æON%PTF P JàHSR O#, HMJàH Þ JàHSæGR`HKJN5IGã�ä Þ P~áXé~L LpHÈJXæaP NeÒ

Φ =
(div(−→u ))2

(rot(−→u ))2 + (div(−→u ))2

Ü é Þ áOCEF áSæGF~R©H Þ â	é�P H æ Þ H@â	CGF HSæGR�DaéGR Þ ãXHMH Þ N�R©H©µgHKN¤.`3~IN CEæON�C Þ NpçGF æOJ@PTL çSéER�NC Þ N�H@åiæcHgF HKJAHRd<HKN»J5IGHpè|R1CcI|P H Þ N J
IGé~LgP Þ H Þ Nj;

div(−→u )
è|R1C Þ I K HKNÆIN CEæON�C Þ N¨çGFTæOJ
-ÎCGPTDGF H�I�C Þ J±F HKJM¥Ké Þ HKJ±çGF H	P Þ HSLpH Þ N�N%æGR DGæGF H Þ N HKJy;

rot(−→u )è|R1C Þ I KRO

0 0,2 0,4 0,6 0,8 1
y/δ
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Φ<(Φc=0.035)
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EXP
LES : WENO 5 only
LES : hybrid scheme
y+

ln(y+)/0.41+5.2

± ½.�G�tk~e t �sr �1�s������� 
 �q�����K(n� �;� �z�����z����� �q�utu� � � 
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 � � �%� 
 ���<��A� (a�5���ç�0�z����� �q� ��
 � ��& �Ê�v�3�[�%�Û�
� 
 �0�/�1�v�ç�!(n� &�v 2-�;� ��& � ' ���à�n��wS�?��� � �}�;���B�A�1�%�Û���Z�����à�?���O(�����qp�?�h�q�0�k�Û���0�Z�0� ��
 �ì�1� � �%� �0�����<�þ�s�»�!� 
$ú ���q��!�%�Û�0�0�z�r� 
 �.21�%�B���1�n�#�1�s� &�v �;� 
 �n�Û� '  
5aC âSCGF HSæGR|JàHSæaPTFXI|æ@JàH Þ JàHSæGR

Φc
H Þ = IGHS¬ Y IGHMF C£å|æcHSFTF HpF HAJàáSßcãSLÈC@áXH Þ N�R©ã INléGR©IiR©HPI-HKJNtæON%PTFlP JàãxHKJN<ä�i	ãXH Y µ O µ1{ §O

D æS= IEHSF Y 3 Þ é~æcJzCOâ£é Þ JzáXé Þ JNCcN ãÆå|æcH´IGHKJÆç£R1é~DGF QSLÈHKJ°IGHÆJNCGDGPTFlP N ã´çaé~æXâSCaP H Þ N°CEçGç£C	R1Cqp©N�R©H OPU HKJ°JN�CcN«P JN«P å|æcHKJ
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HRd<HXáKN%æ£ãXHKJÈJXæER
Φ
Lpé Þ N�R©H Þ NÈå|æcH¹F H°JàáSßcãSLÈC¸áXH Þ N�R©ãzHKJNpHSL çGF é Ý ãzN�R©QKJ�LÈC|T éGRÎP N�CGPTR1HSLpH Þ N Y F+N�P Þ N�ãSRÎP HSæER�IEH´F C

áXé~æcáSß£HzFlPûL/P N�H/çEæaP Jàå|æ£H
Φ < Φc

çaé~æGR
y/δ < 0.96

;yâ£é�PTR�ä�è|æGR1H�{ O v KRO
5aC°I~P d<ãSR©H Þ áXHgH Þ N%R1H�F HKJ-çaHSRL-ÎéGR�LMC Þ áXHKJgR©HKJXçaHXáKN«P â£HKJ�I|æ9¦ W : ?X§ HKN:I|æ JàáSßcãSLÈC¸ß Ý D£RÎP IGHgHKJN N�R©QKJ âGP JKPTDGF HpJXæER
F H ç	R©é	ä�F�IEHMâGP N�HKJJàH°F é Þ è~P N%æ£I~P Þ CEF H Þ éGR�LMCGF P JàãXH

U+

vd

; CXâ	HXá
U+

vd =

∫ U+

0

√
ρ/ρp dU+(y+) = ln(y+)/κ + C

K
I|æ�-ÎCGP N5IGHzF C�-ÎéGR�N�HMJàé~æOJ!= HKJN%PTLMCON%P é Þ INlH Þ âEPTR©é Þ

20%
IGHzF C-âGP N HKJJàHMIGH�- R©éSN N�HSLpH Þ N

Uτ
ç£C	RAF H©¦ W : ?¤§ ;yâ£é�PûR

ä~è|æGR©H9{ O v KROtW�Þ HRd<HKN�3�F CgáXé~LgDaP Þ CGP Jàé Þ IGH-áXH-IGHSR Þ P HSR�COâ£HXá�æ Þ JàáSß£ãSLÈC áXH Þ N%R1ãÈI#NléGR©I|R1H�I´çSHSR LpHKNAIEH�R©ãXI|æaPûR©H
áXHKN N HgJàé~æOJ!= HKJN%PTLÈCcN%P é Þ´Y Lpé�P Þ JpIGH

10%
3�áXH°å|æaP½HKJN-æ Þ¹Þ P â£HOCEæ�IGH¸ç£R©ãXá	P JKP é Þ áSF CcJJKP åiæcHgHKN�H Þ C£áXáXéGR©I!COâ£HXá

F CzFlP N»N�ãSR1CcN%æER©Hgçaé~æGRAF HKJ�5 W|Ü áXé~Lgç	R©HKJJKPTDGF HKJ u ¶1v�w O

íkj ð�ÈnÊ�Ü¹ìeØVÆRÎ�ð�Ì�Ð�ïHÇ#ÈsØ#ÏÈîlí�Æ�Ë«íÏ|Ð�í�Æ-ì�Ê�x�Ø�ÆSÊ ðoÆ
D ä Þ INlH�iSCEL/P Þ HSR�F+N�P Þ ª�æcH Þ áXHzIGH!F C�I|P JàáSR©ãKN%P J«CcN«P é Þ IEHKJ-N HSR�LÈHKJ-I~P d�æOJKP -yJÈJXæGR:F H°N�HSR�LpH�IGH�Jàé~æOJ!=àLMCaPûF F H`3 Þ é~æcJ
COâ£é Þ JMR©ãOCEFlP Jàã@IGHKJ5N HKJN J �þ�!��� 
 ��� H Þ æON%PTF P J«C Þ N:F HKJ5IGé ÞGÞ ãXHKJMP JJXæcHKJAIEH F C U : Ü I#N�æ Þ H-B³a B ;

1293
K 3�ç£R©ãOCEF CEDGF HR=

LÈH Þ N ä�F N%R1ãXHKJ@JXæGR æ Þ LÈCGPTFTF CcèGHgIGHSæSi�-yé�P JgLpé�P Þ JpIEH Þ JàH�çaé~æGR:æ Þ HÆæON«PûFlP J«CON%P é Þ 5 W|ÜeO 5	HKJMI~P d�ãSR©H Þ N»JpJàáSßcãSLÈCcJ
æON%PTF P JàãKJ�çaé~æGR�áOCEF áSæEF HSR�F HKJ5N HSR LpHKJAI|P d�æOJKP -yJ³;�áXH Þ N�R©ãÈJàHXáXé Þ IzHKN5å|æ£CcN%RÎP QSLpHÈéGR©IiR©H`3@] DXUXW JKP iEP QSLÈH@éGR1I|R©H K Jàé Þ N
H Þ JXæGP N�H CEçGçGF P å|æ£ãKJÒCEæJi-IGé ÞGÞ ãXHKJxIEHMF C U : Ü çaé~æGRiIGãKN�HSR�L/P Þ HSR<F H5N�HSR�LpH5IGH Jàé~æOJ!=àLMCaPûF F H

(∂τij/∂xj)
CEçGç£C	R1CGP J!=

J«C Þ NxIEC Þ JMF HKJ ãXå|æ£CcN%P é Þ J IGH<:^COâGP HSRL= Ü N é�_%HKJAä�F N�R©ãXHKJ O ]|é~æGR�áXHKJ5N HKJN J �þ�!��� 
 ��� 3 Þ é~æOJ�COâ£é Þ JMæON%PTF P Jàã/F H/LÈé�IGQSF H
IGHMJàé~æcJ!=àLÈCGPTF F HpI ÝEÞ CEL/P åiæcHgIGH´±�HSR LÈC Þ é �����1�Æ u {1{�w O
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Reλ
≈ 70
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D N%P N�R©H�INlH�iSHSLgçGF H`3 PTF�HKJN�çaéSJJKPûDGF HÆINlã�â	CEF æcHSRgF�NlHSR�R©HSæER�IGH´N%R1é Þ áOCON�æGR©H`3 çaé~æGR/F C±ç	R©HSL/P QSR©H´áXé~LgçaéSJ«C Þ N H´I|æ
N�H Þ JàHSæGR5IGH�Jàé~æcJ!=àLÈCGPTF F HzH Þ æcN«PûFlP J«C Þ NMáXé~LgLÈH¹R©ãR-ÎãSR©H Þ áXH!F H�N�HSR�LpH�IGH�Jàé~æOJ!=àLMCaPûF F HzáOCGF áSæGF ã�COâ£HXá�F H�JàáSßcãSLÈC
] DXUXW 3iIGH�F C�-�C�¬Xé Þ JXæaP âSC Þ N�HfÒ

E1 = (∂τ11/∂x1) − (∂τ11/∂x1)|pade

W�Þ áXé~Lgç£C	R>C Þ N¸F�NlHSR�R1HSæGR:IGHÆN%R©é Þ áOCON�æGR©H 〈E1〉
HKN�F H�N HSR LpHÆIGH�Jàé~æcJ!=àLÈCGPTF F H

< |(∂τ11/∂x1)| >
3ALÈé Ý H ÞGÞ ãKJ

JXæaP â	C Þ N�F HKJ I~PûR©HXáKN«P é Þ JÈßcé~LpéSèGQ Þ HKJ:IGH°F+NlãXáXé~æGF HSLÈH Þ N�3~é Þ JSN CEçSHSR�¬Xé�P Nxå|æ�N�æ Þ H-Jàé~FTæON«P é Þ Iiæ/JàHXáXé Þ IzéGR1I|R©H Þ NlHKJN
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ç£CcJMáXé~Lgç£CcN«PûDGF H�COâ£HXáÆF Cg5 W|Ü HKNpå|æ�NlH Þ R©H�âSC Þ áSß£H´æ Þ JàáSßcãSLÈC!çGF æcJ ç	R©ãXá	P JMIGé ÞGÞ HzIGHKJ R1ãKJXæGF NCON J@N�é~æON Y -ÎCGP N
C£áXáXHSçONCGDGF HKJ¸áOC	R°F�NlHSR�R1HSæGRpIGH'N%R1é Þ áOCON�æGR©H`3@P Þ IiæaP N�H±ç£C	R�F C�I~P JàáSR©ãKN%P J«CcN«P é Þ±Þ æGLpãSR�P å|æcH�I|æ±å|æ£CcN%R�P QSLpH'éGR©I|R1H`3
R©HKJN�HÈP Þ -yãSRÎP HSæGR©H-ç	C	R`R1CEçGçaéGR©N Y F CÈáXé Þ N�RÎPTDGæcN«P é Þ Jàé~æOJ!=àLMCaPûF F H©;yâ£é�PûR½ä~è|æGR©H©{ O { KRO, H-R©ãKJXæGF N�CcNÒHKJN^áXéER�R©é~DaéGR1ãgç£C	R
F+Nlã�â£é~F æON%P é Þ N�HSLgçaéGR©HSFTF H I|æ�áXé�H�czá	P H Þ N@I ÝEÞ CEL/P å|æcH

Cs
;yâ£é�PûR�ä~è|æGR©H®{ O I K å|æaP`Lpé Þ N�R©H�æ Þ DSé Þ C£áXáXéGR1I!H Þ N�R©H

F HpJàáSß£ãSLÈC I|æ å|æ	CON�RÎP QSLÈH-éGR©IiR©H/HKNÈF HÈJàáSßcãSLÈC�] DXUXWeO
, HKJtN�HKJN»J Þ é~æcJ5é Þ N:çaHSR�LgP JtIGHgR©HKN�H Þ PTR`F H�JàáSß£ãSLÈCÈáXH Þ N�R©ãpIiæÈå|æ	CON�RÎP QSLÈH@éER©I|R©HgçSé~æER`F+Nlã�â	CGFTæ£CcN«P é Þ IGHKJAN HSR LpHKJ
I~P d^æcJKP -yJ5IGHKJ�ãXåiæ£CON%P é Þ J�IGH�:�CXâGP HSRL= Ü N�é�_«HKJ:ä�F N�R©ãXHKJ O
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Cs
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�9�GF9�ÆF Ùc½1�!"�½0 nÃc¾¸*ÿ»C*°$��f»> @) ¾¸º�"s½`¾v�fÂ·ºX�f(sº L $Ä"C¾�)�)+*
W�Þ 5 W|Ü 3MF H�ä�F N%R>COèGH�IGHKJ¹ãXå|æ£CcN«P é Þ J!IGH·:�CXâGP HSRL= Ü N�é�_«HKJ¨P Þ IiæaP N Þ ãXáXHKJJ«CaPûR©HSLpH Þ N'æ Þ H�R©ãXI|æ£áKN«P é Þ IGH¤F C

áXé~L çGF H�iEP N ãÆIGH¨F C!Jàé~FTæON«P é Þ ; Þ é~LgD	R©H!IGH¹IEHKè|R©ãKJ�IGH¨FlPûDaHSR�N ã K H Þ HKJXç£C£áXH¹HKN�H Þ N HSL çOJzHKN IGé Þ á±æ Þ H¨çaHSR�N�H
IN�P Þ -ÎéGR�LMCON%P é Þ FlP ãXH5CGæSi-çaHKN%P N�HKJ�ãXáSßcHSFTF HKJ O 5SHKJ`N HSR�LÈHKJ�IGH�ª�æ£áKN%æ£CcN%P é Þ JÒCOJJàé�á	P ãXHKJS3

φ′
3 Þ H@çaHSæXâ	H Þ N>¯KN�R©HxáOCEF áSæGF ãKJ

I~PûR©HXáKN�HSLpH Þ N�HKN<Jàé Þ N`IGé Þ áÈR©HKè|R©é~æGçaãKJ^IEC Þ J5F HKJ�N�HSR�LpHKJ`IGH5Jàé~æOJ!=àLÈCGPTFTF HÒå|æ�N�PûFOáXé Þ âGP H Þ N�INlH�i�ç	RÎPûLpHSR|H Þ -yé Þ áKN«P é Þ
IGHpF�N�P Þ -ÎéGR�LMCON%P é Þ áXé Þ N�H Þ æcH:IEC Þ J F HKJ�ãXáSßcHSF F HKJAR1ãKJàé~F æcHKJ O ]�FTæOJKP HSæGR©JxLpé�IGQSF HKJ`IGH^-ÎHSR�LpHKN�æGR©H@çSé~æER<F HAN H Þ JàHSæER~IEHKJ
áXé Þ N�R1CGP Þ N�HKJ�IGH Jàé~æOJ!=àLÈCGPTFTF H`3

τij
3GHKNxF H�ª�æJiMIGH:áSß	CGF HSæGRiIGH Jàé~æOJ!=àLMCaPûF F H`3

qi
3	Jàé Þ Nxç	R©é~çaéSJàãKJtIEC Þ J:F C-F P N N ãSR>CON�æGR©H O

5aC9-yHSR�LÈHKN%æER©H-IGHMJàé~æOJ!=àLMCaPûF F H°F C�çGFTæOJ�áXé~æGR1CELgLÈH Þ NÈæON«PûFlP JàãXHpH Þ 5 W|Ü áXé Þ JKP JN�H Y ãXáSRÎPûR©H°æ Þ H�R©HSF CcN«P é Þ FlP Þ ãOCaPûR©H
H Þ N�R©HÆF C!ç£C	R�N%P HzC Þ P JàéSN�R©é~çaH Iiæ�N H Þ JàHSæGRxIGHKJ-áXé Þ N�R1CGP Þ N�HKJ-IGH�Jàé~æOJ!=àLÈCGPTFTF H

τij
HKN F H°N�H Þ JàHSæGRtIGHzIGãR-ÎéGR LÈCcN«P é Þ

IGHKJ�ãXáSß£HSF F HKJMR©ãKJàé~FTæcHKJ
S̃ij

Os, HSF CgJàHÈN%R1C£I|æaP Npç	C	RxF C�R©HSF CON%P é Þ JXæaP â	C Þ N HfÒ

τij = −2Csρ∆2|S̃|(S̃ij −
1

3
S̃kkδij) +

2

3
CIρ∆2|S̃|2δij

ç k~e©vjè
é�[

∆
HKJN F C@N�CGPTFTF H:I|æpä�F N%R1H�;ÎJàé~æXâ£H Þ NtI~PûR©HXáKN�HSLpH Þ N5R©HSFlP ãXH Y F C@N�CGPTFTF H:IGH/F C LÈCGPTFTF H IGH@áOCEF áSæEF KRO ]|é~æGR`F�NlãXå|æ	CON%P é Þ

INlã Þ HSR�è~P H`3 F C!N éSNCEFlP N�ã�IEHKJ�CGæON�HSæGR�J�JXæGçEçSéSJàH Þ N å|æcH¨F HÆN%R1C Þ J!-ÎHSR�NgINlã Þ HSR�è~P H¹IGHKJzãXáSßcHSFTF HKJÆR©ãKJàé~F æ£HKJ â	HSR�J´F HKJ
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ãXáSßcHSFTF HKJ5IGHÈJàé~æOJ!=àLÈCGPTFTF H�HKJN:ç	R©é~çaéGR�N%P é ÞEÞ HSF�CEæ-è|R1CcI|P H Þ NxIEHpN�HSLgçaãSR1CcN�æGR©H/R1ãKJàé~F æcH O 5SHÈáXé�H�czá	P H Þ NxIEHgç	R©é~çaéGRL=
N%P é ÞGÞ CGF P N�ãpHKJNÈF CgáXé Þ I|æcáKN%P âGP N ã/Jàé~æOJ!=àLÈCGPTFTF H

λt
O@B FEHKJNpR©HSFlP ã Y F C-âGP JàáXéSJKP N�ãMIGHMJàé~æOJ!=àLÈCGPTFTF H ç£C	RxF C�R1HSF CcN«P é Þ Ò

λt =
µtCp

Prt

ç k~e t-è

é�[
µt = ρCs ∆2|S̃| HKJNxF C�âGP JàáXéSJKP N ãxN%æGR DGæGF H Þ N H:IGH Jàé~æcJ!=àLÈCGPTF F HAHKN Prt

HKJNAF H Þ é~LgD	R©H�IEH�]�R1C Þ IaN�FON�æGR�DGæEF H Þ N
IGH�Jàé~æOJ!=àLÈCGPTFTF H JXæGçGçaéSJàã�áXé Þ JNC Þ NÈHKN-ãKèECEF Y

0.9
IEC Þ JgáXHKN N HzãKN�æcIGH O

Cs
HKN

CI
Jàé Þ NMIGHSæJi±ç£C	R1CELpQKN�R©HKJgI|æ

LÈé�IGQSF H�å|æaPÒçaHSæXâ£H Þ N�¯KN�R©Hzä�i	ãKJ6;
Cs ≈ 0.1

IN CEç	R©QKJ Ü LMCOèGéERÎP Þ JS_ Ý u ¶1µ�w�HKN
CI ≈ 0.005

IN CEç£R©QKJb7°é�P Þ ���
�1�Æ u�G`§ w K 3xé~æ�áOCGF áSæGF ãKJ�I ÝEÞ CEL/P åiæcHSLpH Þ N Y ç£C	R©N«PûRpIGHKJ�ãXáSß£HSF F HKJ¹R1ãKJàé~F æcHKJ OXU C Þ J�áXHKN N H'ãKN%æcIEH`3 Þ é~æOJ´CXâ£é Þ J
R©HKN�H Þ æ�F C/JàHXáXé Þ IGHgCEçGç£R1é�áSßcH9-ÎCGP J«C Þ N CGçGçaHSF Y æ Þ Hzç	R©é�áXãXIiæGR©H/I Ý�Þ CGLgP å|æ£H O

í ê�Ç#Ç�ÏrÈsÎ�ð�í¹ì}|�É�ï#Ð
Ê+ÚeØ�í
54Nlé~DxT HXáKN%P -�IGH�F�N CEçGç£R1é�áSßcH´I Ý�Þ CGLgP å|æ£H¸HKJN/IGH¸N%PTR©HSRpç£R©é	ä~NgIGH�F C´áXé ÞEÞ CaP JJ«C Þ áXHÆIEHKJ ãXáSßcHSFTF HKJ�R1ãKJàé~F æcHKJ�çaé~æGR
LÈé�IGãSF P JàHSR`F HKJ@çEßcã Þ é~LpQ Þ HKJ�I~P JJKPûç£CON%P -yJtJSNléER�èEC Þ P J«C Þ NxIEC Þ JMF CMJàé~æcJ!=àLÈCGPTF F H�HKNxIGé Þ á°P Þ áXé ÞGÞ æOJ O 5	H°ç	RÎP Þ á	PTçaHpIEH
D£CcJàH�HKJN R©HSF CON%P â£HSLÈH Þ N^JKPTLgçEF H OB F0-�CGP NAP Þ N�HSR�â£H Þ PûR�æ Þ H@IGHSæJi�P QSLpHpáXé~æGçGæGR1HpI|æÈJXçaHXáKN%R1H`3EIEC Þ J@F Cgç	C	R�N«P H-R©ãKJàé~FTæcH`3
Y æ Þ¨Þ P â£HOCEæ l%N�HKJN0l O�B F�HKJNgCGF éGR�J¸çSéSJJKPûDGF H�IGH¸áOCEF áSæEF HSRAH�i�çGFlP á	P N�HSLpH Þ N�F H�ª�æSi!I#Nlã Þ HSR�è~P H´CEæ Þ P â£HOCEæ²l%N HKJN0l
HKN/INlH Þ IEãXI|æaPTR1H'F HKJgáXé�H�czá	P H Þ N»J�I ÝEÞ CEL/P å|æcHKJ

Cs
HKN

CI
çaHSR�LÈHKN»NC Þ N/INlã�â	C£áSæcHSR�áXH�ª�æJi�CEæ Þ P â£HOCEæ!IGH�F C

Jàé~æOJ!=àLMCaPûF F H O
5SHKJ@áXé�H�c�á	P H Þ N JpI|æ´Lpé�IGQSF H-Jàé Þ N�áOCEF áSæGF ãKJpH Þ -yé Þ áKN%P é Þ IGHKJ@â	C	RÎP CEDGF HKJ/P Þ JN�C Þ NC Þ ãXHKJÈIGH¸F�NlãXáXé~æGF HSLpH Þ NR3dINlé�[
æ Þ HpáXHSR�NCGP Þ Hgæ Þ P â	HSR�J«CGF P N�ã�IGHKJpLpé�IGQSF HKJxI ÝEÞ CEL/P åiæcHKJ O�B F J Þ H Þ ãXáXHKJJKP N�H Þ NR3EH Þ HRd�HKNR3½çEF æOJ5IN CxT%æOJN�HSLpH Þ N»J�çaé~æGR
IGHKJ:JKP N%æ	CON%P é Þ J:INlãXáXé~æEF HSLpH Þ N»J@I|P d<ãSR©H Þ N J O :^éSN�é Þ J@ãKèECEF HSLpH Þ N5å|æ£H`3�çaé~æGRtF HKJ-Lpé�IGQSF HKJ:I ÝEÞ CGLgP å|æcHKJgF HKJ-çGFTæOJ
áXé~L çGF HKN J9;ÎN�HSF�å|æ£H°áXHSFTæaPiáSßcé�P JKP|IEC Þ JMáXHKN»N�HgãKN�æcIGH K 3^F HKJÈáXé�H�czá	P H Þ N JpIEãSçSH Þ IGH Þ N Þ é Þ JàHSæEF HSLpH Þ N�I|æ�N HSL çOJS3
LMCaP J/ãKèECGF HSLpH Þ N-IGH¹F+NlHKJXç£C£áXH1æ`á`NlHKJNx= Y = I~PûR©H�å|æ�N CGæ´JàH	P Þ IN�æ Þ Lm¯SLÈH�ãXáXé~æGF HSLÈH Þ NR3 Y æ Þ P Þ JNC Þ NMIEé ÞGÞ ã`35F HKJ
áXé�H�c�á	P H Þ N JxI ÝEÞ CEL/P å|æcHKJAâ£é Þ NÒâSC	RÎP HSR�H Þ -Îé Þ áKN%P é Þ IGHKJtâSC	RÎP CEDGF HKJpF é�áOCGF HKJxIGHgF�NlãXáXé~æGF HSLpH Þ N O 5SH/LÈé�IEQSF H-ç	R©H Þ I
H Þ áXé~LgçON�H-F+N COJXçaHXáKN5P Þ JNCcN«P é ÞGÞ CGPTR©H:IGHgF�NlãXáXé~æGF HSLpH Þ NR3½LMCaP JxCGæcJJKP�F CpI|P â£HSR�JKP N ã:IEHKJxJKP N�æ£CcN«P é Þ J:R©H Þ áXé Þ N%R©ãXHKJ CGæ
JàH	P Þ IN�æ Þ Lm¯SLpH�ãXáXé~æGF HSLpH Þ N Oc, HKN»N�HÆç£R1é~ç£RÎP ãKN ã�HKJN ç£C	R©N«P áSæGFlP QSR©HSLpH Þ NgP Þ N�ãSR©HKJJ«C Þ N�H¸çaé~æGR5IGHKJ/ãXáXé~æGF HSLpH Þ N J
Þ é Þ ßcé~LpéSèGQ Þ HKJS3½å|æaP~áXé Þ JN«P N%æ£H Þ N@F C�LMCxT HSæGR©H�ç	C	R�N«P H/IGHKJ�ãXáXé~æGF HSLpH Þ N J�áXé~LgçEF H�i	HKJ O
U C Þ JxáXHKN N H@ãKN%æcIEH`3 Þ é~æOJ5CXâ£é Þ J@R©HKN�H Þ æ°F CgLpãKN�ßcé�IEH-ç£R1é~çSéSJàãXHgç£C	Rf7 H Þ H�â£HOCGæ-å|æGPSáXé Þ JKP JN H Y R©ãXIiæaPTR©H/F�NlHSR�R©HSæER
JXæGR`F H�áOCEF áSæEF	IGHKJAáXé�H�czá	P H Þ N J

Cs
HKN

CI
H Þ æON«PûFlP J«C Þ NAæ Þ HMCGçEç£R©é�áSßcH F Ccè|R1C Þ è~P H ÞGÞ H O 5SHKJAIGãKNCGPTF JtIEH@áXH-LÈé�IGQSF H

JàHÈN�R©é~æXâ£H Þ N:IEC Þ J/F HKJ N%R1COâ	CEæJi�éERÎP è~P Þ CEæJi�IGH�7 H Þ H�â£HOCGæ �����1�ù u�G I1w O
D P Þ JKP+3iF HgLÈé�IEQSF H R©HKN H Þ æMI�C Þ J:áXHKN N HÈãKN�æcIGH-C-ãKN�ãgP Þ N�ãKè|R©ã@IEC Þ JMæ Þ áXé�IGHMIGHMáOCGF áSæGFaN�RÎP I~PûLpH Þ JKP é ÞGÞ HSF�æON%PTFlP J«C Þ N
æ Þ JàáSß£ãSLÈCP¦ W : ? INléER©I|R©H § ;�HKNAR©ãXáXHSLgLÈH Þ Ntæ Þ JàáSß£ãSLÈC-ß Ý D£R�P IGH K çaé~æGR�F CMç£C	R�N%P H áXé Þ â	HXáKN«P â£H:HKNxæ Þ JàáSßcãSLÈC
áXH Þ N�R©ãÈINléGR1I|R©H©I¸çaé~æGR�F C°ç£C	R�N%P HÈI~P d�æOJKP â	H O 54N COâ	C Þ áXHSLpH Þ N5H Þ N�HSLgçcJ5HKJNtHRd<HXáKN%æ£ãÈCOâ£HXá°æ Þ JàáSßcãSLMC-H�i�çGF P á	P N�H
A æ Þ èGHR=q¨xæON»NCzB k³U INléER©I|R©H<{ O 5SHgáXé�IGH°CzãKN ãgãXáSRÎP N:H Þ áXé�éER©IGé ÞGÞ ãXHKJpèGã Þ ãSR>CGF P JàãXHKJpCOâ	C Þ N@IN�¯KN�R©H�ç	C	R1CGFTF ãSF P Jàã
;yâGP*C�F C�DaPûDGFlP éSN%ßcQXåiæcHH7
] B�K HKN�çaéGR�N�ã�JXæERpF HKJ/JXæGçaHSRL= áOCEF áSæGF CON�HSæGR�JgIiæ ,fA%B a D : ÿ HKN/IGH!F+N BLUXACBlÜ 
 çaé~æGR5IEHKJ
áOCEF áSæGF JÈP Þ N�H Þ JKP -yJ O

}�~J�������|�+�f�S�\���x�������S�+�!�x�����A¯¸�0�Æ±C���o� ���q�|�@�S�3Q�¡t�����P ��S�Æ±C�0�q��� �����1���q���0��S~��������o� �x���e���=Àn�t²q��� ��¢S¢R��±C�����t�x�e�S�|�f���|���ß���S�+�!�|�>���³���A¯��S�Æ±C���r� ���q�{Ä���� �����o� º����q���g~��R��� �|�
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�9�G� � (s*@)vû�(s*#º
*�In*@$¿H%)+*nºM» Ì�"µHµHC)¾�¼�"s½`¾v�fÂ
:^é~æOJÈç£R1ãKJàH Þ N é Þ J I�C Þ J:áXHKN N H ç£C	R�N%P HÈå|æcHSF å|æcHKJ:H�i	HSL çGF HKJ IN CEçGçGFlP áOCON%P é Þ PûF F æcJN%R1C Þ N F C/áOCGç£C£á	P N�ãÈIGH°F C®5 W|Ü

Y ç	R©ãXI~PTR1H'IGHKJ�ãXáXé~æEF HSLpH Þ N»J�N�æGR�DEæGF H Þ N J�á	P J«CaPûF F ãKJS3tCEæOJJKP DaP H Þ H Þ N�HSR�LpH'IGH¹è|R1C Þ IGHSæGR©J�LÈé Ý H ÞGÞ HKJ´å|æcH'IEH
å|æ	C Þ N%P N�ãKJ\ª�æ£áKN%æ£C Þ N�HKJ O
�9�G�9�~� Ø�¼5�f(%)+*t$Ä*tÂs½0ºg¼�¾¸º�"C¾�))¸ #ºb)¾�&t�!*#ºe�^¼5�f(t¼sÁs*#ºg»C*°$Ä t)¸"%ÂsÃ@*

5aC�áXé~æcáSß£H°IEH�LÈãSF C Þ èGH�çEF C Þ HgN�æGR�DEæGF H Þ N�H�C°JXæOJàá	P N�ãgIGH Þ é~L D£R©HSæcJàHKJÈãKN�æcIGHKJMH�i�çaãSRÎPTLÈH Þ NCGF HKJ@HKN Þ æGLÈãR=
RÎP å|æcHKJtHKNÒáXé Þ N%P Þ æ£H@IN�¯KN�R©H-æ Þ JXæxT HKNAPTLgçaéER�N�C Þ N�IN�P Þ â£HKJN«P èECON%P é Þ HKNÒIGH-R©HXáSßcHSR1áSßcH O 5aCm-ÎéGR�LMCON%P é Þ IEH/F CpáXé~æcáSßcH
IGH�LpãSF C Þ èGH�HKJN/I|æcH Y F C´áXé Þ ª�æ£H Þ áXH¹IGHÆIGHSæJi'ãXáXé~æGF HSLÈH Þ N J¸ç£C	R>CGFTF QSF HKJ�P JJXæOJgIEH¸áXé Þ I|P N%P é Þ J èGã Þ ãSR1CcN%RÎP áXHKJ
I~P d�ãSR1H Þ N HKJS3SJàãSç£C	R1ãKJ@ç£C	R`æ Þ H/çEF C£å|æcH-çGF C Þ H9;yâ£é�PûR|ä�è|æER©H³{ O�§�KRO, HKN N H áXé~æcáSßcHpHKJN^IEé~L/P Þ ãXH-ç£C	R�IGHKJtJN�R�æcáKN�æGR©HKJ
N�é~æGR�DaPûF F é ÞGÞ CGPTR©HKJÒIGHpè|R1C Þ IGH@ãXáSß£HSF F H`3�áXH@å|æaP|R©H Þ I áXHpáOCOJtN�HKJN�N%R1QKJACON N�R1CcáKN%P -^çaé~æGR`F+Nlã�â	CEF æ£CcN«P é Þ IGHKJpLpãKN�ßcé�IGHKJ
5 W|ÜeO

ρ

1

U(y)
x

ρ
y

2

1 U1M

U2M2

����������������������������������������������������
���������������������������������������������������� ����������������

± ½.�ë�½k~el�]� ; �a�!��(0�z���������%� 
 ��� ��& (��/���%��qz������� ��H� ��
 � ��& ���q�}�O(��ù�1�.2q�! 
:^é~æOJ Þ é~æOJÈP Þ N�ãSR©HKJJàé Þ JpP á	P Y F C-áXé~æcáSßcH-IEH LÈãSF C Þ èGHÈáXé~Lgç	R©HKJJKPTDGF H@ãKN�æcI~P ãXHÈH�i�çSãSR�PTLpH Þ N�CEF HSLÈH Þ N:ç£C	Rc±�é�HSDSHSF
HKN U æON N�é Þ<u {12�w�IGé Þ N@F H Þ é~L D£R1HÈIEH´7�C£áSßMáXé Þ â£HXáKN«P -`HKJN

Mc =0.46
HKN�F H Þ é~L D£R1HÈIEH A H ÝEÞ é~F IaJMæ Þ P NCGPTR©HpHKJN

Re = 12.106 m−1
O

D ä Þ IGH@JSN C0d�R1C Þ áSßaPTR�IGHKJÈç£R©é~DEF QSLpHKJ IGHÈáXé Þ I~P N«P é Þ J5CEæJi�FlPûL/P N HKJS3 Þ é~æOJ:COâ£é Þ JMR©ãOCEFlP Jàã/æ Þ HÈJKPTL æGF CcN«P é Þ N�HSLgçaé�=
R©HSFTF H/IEH°áXHKN N�H áXé~æcáSß£H°IEH¸LÈãSF C Þ èGH O>, HKN N H�LpãKN�ßcé�IGH áXé Þ JKP JN�H Y JàH¸çGF CcáXHSRÒIEC Þ J�æ Þ R©HSçaQSR©H¸FlP ãgCGæSi¸è|R©éSJJàHKJ
JN�R�æcáKN�æGR©HKJÈáXé Þ â£HXáKN�ãXHKJgCXâ£HXáÆæ Þ H°âGP N�HKJJàH�æ Þ P -ÎéGR�LÈH/â	HSR�J�F�N COâ	CGF Oe?-Þ çaHSæONÈCEF éER�JÈIEãXáSRÎPTR©H¸F�Nlã�â	é~F æON%P é Þ N�HSLgçaé�=
R©HSFTF HpIGHKJMP Þ JNCEDaPTF P N�ãKJ O�, HKN N�H@N�HXáSß Þ P å|æcH/C�çSé~æER�CXâ	C Þ NCOèGHgIGH°çSé~æOâ£é�PTR�IEãXáSRÎPTR©H@ä Þ HSLpH Þ NÈF HKJ5JN�R�æcáKN�æGR©HKJ IGH�F C
áXé~æcáSß£HÈIEH LÈãSF C Þ èGH`3|áOC	R�PTFaHKJN�çaéSJJKPTDEF H@IEHÈáXé Þ áXH Þ N%R1HSRÒæ Þ�Þ é~L D£R©H PûLgçaéGR�NC Þ NtIGH Þ ? æcIaJ�IEH LMCaPûF F COèGHpIEC Þ J
æ Þ H³¥Xé Þ H°R©HSF CON%P â£HSLÈH Þ N:R©HKJN�R©H	P Þ N HpIGHgF+NlãXáXé~æGF HSLÈH Þ N O�U H çGF æcJS3dF H�N�R1CaP N HSLÈH Þ NtIGHKJ áXé Þ I~P N«P é Þ J5CEæJi�FlPûL/P N HKJtHKJN
R©HSF CON%P â	HSLpH Þ NtJKPûLgçGF H°çGæaP Jàåiæ�Nlé Þ æON%PTF P JàHÈIGHKJ�áXé Þ I~P N«P é Þ J-çaãSRÎP é�I~P å|æcHKJ:IEC Þ J/F C I~PûR©HXáKN«P é Þ IGHzF+NlãXáXé~æGF HSLÈH Þ N O
5SH�LÈCGPTFTF CcèGH¸HKJN°áSßcé�P JKP�IGH´JàéER�N�H Y R©HKJXçaHXáKN�HSR-F HKJzH�iEP èGH Þ áXHKJ�IEH±F C²5 W|ÜeOPW�Þ HRd<HKN�3 F�NlãXáSß£HSF F H´IGH¨F é Þ è|æcHSæGR
LgP Þ PûLgæGLjå|æ£HzF�Nlé Þ çaHSæONMR©ãKJàé~æ£I|R©H Þ æGLÈãSRÎP åiæcHSLpH Þ N:HKJNÈFlP ãXH Y F CgNCaPûF F HMIGHKJ-LMCaPûF F HKJ O 5SHzç	RÎP Þ á	PTçaH-IGHzF C65 W|Ü
ãKNC Þ N�IEH�JKPTL æGF HSRiI|PTR©HXáKN�HSLpH Þ N F HKJÒè|R©éSJJàHKJtJN�R�æcáKN�æGR©HKJtIGHgF�NlãXáXé~æGF HSLpH Þ NR3iF CpNCaPûF F HpLMCJi�PTLgæEL IGHKJ@LÈCGPTF F HKJÒIGé�P N
Þ ãXáXHKJJ«CGPTR1HSLpH Þ N³¯KN�R©H¸P Þ -yãSRÎP HSæGR©H Y F�NlãXáSßcHSFTF H�P Þ N�ãKè|R1CEF H

Λ = k3/2/ε
;�HKJN%PTLpãXH Y ç£C	R�N%PTRtIN�æ Þ áOCGF áSæGF AsD : Ü#KRO

ExÞ H�NCaPûF F H�IGH LÈCGPTF F H�l�áXéGR R©HXáKN H�l/çaé~æGR�F C®5 W|Ü JàH�JKP N�æcHpIGé Þ áMH Þ N�R©H/F+NlãXáSßcHSF F H-P Þ N ãKè|R1CEF HpHKN�F�NlãXáSß£HSF F H@IGHMB�C Ý F éGR
λt = (15νk/ε)1/2 çGæGP Jàå|æcH@áXHSF F HR= á	PSHKJN^áOC	R>CcáKN�ãSRÎP JN%P åiæcH�IGHKJ�çaHKN%P N�HKJ�JN%R�æ£áKN%æGR1HKJxIGH-F+NlãXáXé~æGF HSLÈH Þ NAç	R©é�áSßcHKJAIEH
F C-NCaPûF F HÈIGHKJ�JN�R�æcáKN�æGR©HKJ:I~P JJKPTç£CcN%P â£HKJ OsB Fiç£C	R1Cqp©N IGé Þ á�F ãKè~P N«PûLpH@IEHzçGF C£áXHSRtF CgáXé~æGçEæGR©H/H Þ N�R©H�F C�ç£C	R©N«P HMJKPTLgæEF ãXH
HKN¸F C±ç	C	R�N«P H¨Lpé�IGãSFlP JàãXH¸IEH±F�NlãXáXé~æGF HSLpH Þ N Y áXH Þ P â£HOCEæ O^?-Þ áXé Þ JNCON�H´JXæGR-F C!ä~è|æGR©Hb{ O�G å|æcH�F C'N�CGPTFTF H�IEHKJ
LMCaPûF F HKJ�I�C Þ J�F HKJpIGHSæJi¸I|PTR©HXáKN%P é Þ J ßcé~LpéSèGQ Þ HKJ

x
HKN

z
HKJN�IGHÆF+NléGR©I|R1H IGH¸F C¹L/P áSR1é�= ãXáSßcHSF F HgIGH°B<C Ý F éER OcU C Þ J

F C-I~PTR1HXáKN«P é Þ N�R1C Þ J�â£HSR�J«CEF H
y
3�F C-N�CGPTFTF H�IGH°F CzçGFTæOJpçaHKN%P N�H/LMCaPûF F HpHKJN:F C	R�èGHSLÈH Þ N�P Þ -ÎãSRÎP HSæGR1H Y áXHKN N�HpãXáSßcHSFTF H O#?MÞ

çaHSæON IGé Þ á/áXé Þ JKP IGãSR©HSR`å|æcHzF H�LÈCGPTF F COèGH æON%PTF P JàãÈHKJNxJXæ+c�J«C Þ N O
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± ½.�G�Ek~el���7÷à
 �:�5�;�A�1�ç� 
 � �q���0�Ë���1�n�*�s�Õ�<�0�ý�,���*�n�©���	�1�;� � �©����( ��& ���n�s�0���q�=� 
 �.2;�?���<�0� 
 �+�Û���?�?�0��������%�n� �3�������
��Ï� 
 �.���©�

k − ε
&�v 2-��� ��& � '  � � 
 � ��%� 
 ���q�h�A� (a�5���ç�0�z�����,�q�r�ù� ��
 � ��& �P�q�}�O(��ù�1�.2q� &�v �;� 
 �%�Û� '  

5aC¹JKPûLgæGF CON%P é Þ HKJN�R1ãOCGF P JàãXHÆJXæGR-æ Þ LMCaPûF F COèGHÆáOC	R�N�ãKJKP H Þ æ Þ P -yéER�LpH´IEC Þ J!F HKJ°I|PTR©HXáKN%P é Þ J
x
HKN

z
HKN�R©HKJJàHSR R©ã

CEæ'áXH Þ N�R©H´IEC Þ J!F C'I~PTR1HXáKN«P é Þ
y
CXâ	HXá!CGæ!N�éSNCGF�. O�§ LgPTFTFlP é Þ JgIGH¨çaé�P Þ N J O 5SHKJ�áXé Þ I~P N%P é Þ J�CEæJi¤F PTLgP N�HKJ/Jàé Þ N

çaãSRÎP é�I~P å|æcHKJ5JXæaP âSC Þ NpF HKJ I~PTR1HXáKN«P é Þ J
x
HKN

z
O 5SHKJ�-�R©é Þ N%P QSR©HKJ5JXæGçaãSRÎP HSæGR©HKJ HKN�P Þ -yãSRÎP HSæGR©HKJ I|æ/IGé~LMCaP Þ HMJàé Þ NxIGHKJ

çGF C Þ JtIGH J Ý LpãKN�RÎP Hm;�áXé Þ I~P N%P é Þ JÒIGH�è|FlP JJàHSLÈH Þ N KRO 54N�P Þ P N%P CEFlP J«CcN%P é Þ HKJN�HRd<HXáKN%æcãXH Y F�N CGP IEH:IN�æ Þ HgF é�PcH Þ NC Þ èGH Þ N�H
ß Ý çSHSR DSé~F P å|æ£H/çaé~æGR^F CpâGP N HKJJàHMLÈé Ý H ÞGÞ H OD ä Þ IGH çaHSR�N�æGR�DaHSR�F HKJ�ç£R1é	ä�F J@Lpé Ý H Þ JS3dæ Þ D	R�æaP N:DGF C Þ áÈIN CGL çGFlP N%æ£IGH
2%

3<çaé Þ IGãSR1ãzç£C	Rxæ Þ H-èECEæOJJKP H ÞGÞ HgCgãKN�ã/C|T»é~æcN ãgCEæJi�N%R©é�P J:áXé~LgçaéSJ«C Þ N HKJ:IGHzF C-âEP N�HKJJàH O

íkj ð�ïnÐgÇyÐ6È^|	í�É
54Nlã�â£é~FTæON«P é Þ IGH'F�NlãSç£CGP JJàHSæGRAIGH¹F C¸áXé~æcáSßcH¸IGH!LÈãSF C Þ èGHzHKJN�ç£R1ãKJàH Þ N ãXH�JXæGR@F Czä~è|æGR©H
{ O�G�O 54NlãSç£CaP JJàHSæGR

b
HKJN

F C¹I~P JNC Þ áXH´H Þ N%R1H�F HKJ�çaé�P Þ N»J�é�[
U = U1 − 0.1∆U

HKN
U = U2 + 0.1∆U

; COâ£HXá
∆U = U1 − U2

KRO�?-Þ
çaHSæONÆáXé Þ JN�CcN�HSRgå|æcH§F H¨áXé~LgçaéGR�N�HSLpH Þ N¸IEC Þ J±F C²¥Xé Þ H±IGH±N�æGR�DEæGF H Þ áXH±IEã�â£HSF é~çGçaãXHÿ;

t > 20
K*� HKJN�DaP H Þ

F P Þ ãOCGPTR©H O 5SCÄ¥Ké Þ H�IGH�JKPTLgPTF P N�æcIGH¹HKJN�CcN»N�H	P Þ N�H Y
t ≈ 30

çaé~æGR�F HKJzâGP N HKJJàHKJ'Lpé Ý H ÞGÞ HKJÄ;yâ	é�PTRpä�è|æGR1HH{ O 2 K
HKN�çaé~æGRÈF HKJgáXé Þ N�R1CGP Þ N�HKJgIGH A H ÝEÞ é~F IGJ O 5SHKJ�ç	R©é	ä�F J IEH�JKPûL/PTF P N�æcIGH¸çaé~æGRMF HKJ/áXé Þ N�R1CGP Þ N�HKJ IGH A H Ý�Þ é~F IaJ°Jàé Þ N
ç	R©ãKJàH Þ N�ãKJ-JXæGR:F C�ä~è|æGR©H�{ O 2 OC?-Þ çaHSæON Þ éSN HSRxåiæcH¹F HÆç	R©é	ä�FdIGHzJKPûL/PûFlP N�æcIGH�çaé~æGR�F CzâGP N�HKJJàHÆLpé Ý H ÞGÞ H�HKJNpH Þ
N�R©QKJ@Daé Þ C£áXáXéGR©I�COâ£HXá�F+NlH�i�çaãSRÎP H Þ áXH O ]|é~æGRÒF C-áXé Þ N�R1CaP Þ N�HpIGH A H ÝEÞ é~F IaJMF é Þ è~P N%æcI|P Þ CEF H Þ éGR�LMCGF P JàãXH

σu/∆U
3�F H

çaP á
(σu/∆U)max = 0.17

IGé ÞGÞ ã�ç£C	R5F�NlH�i�çSãSR�P H Þ áXH HKJNpDaP H Þ ç	R©ãXI~P N-ç£C	R5F H/áOCEF áSæGF O ]iC	R�áXé Þ N%R1H`3�F�NlH�i�çSãSR�P H Þ áXH
IGé ÞEÞ H

(σv/∆U)max = 0.099
HKN

(−u′v′/∆U2)max = 0.0086
3^â	CEF HSæGR�J¸F ãKèGQSR©HSLÈH Þ NMJXæGR©HKJN%PTLÈãXHKJzç£C	RMF H

áOCEF áSæGF O
Q^P H Þ å|æ£H¸F+Nlé~DxT HXáKN«P -tIGH áXHKN N�HgJKPûLgæGF CON%P é Þ�Þ H Jàé�P NMç£COJMINlãKN�æcI~P HSR5F HKJpHRd<HKN»JÈIGH°áXé~Lgç	R©HKJJKPTDaPûFlP N ã`3�PûF~HKJN â	ãSRÎP ä|ã
;�H�i�çaãSRÎPûLpH Þ NCEF HSLpH Þ NpHKN Þ æGLÈãSRÎP å|æ£HSLpH Þ N K å|æcH'F HzNCEæJi´INlã�âSCOJàHSLÈH Þ N/IGãXáSR©éJp1NMåiæ£C Þ I(F H Þ é~LgD	R©H¸IGHj7�CcáSß
áXé Þ â	HXáKN«P -�CEæOè|LÈH Þ N H O#, HKN N�H�I~PTLgP Þ æcN«P é Þ JàHSLgDGF H:JSN C£áXáXé~Lgç£Ccè Þ HSR^çSé~æER`F CgLMCxT éERÎP N�ã:IGHKJ�P Þ â£HKJN%P èECcN HSæER�JtIN�æ Þ H
I~PûL/P Þ æON%P é Þ IGHKJ�ª�æcáKN�æ£CcN«P é Þ J N%æGR DGæGF H Þ N HKJ O�, HSR�N�CGP Þ J5CEæON HSæER�JS3|áXé~LgLpH ç£C	R�H�i	HSL çGF H W F F P éSN N�HKN Ü CGLgPTL Ý�u v1¶�wx3
Q�C	R�R1H �+�µ�1�Æ u+G wdHKN U HSDaP JJàáSßcé~çGç u .0/�wiN%R1é~æXâ£H Þ N�å|æ�N Y F CX-yé�P J √

u′2/∆U
HKN √

v′2/∆U
I~PTLgP Þ æcH Þ N`å|æ£C Þ I

McCEæOè|LpH Þ N H O�B F Jtç	R©ã�â£é�P H Þ N�IGé Þ ápæ Þ H5å|æ£CcJKP = áXé Þ JNC Þ áXHAIEH�F�N C Þ P JàéSN%R©é~çGP H`3OIGã�ä Þ P Hpç£C	R�F�N�P Þ N HSR LpãXI~P*CaPûR©HÒI|æÈR1CGçEçSéER�N
σu/σv

é�[
σu =

√
u′2
HKN

σv =
√

v′2
O ±tF é~D£CEF HSLpH Þ N�3ÒF HKJzR©ãKJXæGF NCcN»J®5 W|Ü ç£R1ãXI~P JàH Þ Nzæ Þ NCGæJi!IN C Þ P JàéSN�R©é~çaP H

�0~ ® �%����±£¢��t�|�ß�@�q���T±C�����o� ���S�q��¢q�R�
tad = (U1 − U2)/δi

�`�
δi

�|�ß�%��� ��¢q�J� �������S���S�µ²��S���o� ��� ���f���R� �o� �S� �R�
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Calcul LES, temps=36.7
Calcul LES, temps=32.0
Calcul LES, temps=26.9
Exp [Dutton]  Mc=0.46
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Calcul LES (Mc=0.46)
Exp [Samimy] Mc=0.51
Exp [Goebel]  Mc=0.46

Urms/ 

Vrms/

<uv>/

∆U

∆U

∆U ∆U*( )

± ½.�G�`k~e �O� 3ë� 
$ú � �Z�q�E���.�[�*�v�%�B���q�þ� 
 ���/�ù�Ê�j�n�Û�0�0�z�Z� 
 �q���ì�H�/� 
 �.21�%�B�����*�#���©�O� 
 ���/�1�v�ç�!(n� &�v 2-�;� ��& � ' �+�� 
 �<�h�s�0� ��
 ���B�$���*���Û���h�q� ; ���1� 
 �©�1�k� 
 ���/�1� �3�+(Ì�0� &�v �;� 
 �n�Û� '  

CcJJàHJ¥¸ç	R©é�áSßcHzIGH�áXHSF æGP�ç£R1ãXI~P N ç£C	R�F HKJ�LÈHKJXæGR©HKJ´;yâ£é�PTR�ä~è|æGR©H�{ O ¶ KRO@?MÞ çSHSæcN�3 Þ ãOC Þ Lpé�P Þ JS3 Þ éSN�HSR:æ Þ H´F ãKèGQSR©H
Jàé~æOJ!= HKJN%PTLMCON%P é Þ I|æ Þ P â£HOCEæ'LMCJi�PTLgæEL IN C Þ P JàéSN�R©é~çaP H´ç	C	R�F CV5 W~Ü åiæaP�HKJN æ Þ H�áXé Þ JàãXåiæcH Þ áXH�I~PûR©HXáKN�HzIGH´F C
JXæGR1HKJN«PûLÈCcN«P é Þ IGãrT Y é~DOJàHSR�â£ãXH�JXæGRgF H±çaP á'IGHÔF C�áXé Þ N�R1CaP Þ N�H

σv/∆U
;yä~è|æGR©HH{ O 2 KRO 5SH'N%R1C£áXã'Iiæ(R1CEçGçaéGR©N
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Calcul LES  (Mc=0.46)
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σu/σv
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σu =

√
u′2
���

σv =
√

v′2 ' ���ë�;�]�5�;�A�;�O���B�n�P�q�u���B��� � �B�<�n� −u′v′/k
 

−u′v′/k
; CGçEçSHSF ã�ç	C	R1CGLÈQKN%R1HgIGH JN%R æcáKN%æER©H K HKJN-ç	R©ãKJàH Þ N�ãgJXæERAF C ä�è|æGR1H´{ O ¶ OCWdÞgAsD : Ü 3�H Þ JXæGçGçaéSJ«C Þ N@å|æcH

F C±ç	R©é�IiæcáKN«P é Þ HKJN�ãKèECGF H Y F C'I|P JJKPTç	CON%P é Þ ;ß Ý çaéSN�ßcQKJàH!IGH²Q�R1CcIGJXß£C�Þ K COâ£HXá
µt = ρCµ k2/ε

3xé Þ é~DON«P H Þ N
−u′v′/k =

√
Cµ

OcEtÞ Daé Þ C£áXáXéGR©I�áOCGF áSæGF>5 W|Ü «	H�i�çaãSRÎP H Þ áXHzHKJN@é~DOJàHSR�â£ã O 5SHKJÈâ	CEF HSæGR©JMIEH
Cµ
N%R1é~æXâ£ãXHKJ/CGæ

áXH Þ N�R©HÈIGH°F CgáXé~æcáSßcH-IGH°LpãSF C Þ èGH@Jàé Þ Npç£R1é�áSßcHKJ:I|æ/áXé�H�czá	P H Þ Npß£CGDGP N�æcHSF F HSLpH Þ N:æON%PTF P JàãpIEC Þ JÈF HKJpLÈé�IEQSF HKJAIEH
N�æGR�DGæEF H Þ áXH-H Þ æ Þ çaé�P Þ Nm;

Cµ = 0.09
KRO
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íkj ð�ïnÐgÇVÊ É�ÆqË%ï#É�Ë%ï#É�Ì
54N C Þ CGF Ý JàHxIiæ�áSß£CGL çÈP Þ JNC Þ N�C Þ ãxIEH@F C áXé~æcáSßcH IGHpLpãSF C Þ èGHAHKJNÒRÎP áSßcHAIN�P Þ -yéER�LÈCcN«P é Þ�O�B FSçaHSR�LÈHKN�3Gç	C	R~H�iSHSLgçGF H`3
IGH'áXé~Lgç	R©H Þ I|R©H(F Cj-ÎéGR�LMCON%P é Þ HKN´F�NléGR©èEC Þ P J«CON%P é Þ IGH�F+NlãXáXé~æGF HSLÈH Þ N°N é~æGR DaPTFTF é ÞGÞ CGPTR1H O 5aCÔR1HSç£R©ãKJàH Þ N�CcN«P é Þ IEH
F+NlãXáXé~æGF HSLÈH Þ N5H Þ P Jàé�=�JXæERL-ÎC£áXH-IGH�D£COJJàH�ç£R1HKJJKP é Þ çaHSR�LÈHKN5IEH�L/P HSæJi�áOC	R>CcáKN�ãSRÎP JàHSRAF HKJX¥Xé Þ HKJÈIGH�-ÎéGR�N�HgC£áKN«P âGP N�ã
N�é~æGR�DaPûF F é ÞGÞ CGPTR©HÈHKN5I#N�P IGH Þ N%P ä|HSR`CGP Þ JKPdF HKJ:JN�R�æcáKN�æGR©HKJ:áXé~ßcãSR©H Þ N�HKJ O
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D ægIEãSDGæON�IGHzF C/JKPûLgæGF CON%P é Þ 3dF+NlãXáXé~æGF HSLÈH Þ N5HKJNÈç£C	RL-�CGP N�HSLpH Þ NÈDaP I|PTLpH Þ JKP é ÞGÞ HSF�HKNpF CgáXé~æ£áSßcHgIGH�LpãSF C Þ èGH-HKJN
éER�èEC Þ P JàãXHzJàé~æOJ9-yéER�LpHzIGH'R©é~æGF HOCGæJi¹N�é~æGR�DaPûF F é ÞEÞ CaPûR©HKJ-áSR©ãXãKJ�ç£C	RÈF�N�P Þ JNCGDaPûFlP N ã°IGHb¨`HSF âGP Þ =qa`HSFTLgßcé~F Nx¥ O@D æ6- æER
HKN Y LpHKJXæGR©HzåiæcH¹F�NlãXáXé~æEF HSLpH Þ NÈã�â£é~FTæcH`3tF C�áXé~æcáSß£H�IGH¹LÈãSF C Þ èGHzJàHzIGã�â	HSF é~çGçaH�HKNMIGH Þ é~æXâ£HSF F HKJ/JN�R�æcáKN�æGR©HKJ
CEçGç£C	R1CGP JJàH Þ N OcD P Þ JKP+3xF HKJ�R©é~æEF HOCEæJi(F é Þ è~P N�æcI~P Þ CGæJi�éSJàá	PûF F H Þ N�F H�F é Þ è±IGH�F HSæER H Þ â£HSR�è|æGR©H`3tH Þ é~çEçSéSJKP N«P é Þ IEH
çGß	COJàH`3�HKN:JàH�R1HXáXé ÞGÞ HXáKN�H Þ N/ç£C	RxCEçGç£C	RÎP HSLpH Þ NgßcãSFlP áXé`�>IECEF Ot, H¸çGßcã Þ é~LÈQ Þ H�HKJN âGP JKPûDGF H-JXæERAF HKJ�ä~è|æGR©HKJ�{ O /�HKN
{ O .0µ OC?-Þ â£é�P NMCEæOJJKP�JXæGR�F C�ä~è|æGR©H�{ O .0µ!å|æcH�IGHKJgN é~æGR DaPTFTF é Þ JMJàHXáXé Þ IECGPTR1HKJ�F é Þ è~P N%æ£I~P Þ CEæJi´Jàé Þ N-ãKN«PûR©ãKJ-IEC Þ J
N�é~æON�HKJÈF HKJ:I~PTR©HXáKN%P é Þ J O 5�NlãXáXé~æEF HSLpH Þ N5IGH�âEP H Þ N5N%R1QKJ:N%RÎP I~PTLÈH Þ JKP é ÞEÞ HSFGHKN£-ÎéGR�N�HSLpH Þ NAN�æGR�DGæEF H Þ N O
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íkj ÈsØ�Î�ð�í¹ìiíVÐ6Ì~îlï#É�Ñií
Î1ÈsØ#Ï�ëií
D â	C Þ N�INlHRd�HXáKN�æcHSRÈIGHKJ�áOCEF áSæGF J�JXæGR@IGHKJÆáXé Þ ä~è|æGR1CcN«P é Þ J�áXé~LgçEF H�i	HKJb;�P Þ â£HSR�JàHSæERpIGHÔçSé~æcJJàãXH K 3 Þ é~æOJ´CXâ£é Þ J
T%æOèGã°æON%PTF H@IGHMN�HKJN HSR�IN CEDaéGR©I'F HKJAáOCEç£C£á	P N�ãKJMç£R©ãXI|P áKN%P â£HKJ:I|æ/áXé�IGH<5 W~Ü JXæGRÒF C-áXé~æcáSßcH-IEH LÈãSF C Þ èGHm-yéER�N�HSLpH Þ N
áXé~æGR DSãXH-IEH , CcJN�R©é�HKN©Q�R1C£IaJXß£C�Þ u . G w O
54NlãXáXé~æGF HSLpH Þ N^áXé Þ JKP JN�HAH Þ æ Þ T HKNxçGF C Þ â	H Þ C Þ NAPûLgç£C£áKN�HSR�JXæER<æ Þ HMç£C	R©é�P�çaHSR�çaH Þ I~P áSæEF CGPTR©H O 5SHKJ5R1ãKJXæGF NCON J�H�i�çaãR=
RÎPûLpH Þ NCEæJi�LpHKN N H Þ NAH Þ ã�âGP IGH Þ áXHzF+NlHRd�HKN5IGH�F CgáXé~æGR�DGæER©H-JXæGRÒF HpNCEæJi�INlé~æOâ£HSR�N�æGR©H/IGH�F C/áXé~æcáSß£H/IGHzLÈãSF C Þ èGH
;R©ãXIiæcáKN«P é Þ IiæÈNCEæJigINlé~æXâ£HSR�N�æGR©H ç£C	R�R1CEçGçaéGR�N Y æ Þ HÈáXé~æcáSßcHMIGH LpãSF C Þ èGHgçGF C Þ H KROsU N CGæON�R©Hgç£C	R�NR3dF CpáXé~æER�DGæGR©H
C�æ Þ HRd<HKNgJNCGDaPûFlP J«C Þ N®;F H Þ P â£HOCEæ'IGH´N�æGR�DEæGF H Þ áXH¹I|PTL/P Þ æcH´IEC Þ J¹F C'áXé~æcáSßcH!IEH�LÈãSF C Þ èGH KROXW�Þ COâ	CGF`IGH¨F C
R©ãKè~P é Þ áXé~æGR DSãXH`3AF CÆáXé~æcáSßcHÆIGH'LpãSF C Þ èGH'R©HKN é~æER Þ H�CcJ Ý LgçcN éSN%P å|æ£HSLpH Þ N Y æ Þ ãKNCON-IGH¸áXé~æcáSßcHÆIGH!LÈãSF C Þ èGH
çGF C Þ HpáSF COJJKP å|æcH�;F H�NCGæJigINlé~æOâ£HSR�N�æGR©H°R©HKN�R©é~æXâ£H æ Þ H@â	CEF HSæGR�F ãKèGQSR1HSLpH Þ NÒJXæGçaãSRÎP HSæGR©H Y áXHSF F H�IN�æ Þ HMáXé~æcáSß£HÈIEH
LÈãSF C Þ èGH�çGF C Þ H KRO 5SH¸R©ãKJXæGF N�CcN-F H¸çGF æcJ@JXæGR�ç	R©H Þ C Þ NMIGHKJ°LpHKJXæGR©HKJÈIGH , CcJN�R©é�HKN9Q�R1C£IaJXß£C�Þ�HKJN@å|æcH�áXH¸R©HKN é~æER
Þ H�Jàé�P N°ç£COJ¸Lpé Þ éSN�é Þ HfÒ^CGç	R©QKJ°COâ£é�PûRAI~PûL/P Þ æcãzJàé~æOJ�F+NlHRd�HKNMJNCGDGPTFlP J«C Þ NpIGH'F CÆáXé~æGR�DGæER©H`3xF HKJgå|æ£C Þ N%P N�ãKJ/N%æERL=
DGæEF H Þ N�HKJ@CGæcè|LpH Þ N�H Þ NMR1CEçaP IGHSLÈH Þ N:HKN5IEãSç£COJJàH Þ NÈF HKJ â	CEF HSæGR�Jpé~DON H Þ æcHKJ@IEC Þ J/F CgáXé~æcáSß£HgIGHzLÈãSF C Þ èGHzçGF C Þ H O
5SHKJzCGæON�HSæGR�J�é Þ Ngâ£ãSRÎP ä|ãÆå|æcH´áXH´IGãSç£CcJJàHSLpH Þ N Þ NlãKN�CGP N�ç£COJ�I�@ Y IGHKJÆP Þ JNCON%P é ÞEÞ C	RÎP N�ãKJ Y D£COJJàH6-�R©ãXå|æcH Þ áXH
;D£CcN N HSLÈH Þ N K IEH�F C áXé~æcáSßcHgIEH�LpãSF C Þ èGH O
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U C Þ J�F H¸áOC£I|R©HÆIGH�F CÆN�ßcQKJàHÆIGHV5 O Q�FlP Þyu .0v�wx3`IGHKJ�áOCGF áSæGF J
5 W~Ü { U é Þ NgãKN ã�R©ãOCEFlP JàãKJ/JXæGR áXHKN»N�H�áXé~æcáSß£HÆIEH
LÈãSF C Þ èGH-áXé~æGR�DaH COä Þ IN CEçGç	R©ãSßcH Þ IEHSR:F HKJ�áOC	R1C£áKN ãSR�P JN%P å|æcHKJ:JXç	CON%P é�=�N�HSLgçaéGR1HSF F HKJ:IGHgáXHKN ãXáXé~æEF HSLpH Þ N O 5SHKJ@IEãR=
NCaPûF JtIGHÈáXHKJAáOCEF áSæEF JxJàH@N%R1é~æXâ£H Þ NxI�C Þ JÈF C°R1ãR-yãSR©H Þ áXH u .JI1w�T é�P Þ N�H@H Þ C ÞGÞ H�i	H O ]iC	R�Jàé~æcá	PGIGHÈáXé Þ á	P JKP é Þ 3 Þ é~æOJ Þ H
ç	R©ãKJàH Þ N�é Þ JMP á	P�å|æcHzF HKJ-R©ãKJXæGF NCcN»JÈF HKJMçGFTæOJ-LÈC	R©åiæ£C Þ N»J@IEH/áXHKN»N�H-ãKN�æcIGH O
5aC@ä�è|æER©H³{ O .1.9; Y I|R1é�P N�H K ç£R1ãKJàH Þ N HgF�Nlã�â£é~FTæON%P é Þ I|æ°LÈCSiEPûLgæGL IGHKJxå|æ£C Þ N%P N�ãKJtN�æGR�DGæGF H Þ N�HKJ¤;�ã Þ HSR�è~P H�á	P Þ ãKN%P åiæcH
HKNxá	P J«CaPûF F HSLpH Þ NÒN�æGR�DGæEF H Þ N K F H°F é Þ èzIGH�F C-áXé~æcáSßcHgIGH°LpãSF C Þ èGH OD N%P N�R©H@áXé~L ç£C	R1CcN«P -|3 Þ é~æOJ@COâ£é Þ J-R1HSçSéER�N�ãpJXæER
áXHKN N H�Lm¯SLÈH-ä~è|æGR©HÆF HKJ Þ P â£HOCEæJi¸IGH°N�æGR�DGæEF H Þ áXH¸R©HSF CcN%P -yJ Y æ Þ H�áXé~æcáSß£H°IEH¸LÈãSF C Þ èGH¸çGF C Þ H°IEC Þ J°F HKJgL©¯SLpHKJ
áXé Þ I|P N%P é Þ J u . § w@CaP Þ JKP�åiæcH�F HKJgáOCEF áSæGF J AsD : Ü ;Lpé�IGQSF H

k − ε
HKNzLpé�IGQSF H A�Ü 7 K HRd�HXáKN�æcãKJ�ç	C	Rm±ÒPûDOJàé Þ HKN

A é�I|P u { G w O%?MÞ R©HSLMC	R©å|æcH¸å|æcH¹F Cj5 W|Ü çaHSR�LÈHKN Þ é Þ JàHSæGF HSLÈH Þ NÈIEH¹R©HSç	R©é�IiæaPTR©H!F�N CELpéGR©N«P JJàHSLpH Þ N@IEH¹F C�N%æERL=
DGæEF H Þ áXH IEC Þ JgF C�R©ãKè~P é Þ IGH9-yéER�N HgáXé~æGR�DGæGR1H�;

10 <s< 70
K 3`LMCaP J:ãKèECGF HSLpH Þ N:IGH�R©HKN%R1é~æXâ£HSRr3½H Þ C£áXáXéGR©I¹COâ£HXá
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F+NlH�i�çaãSRÎP H Þ áXH`3<F+N CGL çGFlP ä~áOCcN%P é Þ I|æ Þ P â£HOCGæ�ã Þ HSR�èGãKN%P åiæcH/IEC Þ JgF C9¥Xé Þ H IGH�R1HSF CSiSCON%P é Þ ;
s > 70

áSL K H Þ COâ	CGF~IGH
F C/áXé~æGR�DEæGR©H O
54N C Þ CGF Ý JàH@IiæÈáSß£CELgç°P Þ JN�C Þ NC Þ ã@IGH�â£éGR�N%P á	P N ã9;yä�è|æGR1H©{ O .1. K C°çSHSR L/P JAIN�P IGH Þ N«P ä~HSR`F HKJtJN�R�æcáKN�æGR©HKJxáXé~ß£ãSR©H Þ N�HKJ
ç	R©ãKJàH Þ N�HKJÒIEC Þ J�F�NlãXáXé~æGF HSLpH Þ N O�W�Þ H Þ N�R©ãXH I|æpIGé~LMCaP Þ H:IGH:áOCEF áSæGF£HKN^COâ	C Þ N5F H áXé~æcIGH`3iF+NlãXáXé~æGF HSLÈH Þ N`HKJN^HKJJàH Þ =
N%P HSFTF HSLpH Þ N�éER�èEC Þ P JàãpJàé~æOJMF C©-ÎéGR LpHÈIGH°R©é~æGF HOCEæJigN�é~æGR�DaPûF F é ÞGÞ CGPTR©HKJAJXæaP â	C Þ NpF C-I~PûR©HXáKN%P é Þ

x3

OsWdÞ JXæaP N�H`3 Y áOCGæcJàH
IGH F CgáXé~æGR�DGæER©H`3|áXHKJÈR1é~æGF HOCEæJigJàé Þ NxãKN%PTR1ãKJAIEC Þ JMF C-I|PTR©HXáKN%P é Þ IGH°F�NlãXáXé~æEF HSLpH Þ NxHKN�F HKJ5HRd�HKN J5N%RÎP I~PTLÈH Þ JKP é ÞEÞ HSF J
IGH�âEP H ÞGÞ H Þ NMIEH¹çGF æcJ/H Þ çGFTæOJ�PTL çSéER�NC Þ N J OeD ç£R1QKJ�F HzáXé~æcIEH`3`é Þ!Þ éSN�H¹F C®-ÎéGR�LMCON%P é Þ IGH Þ é~æXâ£HOCEæJi¹ä�F CELpH Þ N J
IGHgâ£éER�N«P á	P N�ã I�C Þ J°F C�I~PTR©HXáKN%P é Þ â£HSR©N«P áOCGF H Ot, HKJpJN�R�æcáKN�æGR©HKJpJàé Þ N/F C�áXé Þ JàãXå|æcH Þ áXH�I~PTR©HXáKN�HgIEH¸F+NlãKN«PûR©HSLpH Þ N IEHKJ
R©é~æEF HOCEæJi�IGH¹N�é~æGR�DGPTF F é Þ JzIEC Þ J¹F H´JàH Þ J�IEH¨F�NlãXáXé~æGF HSLpH Þ N O ]|é~æGRgF C±L©¯SLpH¨F é Þ è|æcHSæGR@IGHb¥Ké Þ H!IGH±LÈãSF C Þ èGH
;L©¯SLpH@I|P JNC Þ áXH ç£C	RÒR1CEçGçaéGR©N Y F C�çGF C£å|æcHMIGHÈJàãSç£C	R>CON%P é Þ�K 3|áXHKJAä�F CGLÈH Þ N JAIGHpâ£éER�N«P á	P N�ã Þ HÈJàé Þ N@ç£COJÈç	R©ãKJàH Þ N J
IEC Þ JÈF�NlãXáXé~æGF HSLpH Þ NtIEHÈáXé~æ£áSßcHMIGHgLÈãSF C Þ èGH çGF C Þ HÈHKNtJàé Þ NtIGé Þ ám-ÎéGR�N�HSLpH Þ N:FlP ãKJ Y F C-áXé~æER�DGæGR©H´;�IGãR-ÎéGR LÈCcN«P é Þ
IGHKJ°JN�R�æcáKN�æGR©HKJgJàé~æcJ¸F+NlHRd�HKN-IGH�F C!áXé~æGR�DGæGR1H KRO\U H�çGFTæOJS3�CEç	R©QKJ´F C´áXé~æGR�DEæGR©H`3 F�NlãXáXé~æGF HSLpH Þ N°C¨æ Þ áOC	R1C£áKN QSR1H
N�RÎP I|PTLpH Þ JKP é ÞGÞ HSF<çEF æOJ�LMC	R©å|æcã¸å|æcH¸IEC Þ J�F C¸áXé~æcáSßcHÆIGH¹LÈãSF C Þ èGH¹çGF C Þ H Of, HKJ/IGHSæJi!áXé Þ JN�CcNCON%P é Þ J�çSHSæOâ£H Þ N
H�i�çEFlP åiæcHSRtF C9-ÎéGR�N�H/CGæcè|LpH Þ NCON%P é Þ IGHzF C/N%æER�DGæGF H Þ áXH/H Þ COâ	CEF�IGH�F C áXé~æGR�DGæGR1H®;yâ£é�PTR�ä�è|æGR1H�{ O .1. KRO

í�� É�ÖEíÏ�Æ�í�Ø#Ï:ìiíVÇ#ÈsØ�ÆRÆ�ÌGí
ExÞ HgáXé Þ ä~è|æGR1CcN%P é Þ JKPTL çGFlP ä~ãXH-IN�P Þ â£HSR�JàHSæER�IEH�çaé~æOJJàãXH Y çSéER�N�H C�ãKN�ãgH Þ JXæaP N H ãKN%æ£I~P ãXH Þ æGLpãSR�P å|æcHSLÈH Þ N/ç£C	R
JKPûLgæGF CON%P é Þ J AsD : Ü HKN£5 W|ÜeO 5SHKJ`áOCEF áSæEF J�é Þ N`ãKN ãAáXé~Lgç£C	R©ãKJ Y IGHKJALpHKJXæGR©HKJ^H�i�çaãSRÎPTLÈH Þ NCGF HKJtç£C	R D Þ ãSLpé~LÈãKN%R�P H
U é~çGçEF HSRP5SCcJàHSR�; DXU 5 K R©ãOCGF P JàãXHKJ:JXæGR�áXHKN N H/áXé Þ ä�è|æGR>CON%P é Þ�O 5SHKJpIGãKNCGPTF J�IEH áXHKJ@áOCEF áSæEF J�JàHgN%R©é~æOâ£H Þ N�IEC Þ J°F HKJ
R©ãR-ÎãSR©H Þ áXHKJ u .0v3@.JI`w O
ExÞ IGHKJzR©ãKJXæGF N�CcN»J°LÈC	R1å|æ£C Þ N»J IGHzáXHKN»N�HzãKN�æcIGHzHKJNpåiæ�NlH Þ çGFTæOJ/IGHKJ�P Þ JN�CEDaPûFlP N�ãKJ Þ CON�æGR©HSFTF HKJMIGH¹F C�áXé~æcáSßcH�IEH
LÈãSF C Þ èGH`3�áXéER�R©HKJXçaé Þ IEC Þ N CGæ-IGã�ä�F HSLÈH Þ NtN�é~æGR�DaPûF F é ÞEÞ CaPûR©H@IEH´¨`HSF âGP Þ =qa^HSF Lgß£é~F N|¥�3dF HKJ5áOCGF áSæGF J©5 W|Ü é Þ N�LgP JxH Þ
ã�âGP IGH Þ áXH�æ Þ D£CcN»N�HSLpH Þ NzF CON�ãSR1CEF Y D	COJJàH6- R1ãXå|æcH Þ áXHV;

f2 ' 594Hz
K IGH'F C´áXé~æcáSßcHÆIGH�LpãSF C Þ èGH!P JJXæcH¸I|æ

DaéGR1I°IEHpIGã�âEP CcN«P é Þ�O 5aC�¥Xé Þ HÈé�[/áXH D£CON N�HSLpH Þ NtHKJN:F H/çGFTæOJ@PûLgçaéGR©N�C Þ NÒáXéGR�R1HKJXçSé Þ I Y F C°R©ãKè~P é Þ é�[ÈJàH ç	R©é�IiæaP N
æ Þ CGçGç	C	RÎP HSLÈH Þ N�N é~æGR DaPTFTF é ÞGÞ CGPTR1H¸H Þ N�R©H¹IGHSæSi¤R©é~æGF HOCGæSi¨IGH´N�é~æGR�DaPûF F é Þ J JXæ£áXáXHKJJKP -yJ O£, H¨D£CcN»N�HSLpH Þ N�C�çaé~æGR
HRd<HKN5I#N CGæOè|LÈH Þ N�HSRAF HKJPª�æcáKN�æ£CcN«P é Þ J@IGH-âGP N�HKJJàH OD P Þ JKP¸3�F éGR©Jàå|æcHzF HzD£CcN»N�HSLpH Þ NÈF CcN�ãSR1CGF�IGH�âGP H Þ NÈPTLgçaéER�N�C Þ NR3<F C
ª�æcáKN�æ£CON%P é Þ N�R1C Þ J�â£HSR�J«CEF H°IGH�âGP H Þ N�JXæGçaãSRÎP HSæGR©H Y F C�ª�æcáKN�æ£CcN«P é Þ F é Þ è~P N%æcI|P Þ CEF H`3�áXé Þ N�R1CaPûR©HSLpH Þ N@CGæJi'R1ãKJXæGF NCON J
áSF COJJKP å|æcHKJ¸I#N�æ Þ H�áXé~æcáSß£H±IGH¤LpãSF C Þ èGH¤çGF C Þ H Om, HKN»N�H�N H Þ I�C Þ áXH`3pé~DOJàHSR�â£ãXH¨H�i�çaãSRÎPûLpH Þ NCGF HSLpH Þ NR3 HKJN!DaP H Þ
R©HSç	R©é�I|æaP N H�ç£C	RAF HKJ:áOCEF áSæGF J�5 W|ÜeO
5SHKJxáOCEF áSæGF J AsD : Ü HRd�HXáKN�æcãKJ5COâ£HXápIGHKJ@LÈé�IGQSF HKJ Y IGHSæJigãXå|æ£CcN%P é Þ J5IGH@N�R1C Þ JXçaéGR�NP;D£CcJàãKJAHKJJàH Þ N«P HSF F HSLÈH Þ N�JXæER
I|æ

k − ε
K é~DON%P H ÞEÞ H Þ NR3�JXæGR áXHzN Ý çaH�IEH�áXé Þ ä~è|æGR1CcN«P é Þ 3�IGHKJ�R©ãKJXæEF NCON J-è|F é~D£CEF HSLÈH Þ N�LÈCEæXâ	CGP J�;L©¯SLpH�COâ£HXá

IGHKJ¸LpãKN�ßcé�IGHKJ COâ	C Þ áXãXHKJ°áXé~L LpH!F+N DtÜ 7 KRO 5aC´I~P JN�RÎPTDEæON«P é Þ IGH'ç£R©HKJJKP é Þ F H!F é Þ è�IGHKJ¸ç£C	R©é�P JgHKNzç£C	RL-Îé�P J¸F HKJ
ç	R©é	ä�F JgIGH�âGP N�HKJJàHKJzLpé Ý H ÞEÞ HKJ Jàé Þ NMáXéER�R©HXáKN�HSLpH Þ N�ç	R©ãXI~P N»JS3tLMCaP JzF HKJ/JNCcN«P JN«P å|æcHKJ-INléGR1I|R©H�v!Jàé Þ NMN é~æ|T»é~æER�J
LMCGF�R1HSç£R©ãKJàH Þ N ãXHKJ OfU N CEç£R1QKJ Þ éSJzR©ãKJXæGF N�CcN JS3`F C!ç	RÎP Þ á	PTç£CEF HzáOCEæOJàHzIGHzáXHKJ/HSR�R1HSæGR�JzR©ãKJKP IGH�IEC Þ J�F H�-�CaP Npå|æcH!F HKJ
P Þ JN�CcN%P é ÞGÞ C	R�P N�ãKJ Y è|R1C Þ IGH�ãXáSß£HSF F H Þ HzJàé Þ N°ç£COJ�ç£RÎP JàHzH Þ áXé~L çON H´ç	C	RpF HKJ-CEçGç	R©é�áSßcHKJ AsD : ÜeO�U H´çGF æOJS3xF HKJ
áOCEF áSæGF J A�D : Ü¨Þ Nlé Þ NMç£CcJ�IGãSLÈé Þ N%R1ã�F HSæGR�áOCEç£C£á	P N�ã Y ç£R©ãXI|PTR©H�F HKJ�HRd�HKN J:IGH/áXé~æGR�DEæGR©H O
5aC�5 W|Ü JSN CXâ	QSR©H5CGP Þ JKPcP Þ I~P JXçaH Þ J«CEDGF H@çaé~æGR�áOC	R>CcáKN�ãSRÎP JàHSR�H Þ IEãKN�CGPTF	F�NlãXáXé~æGF HSLpH Þ N<IEC Þ J5æ Þ éGR�èEC Þ H5IGH�ç	R©é~çGæEF JKP é Þ
HKNpR©HSç£R1é�I|æGPTR©H/áXéER�R©HXáKN�HSLpH Þ NÈF HKJMR©ãKJXæEF NCON J:H�i�çaãSRÎPTLÈH Þ N�CEæJi O
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�9�G�9�ÆF Ø�¼5�f(%)+*t$Ä*tÂs½0º Hs"@�q¾� ½0"%(#I
, HKN N H¹ç	C	R�N«P H'R1HSF CcN H'F�NlãKNCON-IN COâ	C Þ áXHSLpH Þ N�IGHKJ N%R1COâ	CEæJi�HRd<HXáKN%æcãKJzCEæ�F CGDaéER1CON�é�PTR1H�IEC Þ J´F H�áOC£I|R©HÆIGH�F C

N�ßcQKJàH/IGH Ü CGL æcHSF U æGDaéSJpáXé Þ áXHSR Þ C Þ N/F C JKPTL æGF CcN%P é Þ IGHKJpè|R1C Þ IGHKJÈJN%R�æ£áKN%æGR1HKJ�H Þ ãXáXé~æEF HSLpH Þ N5JXæEçSHSR©Jàé Þ P å|æ£H
IGãXáXé~FTF ã O 5SHKJ¹ç£R1é~DGF QSLÈHKJÆR1H Þ áXé Þ N�R©ãKJ�IEC Þ J!F H´IGé~LMCaP Þ H¹IGH±F C±ç	R©é~çGæGF JKP é Þ JXç	CON%P CEF H`3 Þ éSNCGL LpH Þ NÆF C Þ CcN%æGR1H
P Þ JN�CEDGF H@I|ægIEãXáXé~F F HSLÈH Þ NxIGH£T HKNxHKN5IGHKJ:áSß£C	R�èGHKJMF CcN�ãSR1CGF HKJ5I�C Þ JMF HKJAN�æ Ý QSR©HKJ:JXæGR©IGãKN�H Þ I|æ£HKJS3�T«æcJN«P ä~H Þ N@çGF H	P Þ HR=
LÈH Þ N@F HKJ@P Þ â£HKJN%P èECcN«P é Þ J5H Þ áXé~æGR�J�áXé Þ JKP JN�C Þ NR3~I�C Þ J-æ Þ ç	R©HSL/P HSR<N HSL çOJS3 Y JKPTL æGF HSR�F HÈáXé~L çaéGR�N�HSLpH Þ N5IN�æ Þ H
áXé~æcáSß£HzFlPûL/P N�H�N�æGR�DEæGF H Þ N�H-JXæGçaHSR�Jàé Þ P å|æcH-HKN5Jàé Þ P Þ N HSR>CcáKN%P é Þ COâ£HXázæ Þ H/é Þ IGHgIGH/áSßcé�á O
5SHKJ�JKPTL æGF CcN«P é Þ J�HRd<HXáKN%æ£ãXHKJÒJàé Þ N�N�RÎP I|PTLpH Þ JKP é ÞGÞ HSFTF HKJ�HKNxP Þ JNCcN«P é ÞGÞ CGPTR©HKJ5æON%PTFlP J«C Þ NÒF H5Jàé~F â£HSæER@5 W|Ü ;ç	R©ãXáXãXIGHSL¤=
LÈH Þ NpIGãXáSR�P N K IEC Þ J�F HXå|æ£HSF Þ é~æOJ°CXâ£é Þ JzP Þ N�ãKè|R©ãzIGH Þ é~æXâ£HSF F HKJgáXé Þ I~P N«P é Þ J/CGæSi¨F PTL/P N HKJ�;�áXé Þ I~P N«P é Þ J/IGH Þ é Þ =
R©ãRª|H�iEP é Þ©u 21¶`w K H Þ çGFTæOJ`Iiæ5JàáSß£ãSLÈCÈL/P i£N�H�çaé~æGR~IGãXáSRÎPTR1H�F CÈç	C	R�N«P HAáXé Þ â£HXáKN«P â£H5IGHKJ`ãXå|æ	CON%P é Þ J�IGH©:^COâGP HSRL= Ü N é�_%HKJ
áXé~L ç£R©HKJJKPûDGF HKJ�ä�F N%R©ãXHKJ^; CGæ:JàH Þ J^IGH©8SCXâER1H KRO ]iC	R1CGFTF QSF HSLpH Þ NR3Eæ Þ HpLÈãKN%ß£é�IGHAIGH5èGã Þ ãSR1CcN«P é Þ IGH áXé Þ I~P N%P é Þ J`INlH Þ =
N�R©ãXHÈN%æER�DGæGF H Þ N H-H�i�P JNC Þ N�H u�G {43�¶�.`3n¶�I`w�C ãKN�ã�Lpé�I~P ä~ãXH´; COä Þ IGHzF�N C£IECEçON�HSR`CGæSi°JKPTL æGF CcN%P é Þ J áXé~Lgç	R©HKJJKPTDEF HKJ K
HKNzP Þ N�ãKè|R©ãXH´IEC Þ J¹F HÆáXé�IGH´IGH¹áOCEF áSæEF O ±tR*D£áXH Y áXHKN N H�LpãKN�ßcé�IGH`3 F�NlãXáXé~æGF HSLpH Þ N¸çSHSæcN�ç	R©é�IiæaPTR©HÆJàHKJÆç£R1é~ç£R©HKJ
áXé Þ I|P N%P é Þ JxI#NlH Þ N%R1ãXH Y ç	C	R�N«PûR�I#N�æ Þ ç£R©é�áXHKJJXæOJ5IGHgR1H Þ éGR�LMCGF P J«CcN«P é Þ IN�æ Þ ç	R©é	ä�FGIGH@âGP N�HKJJàH:JKP N�æcã Y æ Þ HÈJN�CcN«P é Þ
ç	R©é�áSßcHMIGH�F CMJàéER�N%P HÈI|ægIGé~LMCaP Þ HMIGHMáOCGF áSæGF O�, HSF CMJXæGçEçSéSJàH�F C-áXé ÞGÞ CGP JJ«C Þ áXH`3½CEæ�çGF C Þ INlH Þ N%R©ãXH`3|IGH�F CÈâ	CEF HSæGR
IGHÆF C°âGP N�HKJJàHgIEH´- R©éSN N�HSLpH Þ N

uτ = τ
1/2
p

3�é�[
τp = ν(∂u/∂y)|p

HKNpIGHÆF�NlãSç£CGP JJàHSæGRÒIGH�áXé~æcáSß£H´FlPTLgP N�H Oe, HKN»N�H
LÈãKN%ßcé�IGH�ç	R©ãKJàH Þ N�H�F�N COâ	C Þ N�CcèGHgIEH�R©ãXI|æaPûR©H�F H-IGé~LMCaP Þ H-IGH/áOCEF áSæEF�HKNAIEH/áXH�-�CaP N�F H-áXéA@ON:IGH�F C/JKPûLgæGF CON%P é Þ�O

íkj ÈsØ�Î�ð�í�î�Ê Ð
Ê�Ë«í6ËSØ#Ï�ë#Øiîlí�É�Ë%ígÆ0Ø#Çií�ÏrÆRÈsÉ�Ê+ÚeØ�í
5aC¹áXé~æcáSß£H�F PTLgP N�H�JXæGçaHSR�Jàé Þ P åiæcH¸ãKN�æcI~P ãXH'çaéSJJàQXIGH�F HKJ�Lm¯SLpHKJ°áOC	R1C£áKN ãSRÎP JN«P å|æcHKJ°å|æcH´áXHSF F H¹P Þ JN%R�æELpH Þ N�ãXH Y
F+N BLA ]%a W u v�.`3 § /�w�çaé~æGR:F�NlãKN�æcIGH�IGHÆF�N�P Þ N�HSR1CcáKN%P é Þ é Þ IEHzIGH�áSßcé�á�«	áXé~æ£áSßcH¹FlPûL/P N H®;

M∞ = 2.3
HKN/æ Þ!Þ é~LgD	R©H

IGH A H ÝEÞ é~F IGJ°D	COJàã°JXæGR F�NlãSç	CaP JJàHSæGRÒIGH åiæ£C Þ N«P N ãÆLpé~æOâ£HSLpH Þ NR3
Reθ

=5000
KRO 5SHKJÈI~PûLpH Þ JKP é Þ JgçEß Ý JKP åiæcHKJ-I|æ

IGé~LMCaP Þ H!IGH�áOCGF áSæGF�Jàé Þ NÆF HKJzJXæaP âSC Þ N�HKJ@Ò
Lx ≈ 15 δ

3
Ly ≈ 6.5 δ

HKN
Lz ≈ 0.6 δ

COâ£HXá
δ = 10.83mm;F+NlãSç£CaP JJàHSæGR IGH�F C¹áXé~æcáSß£H¨FlPTLgP N�H Y F+NlH Þ N%R1ãXH¸I|æ!IEé~LÈCGP Þ H KROPB Fe-�CGæONgJ«CXâ£é�PûR:å|æcH�F HKJ�I~PTLÈH Þ JKP é Þ J�R©ãXHSFTF HKJ IEH

F+NlH�i�çaãSRÎP H Þ áXH@Jàé Þ N:DaHOCGæ£áXé~æGç�çGFTæOJ�PûLgçaéGR�NC Þ N HKJ O 5SCzß£CGæcN HSæGR<I|æ/IEé~LÈCGP Þ H R©HKN�H Þ æcHgP á	PGC-ãKN ã%T%æOèGãXH@JXæ!c°J«C Þ N�H
çaé~æGR5ã�âGP N�HSR@F HKJ/HRd�HKN J/IGH�áXé Þ ä Þ HSLÈH Þ NgIGH'F CÆáXé~æcáSßcH'FlPûL/P N�H OcU H¹F C�L©¯SLpH¹LMC Þ P QSR©H`3�JàHSæGF H¹æ Þ H'ç£C	R�N%P H�IEH
F+NlH Þ â£HSR�è|æGR1H R1ãXHSF F HpIGH°F C�çEF C£å|æcHMHKJN�ç	RÎP JàHÈH Þ áXé~LgçON�H�;�.�«4.0µ������ KRO 5SH°LÈCGPTF F COèGHgæON%PTFlP Jàã�HKJNÒJN�R�æcáKN�æGR©ã`3�æ Þ P -ÎéGR =
LÈãSLpH Þ N/R1ãSç£C	R�N%P½IEC Þ J°F HKJÈI|PTR©HXáKN%P é Þ J

x
HKN

z
HKN/R1HKJJàHSR�R©ã°IEC Þ J°F CzI~PûR©HXáKN«P é Þ´Þ éGR�LMCGF H Y F C¹ç£C	R©é�PdH Þ JXæGP â	C Þ N

æ Þ H´F é�P½H Þ NC Þ èGH Þ N�H´ß Ý çaHSR�Daé~FlP å|æcH OfB F½áXé~L ç£R©H Þ I
2.34
L/PûF FlP é Þ J@IGH´çaé�P Þ N»J�R©ãSç	C	R�N«P J-IGH´F C®-ÎC�¬Xé Þ JXæaP â	C Þ N HfÒ

240 ×150 × 65
LMCaPûF F HKJÈCXâ£HXá¸æ Þ HÆR©ãKJàé~FTæON%P é Þ JXç£CON%P CEF H IGH

∆x+ =40
3
∆z+ =7

HKN
∆y+

min =1
;F HKJpN�CGPTFTF HKJ

IGHKJ�LÈCGPTF F HKJÈH Þ æ Þ P N ãKJ/IEH¹ç£C	R©é�P�ãKNC Þ N-IGãKN�HSR�LgP Þ ãXHKJ Y ç£C	R�N%PTR5IGH¹F C�âEP N�HKJJàH°IEH®-�R©éSN»N�HSLpH Þ NpH�i�çaãSRÎPûLpH Þ NCGF H`3
uτ = 24.75 m.s−1

KRO 5	HKJ:áXé Þ I|P N%P é Þ J�CEæJi¸FlPûL/P N HKJS3EI�C Þ J-F C/I~PûR©HXáKN%P é Þ IGH�F�NlH Þ â£HSR�è|æGR©H-IEH F CzçGF CcåiæcH<;
z
K 3|Jàé Þ N

çaãSRÎP é�I~P å|æcHKJ^áXHAå|æGPOJXæGçGçaéSJàH å|æcHÈF�NlãXáXé~æGF HSLpH Þ NÒLÈé Ý H Þ HKJNÒç£C	RL-�CGP N�HSLpH Þ NtDGP I~PûLpH Þ JKP é ÞGÞ HSF O ]|é~æGR<F C5JàéER�N%P H`3£IEHKJ
áXé Þ I|P N%P é Þ JtJXæEçSHSR©Jàé Þ P å|æ£HKJ³;�H�i£N�R1CEçSé~F CON%P é Þ`K é Þ NtãKN�ã/R©HKN�H Þ æcHKJ O�W�Þ ä Þ 3�F HKJxáXé Þ I~P N«P é Þ JAI#NlH Þ N%R1ãXH�Jàé Þ NÒèGã Þ ãSR1ãXHKJ
ç£C	RAF C�LpãKN�ßcé�IEH-IGHzR©H Þ éER�LÈCEFlP J«CON%P é Þ á	P N ãXH°ç	R©ãXáXãXIGHSL LpH Þ N O
5SH¹áSß£CELgçÔP Þ JNC Þ N�C Þ ã¨çaHSæON<¯KN%R©HÆâEP JXæ£CEFlP JàãÆH Þ N HSR LpH´IGH!IGH Þ JKP N�ã O 5SC!ä~è|æGR©Hj{ O .0v�R1ã�â£QSF H¨F C�ç	R©ãKJàH Þ áXH!IEH
JN�R�æcáKN�æGR©HKJ-éGR©èEC Þ P JàãXHKJ
l£DGæGF èGHKJ�l´ç	R©ãKJàH Þ N�HKJ Y F C�- R1é Þ N«P QSR©HzH Þ N�R©H¹F C�áXé~æcáSß£H'F PTL/P N H°HKN°F�NlãXáXé~æGF HSLpH Þ N°PTR R©éSN�C0=
N%P é ÞGÞ HSF O ±tF é~D£CGF HSLpH Þ NR3`é Þ é~DOJàHSR�â£H¸åiæcH´áXHKJgJN�R�æcáKN�æGR©HKJ/Jàé Þ N9-yéER�N HSLÈH Þ N°P Þ áSF P Þ ãXHKJ¸ç£C	RMR1CEçGçaéGR�N Y F C�ç£C	R©é�P
HKN:å|æ�NlHSFTF HKJ çSéSJJàQXIEH Þ NMæ Þ -yéER�N�áOC	R1C£áKN QSR©HgN%R�P I~PûLpH Þ JKP é ÞGÞ HSF�áXé~L LpHzF H�ç	R©ãXI~P N-F�NlH�i�çaãSRÎP H Þ áXH O>B F~HKJN:ãKèECGF HSLpH Þ N
çaéSJJKPTDEF H:INlé~DOJàHSR�â£HSRr3�I�C Þ JÈF CpJàé~æOJ5áXé~æcáSßcH@âGP JàåiæcHSæOJàH`3½æ Þ HpI|P JN�RÎPTDGæcN«P é Þ IGH/F C@âGP N�HKJJàH-F é Þ è~P N�æcI~P Þ CGF H@CGF N HSR Þ ãXH
IGH´ª�æaP IGH Y ß£CGæcN H�HKN D£CcJJàH°âGP N�HKJJàH OC, HKJ-JN�R�æcáKN�æGR©HKJ/CEçGçaHSF ãXHKJ�l%JN�R©HOC�_KJ�lgJSNlãKN�H Þ IGH Þ N£T%æOJàå|æcHzI�C Þ J�F C6¥Ké Þ H
F éSèEC	RÎP N�ßGL/P å|æcHÈLÈCGP JÒIGHMLMC Þ P QSR©H:IN CEæONC Þ N5LÈé�P Þ J LMC	R©å|æcãXH�åiæcH-F�Nlé Þ JSNlãSF é�P è Þ H:IGHMF Cgç£C	R©é�P O�, HKJ çGß£ã Þ é~LpQ Þ HKJ
çaHSæXâ£H Þ N^¯KN�R©HgLgP J5H Þ ã�âGP IGH Þ áXH ç	C	RÒF CÈâGP JXæ£CEFlP J«CcN%P é Þ IGHKJ�ª�æcáKN�æ£CcN«P é Þ JÈP Þ JNC Þ N�C Þ ãXHKJ IGHpâGP N�HKJJàH/F é Þ è~P N�æcI~P Þ CGF H
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; CEF N�HSR Þ C Þ áXH-IGH�¥Xé Þ H�çSéSJKP N«P â£HMHKN Þ ãKèECcN%P â£H K ;yä~è|æGR©H�{ O .0{ KRO
, HKJ�JN�R�æcáKN�æGR©HKJ�Jàé Þ N�áXé~æEçGF ãXHKJ-CXâ	HXá�F HKJ/çGßcã Þ é~LÈQ Þ HKJ-IGH�D	CGF C Ý CcèGHzHKN�INlãrT HXáKN«P é Þ l%J!ÞÒHXHSçOJ�lgHKN�l£DGæGR�JN J�l-IEH
ä�F CELpH Þ N J`IEH£ª�æaP IEH O4W�Þ HRd<HKN�3�F H�ª�æaP IGHpD£COJJàHxâGP N HKJJàHxN H Þ I Y ¯KN�R©H5ãrT HXáKN ã5IEC Þ JAF C:I~PûR©HXáKN«P é ÞpÞ éGR�LMCGF H Y F CÈç£C	R©é�P
CEF éER�J5åiæcHzF Hmª�æaP IEH çEF æOJ-R1CEçaP IGHMHKJNxN�R1C Þ JXçSéER�N�ã@â	HSR�J:áXHSF F HR= á	P O#, HKJMçGßcã Þ é~LÈQ Þ HKJ@IGH©-ÎéGR LÈCcN«P é Þ HKN5IGH�R�æGçcN%æGR1H
IGHKJ5JN�R�æcáKN�æGR©HKJAáXé~ß£ãSR©H Þ N�HKJS3~áOC	R>CcáKN�ãSRÎP J«C Þ N�F+NlãXáXé~æGF HSLÈH Þ NÒN�æGR�DGæGF H Þ NR3�JàH³-Îé Þ NxIGH LÈC Þ P QSR1H/P Þ N HSR L/P N N�H Þ N H@IEC Þ J
F C�¥Xé Þ Hzç	R©é�áSßcHzç£C	R©é�P|HKN5Jàé Þ N Y F�NléERÎP è~P Þ HMIGHzF C�ç	R©é�I|æcáKN%P é Þ IEHMN%æGR DGæGF H Þ áXH/IEC Þ J/F C áXé~æcáSßcH�FlPTLgP N�H O
, HKJ<âGP JXæ£CGF P J«CcN«P é Þ JÒçaHSR�LpHKN N�H Þ N<ãKèECGF HSLpH Þ N�IGHxâ£ãSRÎP ä~HSR~å|æcHpF CÈF C	R�èGHSæGR�ç£R�P JàHxH Þ áXé~L çON H@çaé~æGR Þ éSN%R©HAJKPTL æGF CcN%P é Þ
çaHSR�LÈHKNxIGH�R©ãKJàé~æcIiR©H�çGF æcJKP HSæGR�J�l%JN�R©HOC�_�J�l@IGH�F C-Jàé~æOJ�áXé~æcáSß£HMâGP JàåiæcHSæOJàH OtU H°çGF æcJS3iáXHSF CzR1H Þ -yéER©áXH�F HKJMR©HXáXé~L³=
LMC Þ I�CON%P é Þ JÈIGH�haPTLÈH Þ HJ¥ Ó 7°é�P Þ
u�§ v�wÒå|æaP<ç	R©ãXáXé Þ P JàH Þ N/æ Þ H¸F C	R�èGHSæER^INlH Þ â£HSR�è|æGR©HÆLgP Þ PûLÈCEF H-IGH

L+
z = 100; CEçGçaHSF ãXH<l`7�P Þ PTLMCGF48|F é0Þ EtÞ P NSl K áXéGR�R©HKJXçaé Þ I�C Þ N Y F HSæGR�HKJXç£C£áXHSLpH Þ N O�U C Þ JpF H@áOCcJ@ç	R©ãKJàH Þ NR3�F H@IEé~LÈCGP Þ Hgç£RÎP J

H Þ áXé~L çON�H�çSHSR LpHKNAIEH-JKPTL æGF HSR<H Þ âGPûR©é Þ á	P Þ å�IGHgáXHKJ:JN%R�æ£áKN%æGR1HKJ áXé~ß£ãSR©H Þ N�HKJ9;
L+

z = 455
KRO

ExÞ HMáXé~Lgç£C	R1CGP Jàé Þ IEHKJÈR1ãKJXæGF NCON J�5 W|Ü é~DON�H Þ æOJ@COâ£HXá�F HKJÈR©ãKJXæGF N�CcN JAH�i�çaãSRÎPûLpH Þ NCGæSi u v�.13 § /�w�HKN@F C-JKPTL æGF CcN%P é Þ
Þ æELpãSRÎP å|æcH/I~PûR©HXáKN�H/IGH�]�PTR©é`¥J¥Xé~FlP ���	�1�ù u 2 G w Y

M∞ =2.25
HKN

Reθ
≈4000

HKJN5HRd<HXáKN%æ£ãXH O ±tF é~D	CGF HSLpH Þ NR3�F HKJ
R©ãKJXæEF NCON J�5 W|Ü Jàé Þ N N%R©QKJgç£R©é�áSßcHKJÈIGH�F C U : Ü HKN:IGHKJ LpHKJXæGR1HKJ@H�i�çaãSRÎPTLÈH Þ NCGF HKJ:N�C Þ NMçaé~æGRAF H/áSß£CELgçÆLpé Ý H Þ
;yä~è|æGR©H�{ O .JI K åiæcHzçaé~æGRxF HMáSß£CGL ç9ª�æcáKN�æ£C Þ N�;yä�è|æGR1H�{ O . §�KRO
5SH�ç	R©é	ä�FiIGH

U+
vd

HKJN�áXéGR�R1HXáKN HSLÈH Þ N�ã�â	CEF æcã°H Þ H Þ N%R1ãXHgIGH°IGé~LÈCGP Þ Hgè|R*D£áXH Y F CÆLpé�I~P ä~áOCcN«P é Þ CEçGçaéGR�N�ãXH Y F C
LÈãKN%ßcé�IGHpIGH�èGã Þ ãSR>CON%P é Þ IGHÈáXé Þ I~P N«P é Þ JAINlH Þ N%R©ãXH@N%æER�DGæGF H Þ N H�;yâ£é�PûR½ä~è|æGR©H�{ O .JI KRO�W�Þ JSNlãSF é�P è Þ C Þ NtIGHgF+NlH Þ N�R©ãXH`3
é Þ é~DOJàHSR�â	Hpæ Þ H5JXæGR©HKJN%PTLÈCcN%P é Þ IEH5áXHpç	R©é	ä�F£I|æcH Y F C âGP N�HKJJàHxIGH�-�R©éSN»N�HSLpH Þ N�å|æaPcHKJNtF ãKèGQSR©HSLpH Þ N<Jàé~æcJ!= HKJN«PûLpãXH
;�IGH�LÈé�P Þ J:IGH6.0µ�= KROe, H�R1ãKJXæGF NCON5HKJNAIGãKJàéER�LÈCGP J�áSF COJJKP å|æcHMH Þ 5 W|Ü áXé~Lgç	R©HKJJKPûDGF H u {1µ�3n{�.`3s¶�I`w O
ExÞ H�Daé ÞGÞ H¸ç	R©ãXI~P áKN«P é Þ è|F é~D£CEF H IGHKJMN H Þ JKP é Þ JpIEH A H ÝEÞ é~F IaJ-HKJN�é~DOJàHSR�â£ãXH
;yâ£é�PûR`ä~è|æGR©H<{ O .JI KRO 5aCzáXé~Lgç£C	R>CaP =
Jàé Þ CXâ£HXá'F C U : Ü IGHj]�PTR1é`¥R¥Xé~F P�P Þ I|P å|æcH!æ Þ H!F ãKèGQSR©HzJXæGR1HKJN«PûLÈCcN«P é Þ I|æ'çaP á √

u′u′
HKNpJàé~æOJ!= HKJN%PTLMCON%P é Þ IEHKJ

çaP áKJ √
v′v′
HKN √

w′w′
O 5aC!áXé~L çSéSJ«C Þ N�H¸áSR1é�P JàãXH √

u′v′
HKJNgãKèECEF HSLpH Þ NgH Þ CcáXáXéER©IÔCOâ£HXá¨F HKJ¸LpHKJXæGR1HKJ O 5aC
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IGãXáSR1é�P JJ«C Þ áXHzIGHzáXHKJ/áXé Þ N�R1CGP Þ N�HKJ Y LÈHKJXæGR©Hzå|æcH´F+Nlé Þ JSN CEçGç£R1é�áSßcH�IGH¹F C®- R1é Þ N«P QSR©H�IGH´F C¸áXé~æcáSßcH!FlPTLgP N�HgHKJN
áXéER�R©HXáKN�HSLpH Þ N ã�â	CEF æcãXH O
W�Þ N�æGR�DGæGF H Þ áXH�áXé~Lgç	R©HKJJKPTDEF H`3�JKP½é Þ áXé Þ JKP IGQSR1H°åiæcHÆF H Þ é~LgD	R©HzIGHM]`R1C Þ IaN%F~âSCGæON<.°HKNpå|æcH´F HKJ¤ª�æcáKN�æ£CON%P é Þ J
IGH/N HSL çSãSR>CON�æGR©HMN�éSN�CEF H/Jàé Þ N Þ ãKè|FlP èGHOCGDGF HKJ�IEC Þ JgF C áXé~æ£áSßcH�F PTL/P N H`3dPTF�HKJNMçSéSJJKPûDGF HMIGH�R©HSFlP HSRÒF HKJPª�æcáKN�æ£CON%P é Þ J
IGHÈâEP N�HKJJàHMCEæJi´ª�æcáKN�æ£CcN«P é Þ J@IGH/N HSL çSãSR>CON�æGR©H°ç£C	RAF C�R©HSF CcN«P é Þ JXæaP âSC Þ N�HfÒ

√
T ′T ′/T̃

(γ − 1)M 2
∞

√
u′u′/ũ

≈ 1
ç k~elk-è

B FEHKJNpçaéSJJKPTDGF HMCEæOJJKP�I#NlH Þ IGãXI|æGPTR©HzF C-âSCGF HSæGR�IGHKJ@áXéER�R©ãSF CON%P é Þ J5âGP N HKJJàH�«£N�HSLgçaãSR1CcN�æGR©HfÒ

Ru′T ′ =
u′T ′

√
u′2 T ′2

≈ −1
ç k~e �.è

, HKJ^IEHSæJi R©HSF CON%P é Þ J`Jàé Þ N�áXé ÞGÞ æcHKJÒJàé~æOJ F H Þ é~L IGHMR©HSF CON%P é Þ J ÜeAsD ; Ü N�R©é Þ è A H ÝEÞ é~F IaJ D Þ CGF éSè Ý`KROW�Þ ç£R>CON%P å|æ£H`3
F HKJ�áXéGR�R1ãSF CcN«P é Þ J

Ru′T ′

LÈHKJXæGR©ãXHKJ¸Jàé Þ N�IGH(F�NléGR1I|R©H�IGH −0.85
O :`ãOC Þ Lpé�P Þ JS3ÈF HKJ�áOCEF áSæGF J'R©ãXáXH Þ N»JÆIGH U : Ü

;�]�PTR©é`¥J¥Xé~FlP ���Ë�1�ù u 2 G wo3P±tæ£C	R�P Þ P �+�r�1�Æ u {1¶�w K LÈé Þ N�R©H Þ N åiæcH¨F HKJ�áXé�H�czá	P H Þ N»J
Ru′T ′

Þ N CcN»N�H	P è Þ H Þ N å|æcH¹IEHKJ
â	CEF HSæER�J°IEH�F+NléGR©IiR©H¸IEH6=xµ O�§ µ�H Þ IGHSß£éGR�J�IGH�F CM¥Xé Þ H�ç£R©é�áSßcH�ç£C	R©é�P O^, H�R©ãKJXæGF N�CcNgHKJN/áXé Þ ä�R�Lpã�ç£C	RgF CÄ5 W|Ü
å|æGP�N�R©é~æXâ£H�æ Þ áXé�H�czá	P H Þ NMçGFTæOJ/ç	R©é�áSß£HgIGHKJ�JKPûLgæGF CON%P é Þ J I|PTR©HXáKN�HKJ�å|æcH IGH�F+NlH�i�çaãSRÎP H Þ áXH O>U C Þ J Þ éSN%R1H/áOCOJS3dáXH
áXé�H�c�á	P H Þ N�HKJN^F ãKèGQSR©HSLpH Þ N`çGFTæOJt-�CaPûDGF HÒåiæcHtáXHSF æGP	R©HKN�R©é~æXâ	ã:ç£C	R�F C U : Ü ;yâ£é�PTRaä~è|æGR©H\{ O . G�KRO1, H R©ãKJXæGF N�CcN`LÈé Þ N�R©H
å|æ£HzF HKJPª�æcáKN�æ£CON%P é Þ J�IGHMâGP N HKJJàH-HKNÈF HKJPª�æcáKN�æ£CON%P é Þ J�IGH-N�HSLgçaãSR1CcN%æGR1H Þ H-Jàé Þ NMç£CcJP-yéER�N�HSLpH Þ N:C Þ N«P = áXéGR�R©ãSF ãXHKJ
HKN/å|æ£H�F HKJ9ª�æcáKN�æ£CON%P é Þ J°IGH¸N�HSLgçaãSR1CcN%æGR1H�N�éSN�CEF H Þ H�Jàé Þ N�ç£CcJ Þ ãKè|F P èGHOCEDGF HKJ¸ç£C	RMR1CEçGçaéGR�N�CGæJigª�æcáKN�æ£CON%P é Þ J
IGHMN�HSLgçaãSR1CcN�æGR©HÈJN�CcN%P å|æcH OeU HKJMLpé�I~P ä~áOCcN«P é Þ J:IGH�F�NlãXåiæ£CON%P é Þ ;o{ O I K Jàé Þ Npç	R©é~çaéSJàãXHKJ�IEC Þ J-F C�FlP N»N�ãSR1CcN%æGR1H u I G w
çaé~æGR�N H Þ PTR�áXé~LgçON�H@IGHKJ^ª�æcáKN%æ	CON%P é Þ J IGHpN HSL çaãSR1CON�æGR©H@N éSNCEF H O 5SHKJ5I~P â£HSR©èGH Þ áXHKJ5H Þ N%R©HpáOCGF áSæGF J5HKNxH�i�çaãSRÎP H Þ áXHKJ
JXæGR�áXH�çSé�P Þ N Þ H-Jàé Þ NÈç£COJ�H Þ áXéGR©H H�i�çGFlP å|æcãXHKJ O
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í�� É�Ë«íÏÎï4Î`ËRÊ+ÈsÉbÈsÉ�ìií¹ìiígÎ�ð4È�Î^£4Î1ÈsØ�Î�ð�í!î+Ê Ð
Ê�Ë«í
, H¹áOCOJ¸N HKJN¸P Þ JN%R�æELpH Þ N�ã¨ç£C	R°F�NlãXå|æaPûçaH!IGH U æcJJ«CGæOèGH u v�.Jw Y F+N BLA ]%a W áXéER�R©HKJXçaé Þ I Y F�N�P Þ N HSR>CcáKN%P é Þ IGHÔF C
áXé~æcáSß£H¹FlPûL/P N�H°IGãXáSRÎP N�HÆç£R1ãXáXãXIGHSLgLÈH Þ N/CXâ£HXá!æ Þ H�é Þ IEH�IGHzáSßcé�ázèGã Þ ãSR1ãXH¹ç£C	R@æ Þ I~P QXI|R©HÆP Þ áSFlP Þ ãzIGH

8◦
O 5SH

áSßcé�á´P Þ á	P IGH Þ N Y
M∞ = 2.3

HKJN°R©ãRª~ãXáSßGP�JXæER@F C'FlP è Þ HzJàé Þ P å|æcH¹çaé~æGR�-yéER�LpHSRpæ Þ -ÎCGP JàáXHOCEæ¸IGH�IGãKN H Þ N H O 5	HKJ
é Þ IEHKJ IEHÈáXé~L ç£R1HKJJKP é Þ ç£R1é	â£H Þ C Þ N:IGH°F C�¥Xé Þ HÈJXæGDOJàé Þ P å|æcH-IEH F C-áXé~æcáSßcH�F PTLgP N�H:JàH¤-Îé�áOCGF P JàH Þ N:çaé~æGR<áSR©ãXHSRÒæ Þ
áSßcé�á�R©ãRª|ãXáSßaP�;yâ	é�PTR<ä~è|æGR©H�{ O .02 KRO
5aC çGß Ý JKP å|æcHpI|æ çEßcã Þ é~LpQ Þ HpãKN�æcI~P ã-P á	PSHKJNAç	R©é�áSßcHÈIGH�áXHSF F H�IN�æ Þ T HKNÒIGãXáXé~F F ã�IEC Þ J@æ Þ H�N�æ Ý QSR1H@H Þ áXé Þ ä�è|æER1CS=
N%P é Þ®A�Ü|Ü çEæaP Jàå|æ£H F HpáSß£é�áÈèGã Þ ãSR©ã°ç	R©é	â£é�å|æcHzæ Þ IGãXáXé~F F HSLpH Þ NxIEHÈáXé~æ£áSßcH�FlPûL/P N�H�HKN5å|æcHMáXHSF F HR= á	P~R1HXáXé~F F H çGFTæOJ
NC	R©I¸çSé~æERn-ÎéGR�LÈHSR�æ Þ H³¥Xé Þ HÈIGH/R1HXá	PTR©áSæGF CON%P é Þ ;yâ£é�PTR½ä�è|æER©H©{ O .0¶ KRO?MÞ°Þ éSN�H@å|æ£HgF CpáXé~æ£áSßcHgF PTLgP N�HMR©HKJJàéGR�N�N�R©QKJ
çaHSR�N�æGR�DaãXHMHKN5ãSç	CaP JJKP HMIGHzF+N�P Þ N�HSR1C£áKN«P é Þ�O

± ½.�G��k~e©vc�h�¥¤ Ú�Ú!Ó ØAÛ�ß¦� Ôe§�Ú!âÖ�Õìá äùâ)Þ~Ö�ßtÔjÐ�Þ*äGÚ!â Ú!âÕiÖ:ÕiÖ�Ð$Ñ-Ú�Ð�¨5Ð$Ú+Û)Ð$Ñ-Öe�TäùÓ�äùÞ%Ö�å � Ñ-Ô!Ó9Ü7Õ�á ä0Ø�Ú!ãaÕjÖ�â-ØAäùÞ~Ò�å
]|é~æGR�N é~æON�HKJMF HKJ JNCON%P é Þ J IGH�LÈHKJXæGR©H`3<F HKJMç	R©é	ä�F JMLpé Ý H Þ JpIGHMâGP N HKJJàH F é Þ è~P N%æ£I~P Þ CEF HMIGé ÞEÞ ãKJ/ç£C	RAF C�5 W|Ü Jàé Þ N
H Þ CcáXáXéER©Ib-�R1CEçGç£C Þ NgCOâ£HXá¹F�NlH�i�çSãSR�P H Þ áXH�åiæcH�áXHzJàé�P NÈCEæ Þ P â£HOCEæ¸IGH'F�N�P Þ N HSR>CcáKN%P é Þ é~æ�DaP H Þ IEC Þ J�F C6¥Xé Þ H�IEH
R©HSF CJiaCON%P é Þ�O 5	HKJgLm¯SLpHKJ�áXé~L LpH Þ NCGPTR©HKJ-çaHSæXâ£H Þ N¤¯KN%R©H�-ÎCGP N J�H Þ áXH å|æaP|áXé Þ áXHSR Þ H¸F HKJPª�æcáKN�æ£CcN«P é Þ JpIGH/âGP N�HKJJàH
F é Þ è~P N�æcI~P Þ CGF Hgçaé~æGRxF HKJàå|æcHSFTF HKJÈF HKJ N�H Þ IEC Þ áXHKJ@IGé ÞGÞ ãXHKJ-ç£C	RxF HKJpLÈHKJXæGR©HKJ Jàé Þ NÈR©HKJXçaHXáKN ãXHKJ©;yâ£é�PTR�ä�è|æGR1H9{ O .0/ KRO
]|é~æGR�áXH@å|æGPSHKJN�IGH/F+Nlã�â£é~F æcN«P é Þ F é Þ è~P N�æcI~P Þ CGF H:IGH/F Cgç	R©HKJJKP é Þ ç£C	RÎP ãKN�CEF H/Lpé Ý H ÞGÞ H`3�F+N CcáXáXéER©I°COâ£HXágF�NlH�i�çaãSRÎP H Þ áXH
HKJN-R©HSLMC	R©å|æ£CEDGF H O 5aC´çaéSJKP N«P é Þ IGH¸F C¹Lpé Þ N�ãXH H Þ ç	R©HKJJKP é Þ å|æGP�ç£R©ãXáXQXIEH´F H¸çGßcã Þ é~LÈQ Þ H�IGH�IGãXáXé~F F HSLpH Þ N�HKJN
N�R©QKJMáXéGR�R©HXáKN�HSLpH Þ Ngç	R©ãXI~P N�H
;yâ£é�PTR�ä~è|æGR©H®{ O v1µ KRO�� æ£C Þ NMCEæ�áXé�H�czá	P H Þ NpIGH´-�R©éSN N HSLÈH Þ N�é Þ é~DOJàHSR�â	H¸æ Þ ãXáOC	R�N
LMCJiEPûLÈCEFKCOâ£HXáÈF HKJALpHKJXæGR1HKJ`IN�æ Þ H5I|P ¥OCaP Þ H5IGHÈçSé~æER©áXH Þ N J^áXH5å|æaPcHKJN<N�R©QKJ`áXéER�R©HXáKNtçaé~æGR<æ Þ Hm5 W|Ü áXé~Lgç	R©HKJJKPTDGF H O

, HKN»N�H-ãKN�æcIGH/JàH�çSé~æER�JXæaP N:C£áKN%æcHSFTF HSLÈH Þ Npç	C	RAæ Þ H°C Þ CEF Ý JàH/IEHKJ@JKP è Þ CGæJi�N HSL çaéGR©HSF J@CGæÆçaP HXI¸I|æ�áSßcé�á HKN:IEC Þ J
F C�¥Xé Þ H/IGãXáXé~FTF ãXH/COä Þ IGH/áOC	R1C£áKN�ãSRÎP JàHSRtF HKJMçGßcã Þ é~LÈQ Þ HKJ/D£CcJJàHKJP- R1ãXå|æcH Þ áXHKJ@é~DcJàHSR�â£ãKJ�H�i�çaãSRÎPûLpH Þ NCGF HSLpH Þ N O
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�9�;¯ Ã³ n¼�"µH>¾¸½1(C)¸"�½`¾�>
U C Þ JtáXHKN N H:ãKN�æcIGH`3½F HKJ�JàáSßcãSLÈCcJtIGH�áOCEçON�æGR©H�IEH�áSßcé�á Jàé Þ N^I#N CGDaéGR1I ã�â	CEF æ£ãKJÒJXæGR½IGHKJxáOCcJ:DaP I~PTLÈH Þ JKP é ÞGÞ HSF J

HKNpN%RÎP I~PTLÈH Þ JKP é ÞEÞ HSF JMIN�æ Þ H�B`æER�DGæGF H Þ áXHba^é~LpéSèGQ Þ H�HKN B JàéSN�R©é~çaH�;�Bma B�KRO 5aC¸I~P JJKPûç£CcN«P é Þ¹Þ æGLpãSR�P å|æcHzIEH�áXHKJ
JàáSßcãSLMCOJ-HKJNÈáXé~Lgç£C	R©ãXH¸CXâ£HXá!F C�I|P JJKPTç	CON%P é Þ IGH�Jàé~æcJ!=àLÈCGPTF F H O ]|é~æER�F HKJ-ãXáXé~æGF HSLpH Þ N JgCXâ	HXázáSßcé�á`3xæ Þ H Þ é~æ0=
â£HSFTF H@CEçGç	R©é�áSßcH°D£COJàãXH@JXæGR^F�N�æON%PTF P J«CcN«P é Þ áXé~LgDaP Þ ãXH@IGHpJàH Þ JàHSæGR�IGHpI~P JàáXé Þ N%P Þ æaP N�ãKJxHKNtIGH�ä�F N%R©H/çSé~æER^R1ãKè|æGF C	RÎP JàHSR
F é�áOCEF HSLÈH Þ NMF C�Jàé~FTæON«P é Þ HKJN�IEã�â£HSF é~çGçaãXHzHKN â	CEFlP IGãXH O 5SH áOCcJpN�HKJN-R©HKN�H Þ æzHKJN@áXHSF æGP|I#N�æ Þ HzáXé~æcáSßcHÆF PTL/P N H/JXæS=
çaHSR�Jàé Þ P å|æcHMJàH-IGã�â	HSF é~çGç£C Þ N-F H F é Þ è�IN�æ Þ H�çGF Ccå|æ£HzçGF C Þ H O
5aC�ç	R©é�áXãXI|æGR©H Þ æGLÈãSRÎP åiæcHMIGã�â£HSF é~çEçSãXHMIEC Þ J:áXHKN N HÈãKN%æ£IGH�;�áXé�IGHMIGHMáOCEF áSæGF�{ U D£CcJàã@JXæGR<IGHKJ5JàáSßcãSLMCOJ Þ æGLÈãR=
RÎP å|æcHKJ�LÈé�IEHSR Þ HKJAHKN:LÈé�IEQSF H�I Ý�Þ CGLgP å|æ£HÈIEH�Jàé~æOJ!=àLMCaPûF F H K C/ãKN ãpH Þ JXæaP N�H â	CEFlP IGãXHpJXæGRdI~P â£HSR�JàHKJ5áXé Þ ä�è|æER1CON%P é Þ J
INlãXáXé~æEF HSLpH Þ NgCcáOC£IGãSL/P å|æcHKJ@Òxæ Þ H�áXé~æ£áSßcH¸IEH!LpãSF C Þ èGH!çGF C Þ H Y 7�CcáSß´áXé Þ â£HXáKN%P -

0.46
HKNzæ Þ H�áXé~æcáSßcHÆIGH

LÈãSF C Þ èGHMáXé~æGR�DaH O@U C Þ J�áXH-IGHSR Þ P HSR�áOCcJS3 Þ é~æOJpCOâ£é Þ J-LgP J:H Þ ã�âGP IGH Þ áXHzF HKJ I|P d<ãSR©H Þ N�HKJpP Þ JNCGDaPûFlP N ãKJAN%RÎP I~PTLÈH Þ =
JKP é ÞGÞ HSF F HKJ�CGçGç	C	R1CaP JJ«C Þ N<CEæAáXé~æER�J�I|æ5IGã�â£HSF é~çEçSHSLÈH Þ N�IGH:F CxáXé~æ£áSßcHxIGH�LpãSF C Þ èGHtáXé~æER�DaH O 5SHÒN�CEæJi:INlé~æXâ£HSR�N�æGR©H
HKNpF HKJ Þ P â£HOCGæSi�ã Þ HSR�èGãKN%P åiæcHKJ�Jàé Þ NR3<ç£C	R^CGPTFTF HSæGR©JS3�H Þ DSé Þ CcáXáXéER©IÆCOâ£HXázF HKJMR©ãKJXæGF NCcN»J:H�i�çaãSRÎPûLpH Þ NCGæSi O
U HKJgáOCEF áSæEF JgáXé~L çGF ãSLÈH Þ N�CGPTR1HKJ/JXæGRAIEHKJ áXé Þ ä~è|æGR1CcN«P é Þ J�IN�P Þ â	HSR�JàHSæGR IGH!çaé~æOJJàãXH`3^IGé~L/P Þ ãXHKJ�ç£C	R IGHKJ°HRd�HKN J
IGH�áXé~æGR DGæGR©HzIGHKJ�F P è Þ HKJMIGHzáXé~æGR1C Þ NMHKNpIGH�IGãXáXé~FTF HSLÈH Þ N@IGHzáXé~æcáSß£H´FlPTLgP N�HgH Þ DaéGR1I!IGH´-�æaP N�H`3�CGP Þ JKP½å|æ�N�æ Þ H
P Þ N HSR>CcáKN%P é Þ é Þ IGH:IEH:áSßcé�á�«	áXé~æ£áSßcH-FlPûL/P N HtH Þ R©ãKè~PTLÈHxJXæGçaHSR�Jàé Þ P å|æcH Þ é~æcJté Þ NxçaHSR�LgP J`I#NlãKN H Þ IiR©H-F�N CEçGçGF P áOCcN«P é Þ
IGH�F C65 W|Ü CEæJi�áOCcJ@INlãXáXé~æGF HSLpH Þ N J�áXé~LgçEF H�i	HKJ O
D F�N�P JJXæ£HgIGH°áXHgN�R1COâ	CGPTF�3`F C�JKPûLgæGF CON%P é Þ IGHKJÈè|R1C Þ IGHKJ-ãXáSßcHSF F HKJ�;�5 W|Ü#K CEçGç£C	R1Cqp©NÈáXé~LgLÈH�æ Þ é~æON%PTF�P Þ N ãSR1HKJJ«C Þ N
çaé~æGRpF�NlãKN�æcIGH�IGHKJgJ Ý JN QSLÈHKJ/ã Þ HSR�èGãKN%P å|æ£HKJ O�EtÞ çaé�P Þ Nm-yéER�N-IGH!F C!LÈãKN%ß£é�IGH�HKJNÈJ«C Þ CcN�æGR©H´P Þ N%R�P Þ JàQXå|æ£HSLpH Þ N
P Þ JN�CcN%P é ÞGÞ CGPTR1H:HKNÒN%RÎP I~PTLÈH Þ JKP é ÞEÞ HSF F HpçaHSR�LÈHKN»NC Þ N F CMáOCEçON%æER©H@IGHKJ@P Þ JNCEDaPTF P N�ãKJ Y è|R1C Þ IGHpãXáSß£HSF F H@HKN:F C ç£R�P JàH@H Þ
áXé~L çON HMJKPûLgæGF N�C Þ ãXHMIGH�F+N C Þ P JàéSN%R1é~çaP HMHKN I|æ IGãKJàãXåiæaPTF PTD	R©HMJXçaHXáKN%R1CEFEIGH�F C/N�æGR�DEæGF H Þ áXH O
5aC�Lpé Þ N ãXH¸H Þ çGæGP JJ«C Þ áXH�IGHÆáOCEF áSæGF<IGHKJ°éGR©I~P Þ CcN HSæGR©J IEC Þ JÆF HKJ C ÞGÞ ãXHKJ Y â£H Þ PûRpçaHSR�LÈHKN»N�R1C¸J«C Þ JgIGé~æON�H¸IEH
JKPûLgæGF HSRiIGHKJAãXáXé~æGF HSLpH Þ N JxIGHgçGF æcJAH Þ çGF æOJAáXé~LgçGF H�i	HKJAHKNÒIGH@N HKJN�HSR�çGFTæOJtJ Ý JN�ãSLÈCcN%P å|æcHSLÈH Þ N F�N CEçGç	R©é�áSß£H�5 W|Ü
IEC Þ J-F HKJ�áXé Þ I~P N%P é Þ JÈR1ãXHSF F HKJ:INlãXáXé~æEF HSLpH Þ N»JMP Þ I|æOJN�RÎP HSF J5áXé~L ç£R1HKJJKPTDGF HKJX{ U H Þ èGãXé~LpãKN�RÎP HMáXé Þ ä Þ ãXH O
:^ãOC Þ Lpé�P Þ JS3`ç£C	R L/P�F HKJgçaé�P Þ N JMå|æaP�R©HKJN�H Þ NpCEæxT é~æGR©IN�ßEæaPn-�CaPûDGF HSLÈH Þ N@CEçGç£R1ãSßcH Þ IGãKJ°H Þ 5 W|Ü 3^F H¸ç£R1é~DGF QSLÈH°IEH
F C!LÈé�IGãSF P J«CcN«P é Þ ç£R1é�áSßcH'ç£C	R©é�P<HKJNpJ«C Þ JgIEé~æON H!æ Þ IEHKJ�çaé�P Þ N J/IGãSFlP áOCON J Y R©ãKJàé~æcI|R1H�H Þ R>CaP Jàé Þ!Þ éSNCGL LpH Þ N
IGHÆF+NlH�iEP JN�H Þ áXH JKPTLgæEF NC Þ ãXH°IGH´çGFTæOJKP HSæER�JÈãXáSß£HSF F HKJMáOC	R1C£áKN ãSR�P JN%P å|æcHKJ O%W�Þ HRd�HKNR3�CGæzJàH	P Þ IGHÆF C�áXé~æcáSßcH´FlPûL/P N H`3
é Þ I~P JN«P Þ è|æcHÈáSF CcJJKP å|æcHSLÈH Þ N:çGFTæOJKP HSæGR©J�¥Xé Þ HKJ©;ÎJàé~æOJ!= áXé~æcáSßcHÈâGP Jàå|æcHSæOJàH`34¥Xé Þ HÈN�CELgçaé Þ 34¥Xé Þ H°F éSèEC	RÎP N%ßEL/P åiæcH`3
¥Xé Þ HÆJKPTFTF CcèGH OLOLO�K çaHSæGçGF ãXHKJ°IEH¸N�é~æGR�DGPTF F é Þ J IEH¸NCGPTF F H�HKNgIEH Þ CON�æGR©H´I~P d�ãSR©H Þ N HKJ O 5aC¹áXé~æcáSßcH¨F PTL/P N H�HKJNgCGæOJJKP
F H�JKP QKèGH¸IGH´áXé~æGR>C Þ N J´ß£CEæON H´HKN¸D£COJJàH�âGP N HKJJàHÄl%JN%R1HOC�_KJ�l�N%R©QKJ�CcáKN%P -yJ I�C Þ J¹F C¨R©ãKè~P é Þ ç£R©é�áSßcH�ç£C	R©é�P^HKN å|æaP
áXé Þ N�RÎPûDGæcH Þ NxH Þ è|R1C Þ IGH°ç£C	R©N«P H Y F C°ç£R©é�I|æcáKN%P é Þ HKN Y F CMI~P JJKPTç£CcN«P é Þ IGH°F+Nlã Þ HSR�è~P Hpá	P Þ ãKN%P åiæcH@IGH°F CÈN%æGR DGæGF H Þ áXH O
, HKJÒãXáSßcHSF F HKJ`Jàé Þ N�IN CEæONC Þ N çGFTæOJÒI~P JXç	C	R1CON�HKJtå|æcHMF H Þ é~LgD	R©H�IGH A H ÝEÞ é~F IaJtHKJN�è|R>C Þ I O�, H å|æGP�R©H Þ IzPTLgçaéSJJKPûDGF H
F+N�æON«PûFlP J«CON%P é Þ IGH¸F CM5 W|Ü I�C Þ J°F�NlãKNCcN@CcáKN�æcHSF Y áOCEæOJàH`3 Þ éSN�CELgLÈH Þ N�3�I|æ Þ é~LgD	R©H°IGH¸çSé�P Þ N J/PTL çaéGR�NC Þ N HKN�IEHKJ
F PTL/P N�CcN%P é Þ JpJàã�â£QSR©HKJzPûLgçaéSJàãXHKJ�ç£C	RpF H´ç£CcJgIGH�N�HSLgçcJ/IN�P Þ N�ãKè|R1CcN«P é Þ�Oc, HKNMCSi	H¸IGH¹R©HXáSßcHSR1áSßcH�é�áXáSæGçaHSR1CÆJ«C Þ J
IGé~æcN H�F H-IGH�â	C Þ N:IGHzF CgJàáXQ Þ H�çaH Þ IEC Þ N-F HKJ I|P i¸ç	R©é�áSß£CaP Þ HKJpC ÞGÞ ãXHKJ O
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± ½.�ë� I O . �À4»Ò��àÖCÿiäGÚ+âkßtÒ%ÝjÛ*�Tä�+�ßCÖ�� α=31.67◦ �=Ö�Þ�ßtÒb�àÖtÿiäGÚ+âÕjÖeÁOÔjÐ$ÑÂ� α =38.10◦ � � M =5 Ô��+Ö$Ð α Ù«Ô+âXÝ%� ÖhÕ!ÛÐ$Ñ-Ú�ÐäùâÐ�äGÕjÖ�â)ÞµãàÖCÿ�Ü-Ò�ßAäGÖ�âÐ$Ö3Ã   6¦ÁÄ8�Å%Æ�< � 4»Û1ØCØAäGÖ�å

54NlãKN�æcIGH5IGHKJxP Þ N�HSR1CcáKN%P é Þ J�IGH áSßcé�áKJ`H Þ R©ãKè~PTLÈHtJNCS=
N%P é ÞGÞ CaPûR©Hpé�[ H Þ çGß£CcJàHMN%R1C Þ JKP N é�PûR©H@HKJN5H Þ áXéGR©H/CEæS=
T é~æGR©I#N�ßGæaP æ Þ ç	R©é~DGF QSLpH!IN C£áKN�æ£CGF P N�ã`3 Y áOCGæcJàH!I|æ
R©HKèECGP Þ IN�P Þ N�ãSR¯KN5çaé~æGR�F HKJ�â£é~F J Y è|R1C Þ IGHKJÒâEP N�HKJJàHKJ O
5SHÒIGé~LMCaP Þ HÒIN CEçGçGFlP áOCON%P é Þ áXé~æXâER©HtN é~æON�H:F+N CXâGP*CON%P é Þ
JXæGçaHSR�Jàé Þ P å|æcH°HKN�áXé Þ áXHSR Þ H¸çEF æOJ°ç£C	R�N%P áSæGF P QSR©HSLÈH Þ N
F HKJpãXáXé~æGF HSLpH Þ N J-IEC Þ J°F HKJÈH Þ N%R©ãXHKJMIN CGPTRÒJXæGçaHSR�Jàé�=
Þ P å|æcHKJS3~IEC Þ JpF HKJxN�æ Ý QSR©HKJpç	R©é~çGæEF JKP â	HKJ5H Þ ç	R©ãKJàH Þ áXH
IGH-IEãXáXé~F F HSLÈH Þ Nxé~æ°H Þ áXéGR©H-I�C Þ J-F HKJ:ãXáXé~æGF HSLÈH Þ N»J
H�i£N�HSR Þ HKJ-F H°F é Þ è�Iiæ9-�æOJàHSF CcèGH O
5SH�ç	R©é~DGF QSLpH°IGH¸F C°N�R1C Þ JKP N%P é Þ H Þ N%R©H¸R©ãRª|H�iEP é Þ R©ãR=
è|æGF P QSR©H`3 ACA 3�HKN:R©ãRª|H�iEP é Þ IEH�7�CcáSß�3e7 A 3n;yâ£é�PûRiä~è|æGR©HmI O . K R©HSF Q�â£H�IN�æ Þ H-C Þ á	P H ÞGÞ H ç£R1ãXé�áXáSæGç	CON%P é Þ�OeW�Þ HRd�HKNR3
áXHSFTæaP = á	PdC6-�CaP N/F�Nlé~DxT HKNR3�IEC Þ J�F HÆç£CcJJàã`3�IGH Þ é~LgD	R©HSæOJàHKJ/ãKN�æcIGHKJ u ¶1¶�wx3 Þ éSN�CELgLÈH Þ NMH�i�çaãSRÎPTLÈH Þ N�CEF HKJ u I1I3tI § w
H Þ R1CaP Jàé Þ IGH¹F+N CGDcJàH Þ áXH Y F�NlãSçaé�å|æcHzIGH¹LÈé Ý H Þ J IEH�áOCGF áSæGF�PûLgçaéGR©N�C Þ N J O 5�N�P Þ N�ãSR¯KNgçaé~æGR5áXH¹ç£R1é~DGF QSLÈH�C�R©HR=
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-�CaP NpJXæERL-ÎC£áXH`3tPûF Ý C´å|æcHSF å|æcHKJzC ÞGÞ ãXHKJS3^COâ£HXá'F CÆIGãXáXé~æXâ£HSR�N�HÆH�i�çaãSRÎPTLÈH Þ N�CEF H u .0¶�wo3xçEæaP J Þ æGLpãSR�P å|æcH u I�¶43%/1µ�w
IN�æ Þ çGß£ã Þ é~LpQ Þ H IN�ß Ý JN�ãSR©ãKJKP J@C Ý C Þ N/F P HSæ�F éGR�J�IGHKJpN%R>C Þ JKP N«P é Þ J97 A ↔ A%ACO>U HSçGæaP JS3dIGH Þ é~L D£R©HSæcJàHKJpãXå|æaPûçaHKJ
JSN�P Þ N ãSR1HKJJàH Þ N Y áXH�çGß£ã Þ é~LpQ Þ HgHKN�æON%PTFlP JàH Þ NtI~P â£HSR�JMLpé Ý H Þ J�I#N�P Þ â£HKJN%P èECcN%P é Þ J:CGæcJJKP½DaP H Þ H�i�çSãSR�PTLpH Þ N�CEæJi°å|æ£H
N�ßcãXéGR�P å|æcHKJ�é~æ Þ æGLÈãSRÎP å|æ£HKJ@CXä Þ IGH�L/P HSæSi¸F�N CEçGç	R©ãSßcH Þ IGHSR O
¯»�����~� Å��q¾ßÂe¼�¾nHs"%(KI°�! #º�(C)+½0"�½0º
:^éSN%R1H-F CEDaéGR1CcN é�PûR©HP-�CaP NAç	C	R�N«P H�IGHKJ5ãXå|æaPTçaHKJ5å|æaP~ç£C	R�N%P á	PTçaH Þ N Y áXHKN N HpCcáKN%P âGP N ã:IEH/R©HXáSßcHSR1áSßcH@è|RnDcáXHÈCGæJi-JKPTL æGF C0=
N%P é Þ J Þ æGLÈãSRÎP åiæcHKJ:R©ãOCEFlP JàãXHKJ^JXæGRiIGHKJÒN�æ Ý QSR©HKJtJXæGçaHSR�Jàé Þ P å|æcHKJP;�H Þ ãXáXé~æEF HSLpH Þ N^áXé Þ ä Þ ã K é~æpJXæGRiIGHKJ:LMCcå|æ£HKN»N�HKJ
IGH´F CGDaéER1CON�é�PTR1H6;�I~P QXI|R©H´çGF CcáXãzI�C Þ Jzæ Þ H�Jàé~æ�ÇzHSRÎP H K é~æ�H Þ áXéGR©H�I�C Þ J/IEHKJfT HKN JMJXæGçaHSR�Jàé Þ P åiæcHKJ-JXæGRL= IGãKN�H Þ I|æcJ
;�H Þ ãXáXé~æEF HSLpH Þ NpF PTD	R©H KRO 54NlHKJJàH Þ N«P HSFEIGHKJ-R©ãKJXæEF NCON J:HKJN@R©ãKJXæGLÈã-á	P =»CEç£R1QKJ O
ÈÊÉ ÈsÉ�í´ìeØ�ï½îlí¹í1Ë´Çið�Ì�É�ÈsÐ/ËÉ�í´ì1Ì�ð�|�ÆqË�Ì�ÏrÌ�Æ\Í+Æ%Ò

� B F`C�ãKN ã¹áXé Þ ä�R�LÈã Þ æGLÈãSRÎP å|æ£HSLpH Þ N´F�NlH�i�P JN�H Þ áXH¹IN�æ Þ çGßcã Þ é~LÈQ Þ H'IN�ß Ý JN ãSR1ãKJKP JzJàH¨ç	R©é�IiæaP J«C Þ N
IEC Þ JzF C®¥Xé Þ H�I|æ£CEF H5ÎzF éGR�J-I|æ�ç£COJJ«CcèGHzIN�æ Þ H¹R©ãRª|H�iEP é Þ R1ãKè|æGFlP QSR©H Y æ Þ H¹R©ãRª|H�iEP é Þ IEHb7°C£áSß�HKN
P Þ â£HSR©JàHSLpH Þ N O�, H�çGß£ã Þ é~LpQ Þ H�çaHSæON�CGçGç	C	R1C�p1N%R1HMJXæaP N�H Y I|P d<ãSR©H Þ N�HKJ áXé Þ I~P N%P é Þ J@Ò
. O CGæOè|LÈH Þ NCON%P é Þ çEæaP J�I~PûL/P Þ æON%P é Þ IGHzF+N C Þ è|F H-I|æ°áSßcé�á°P Þ á	P IEH Þ N
v O HSLgçGF é�P�IGH�I|P d<ãSR©H Þ N�HKJ/áXé Þ I~P N%P é Þ JzP Þ P N«P*CGF HKJ³=pJàHSF é Þ F+N�ßaP JN�éGR�P å|æcHzIEH¹F�NlãXáXé~æGF HSLpH Þ N<;�áSß£CELgç
P Þ P N«P*CGF|æ Þ P -ÎéGR�LÈHÈé�[�CGLÈéGR¬OCcèGHzR1CEçaP IGH`3|â£é�PûR�ä�è|æGR1H�I O v KRO

Ü HSF é Þ F HKJÈáSRÎP N�QSR©HKJpN%ßcãXéERÎP åiæcHKJS3�çSé~æER:æ Þ¹Þ é~LgD	R©HzIGHg7�C£áSß
M = 5

3�F CzN�CGPTFTF H/IGHÆF C®¥Xé Þ H�I|æ£CEF H`3
α

D
− α

N

3ÒçaHSæONMCcN N H	P Þ I|R©H�¶ O�§
◦
HKNMáSR©éJp©N R1CEçaP IGHSLÈH Þ N-å|æ£C Þ I(F H Þ é~LgD	R©H¸IGHb7�CcáSß´CGæOè|LÈH Þ N�H O

, HKJ R©ãKJXæGF N�CcN J�Jàé Þ N5R©HKN�R©é~æXâ£ãKJ Þ æGLÈãSRÎP åiæcHSLpH Þ NR3GH Þ N�R©QKJ5DSé Þ CcáXáXéER©I COâ£HXáMF C�N%ß£ãXéGRÎP H`3GH Þ æON%PTFlP J«C Þ N
I~P d<ãSR©H Þ N J:áXé�IGHKJ�IEH/áOCGF áSæGF�HKN5I~P d<ãSR©H Þ N J:JàáSßcãSLMCOJ Þ æELpãSRÎP å|æcHKJ O

Ï�ÐYÑ¦Ò I O v �m,4Ñ)Ò�â5Ú+Ó�+�â5Ö�Õìá Ñg��ØAÞ~Ò�ßCÒAØAä0Ø7� Ú!ß$Ø¼ÕjÖ3� Ô	ÞnßtÔ!â-ØAäùÞ*äGÚ!â]Ö�â)ÞnßtÖ
ßtÒ��àÖCÿiäGÚ+âhßtÒ%ÝjÛ*�Tä�+�ßtÖ¼Ö�Þ�ßtÒb�àÖtÿiäGÚ!ârÕjÖ�Á/ÔiÐCÑrÔ��+Ö$Ð»Õ!ä ª¼Ò�ßCÖ�â.Þ%Ö�ØàÐ$Ú!âÕ+äùã
Þ*äGÚ!â-Ø�äùâ)äùÞnäGÔ�� Ö�ØÓ� � ÝiÔ!Û)ÐCÑ)Ö#Ù[Ò$Ð$Ú+Û*� Ö�ÓkÖ�â.ÞOÛ�â)ä ®�Ú!ßAÓþÖ � � Õ!ßtÚ+äùÞ~Ö#Ù
ÒCÐ$Ú!Û*� Ö�ÓkÖ�â)ÞµÔ���Ö$Ð�Ú+â5ÕjÖ�Ø:Õìá Ô+ÓkÚ+ß�Ô�Ô�ÝiÖ��jå M =5 Ö�Þ α=39.4◦

W�Þ R©H�âSC Þ áSß£H`3 F C LÈC|T»éERÎP N�ã
IGHKJtH�i�çaãSRÎP H Þ áXHKJDÕ:é~DOJàHSR�â£H/æ Þ H
N%R>C Þ JKP N«P é Þ ç	R©ãXáXé�áXH§IGH F CjR©ãR=
ª~H�i�P é Þ R©ãKè|æGF P QSR©H â£HSR�J F C#R©ãR=
ª~H�i�P é Þ IGH°7�CcáSß�3ÈCEæON%R1HSLpH Þ N
I~P N æ Þ H DSé~æ£áSF H#IN�ß Ý JN ãSR©ãKJKP J
çGF æcJ áXé~æGR�N�HÆå|æcHÆáXHSF F H!ç£R©ãXI|P N�H
ç£C	RgF C!N�ßcãXéERÎP H u ¶1¶`w OXU H±çGFTæOJS3
IN�æ Þ LÈé Þ NCOèGH Y æ Þ CEæON%R1H`3<F HKJ
R©ãKJXæGF N�CcN»J�H�i�çaãSRÎPTLÈH Þ NCGæJi I~P -ß=
-yQSR1H Þ N´JXæGR¸F+N C Þ è|F H�IGH(N�R1C Þ JKP =
N«P é Þ�O4, HKN»N�H I~P JXç£C	R�P N�ã�CgLÈéSN«P â£ã
F HKJ�H�i�çaãSRÎPTLÈH Þ NCON�HSæGR�J Y R1ãOCGF P =

JàHSR�IECXâSC Þ NCcèGHgIN�P Þ â£HKJN%P èECcN«P é Þ J COä Þ IGH�LgP HSæJi°áXé~L ç£R1H Þ I|R©HzF HKJpR>CaP Jàé Þ J:IGH-áXH-IGãKJ«C£áXáXéGR©IÆH Þ N�R©H
}�~J�n� �|�ß�f�S�q�\¢S� ��½J�f�`� �S��½�� �|�@�S�f�q���0�\���q��� �S�����|�0�S��� �T±c� ���!��¢q�R�4�S���$Å\����� �~³q�¸�x�@�x�q�|�S��� ���q�|�!���`�^�S���$ÅP�|���Aºj½��S�¸���o� �����@�S�f�����0���� Ö����+�������|��¾o�¤�¤�x����)Ân¢R���A²q������S¢S¢q�R�+��×��|�+�R�q���x�#����� �~³��+�|�4�������^·+¾O�Â�� ������� �~³q�¸���S�#²����£ ����+±C�0�S�@���R���|�S� �+�|�|¢����q�9°£� �@�r� �|�q���o� ����`�m� �¤�+�S¢S¢R�S���C�S�|�£¢R�+�|���o� �����c�q���|�+�¤� �|�%�|�|���S� ��±%�q�����C��²q�S�`�o�%�+±>�����C���P�bU��ß�~³�±C�^�S�\�����0�|�%�|�ß�£� �	±«Ç�±C�\���q�£�!��� �R���j¹������S��°�|�+�A²q�����^�S�\�����0�\�����0� �!�.¾�P�Â�� �£����� �%³��+�^�S���S�x���q���q��±C�����>���R�`�|�S� �+�|�|¢����q�þ°©� �\�o� �x�q���r� �����`�0�`�x�q�|�S��� ���q��±C�����!�1�����|�ß�f�T±£¢��R���o�Y¹S� ��`� �i¹����q�R���4�S�q�@����� ���o� ���^¢����S���S�c�����0�%���ß�����q�q�f�+��V��!�q�R��� ® �|�e�S��½�� �x�s�S�>�����0�f���q��� �S�����#�x�0� �+�|�|¢����q�S�S���K°f�!�|�e�S�q�$Å£����� �%³��+�|���ß������������|�%�+�|�|¢R�!�x�r� ²q��±C�����

α
N

�x�
α

D

��S~����S�|�ß�w°P���q���������q��� �|�%¢R�+��±c� �q�+�>�+�|�|�S� �����ß�t�aÅ0¢R�����T±C�������S�$Å��|���q���R� ���@¢q�R�¾Q��S��S�S��½^�x�%�1�i¹R����������´ ]\¹�¸n�q�»±>�����x�¸�q���e�S�q���S�¢S�q�����i±«³��q�C�`���MU��ß�����+�|�r� �!�



âtãJä�å ) æ�ç�è��4ê�ë�ìRærè0ç ä ð�æ ) í�ì��fî�èXð ã í`ð��cè�æ å�ã E0ìJí-�¼��ìRè��>æ�ç ä ì���) æríS)�ç�è�� qiñ

F�NlH�i�çaãSRÎP H Þ áXH`3iIN�æ Þ H�ç£C	R�NR3iHKNpF C/N�ßcãXéERÎP H-HKNÈF HKJ:áOCEF áSæGF J I#N CGæON�R©Hzç	C	R�N O
Ü HSF é Þ HSæJi�3|æ Þ H5IEHKJ�H�i�çGFlP áOCON%P é Þ J5çaéSJJKPTDGF HKJ�JàHSR1CGP NÒF CMç£R1ãKJàH Þ áXH:å|æ£CcJKP =P Þ ã�âGP NCEDGF H5IGHÈçaHSR�N%æER�D£CcN«P é Þ J
H�i£N ãSR�P HSæGR©HKJ�P Þ ßcãSR1H Þ N HKJ Y áSß£C£å|æcH�Lpé Þ NCOèGH¸H�i�çaãSRÎPTLÈH Þ NCGF Oc, HKN N�H¹ß Ý çaéSN�ßcQKJàH¸C´ãKN�ã�áXé Þ ä�R�LÈãXH
è|R*DcáXH CEæJi R©ãXáXH Þ N J^N%R1COâ	CEæJipH�i�çaãSRÎPûLpH Þ NCGæSipHRd�HXáKN�æcãKJ Y F�N B B D 7 u I�/`w|I�C Þ J æ Þ HAJàé~æ�Ç�HSRÎP H Y -ÎCGPTDEF H
Þ P â£HOCEæ IEH�çaHSR�N�æGR�D£CcN«P é Þ J�Ø � 
gÙ �t� 
 �bÚ�Û Ù �n�½ÜO��Ý�ì��Û��DÞ Ot, HKN N HMJàé~æ�Ç�HSRÎP H-HKJNpß	CGDaP N%æ£HSF F HSLÈH Þ NÈæON«P =
FlP JàãXH�çaé~æGRgF C!áOCEçON�æGR©H!IGHKJ¹çEßcã Þ é~LpQ Þ HKJ�IGH¹N�R1C Þ JKP N%P é Þ F CEL/P Þ CGPTR©H�«£N�æGR�DGæEF H Þ NR3ÒáXH¹å|æaP`JXæEçGçaéSJàH
F�NlH�iEP JN H Þ áXHÈIGH-I~P JXçaéSJKP N%P -yJ:ç£C	R�N%P áSæGF P HSR�JÈçaé~æGR�CGLÈéGR�N%PTR�CEæzLÈCSiEPTL æGL#F H Þ P â£HOCEægIGH°çaHSR�N%æER�D£CcN«P é Þ J O
5	HKJ�CEæON�HSæGR�J�é Þ N�CGP Þ JKPtLÈé Þ N%R1ã`3Òè|R*DcáXH Y æ Þ H!JàãSRÎP H´INlH�i�çaãSRÎP H Þ áXHKJ Y 7�CcáSß

4
3tå|æ£H±F C'N%R>C Þ JKP =

N«P é Þ6ACA → 7 A JSNlHRd<HXáKN�æ£CaP N Y æ Þ C Þ è|F H-N�R©QKJMç£R©é�áSßcH I|æ áSRÎP N QSR1HÈIEH/IGãKNCcáSßcHSLÈH Þ N�;
αexp

D
=38.2◦CXâ£HXá

αth
D

=39.2◦
KROe, H�R1ãKJXæGF NCONAHKJNpDaP H Þ ã�âGP IGHSLgLÈH Þ N Þ é~æXâ£HOCEæ°HKNpLpé Þ N�R©H-å|æ�NlH Þ F�N CEDOJàH Þ áXH-IEH

çSHSR©N%æGR D£CON%P é Þ J/H�i£N ãSR�P HSæGR©HKJS3ÒF C¸N%R1C Þ JKP N«P é ÞbACA → 7 A JSNlHRd<HXáKN�æcH`3�áXé Þ -ÎéGR�LÈãSLpH Þ N/CEæJi±ç£R©ã�âEP JKP é Þ J
Þ æGLpãSR�P å|æcHKJS3~JàHSF é Þ F HMáSRÎP N�QSR©H@IEH-IGãKN�C£áSßcHSLÈH Þ N O 5SHKJ�CGæcN HSæGR©J é Þ NAáXé Þ áSFTæ/å|æcH�F H°ç	R©é~DGF QSLpHMIGH°F C
N%R1C Þ JKP N«P é Þ ç£R1ãXáXé�áXHm;�T%æOJàå|æcHR=àF Y P Þ H�i�çGFlP å|æcã K â	H Þ CaP N�HKJJàH Þ N%P HSFTF HSLpH Þ NdIGHKJAçSHSR©N%æGR D£CON%P é Þ JtP Þ ßcãSR©H Þ N�HKJ
Y áSß£C£å|æcH�P Þ JNCEF F CcN%P é Þ H�i�çaãSRÎPTLÈH Þ NCGF H O

È¥ß Ë«ï½ëAÍ�î�Í�ËqÌÆìií�Æ�Î1ÈsÉ�ÙsÑeØ#Ï�ï�Ë�Í+ÈsÉ�Æ ÅPÅ í�Ë î Å Ò
� WdÞ JXæaP N�H`3 Þ é~æOJ Þ é~æcJ:Jàé~LgLpHKJÈP Þ N ãSR1HKJJàãKJ CEæ�ç	R©é~DGF QSLpH-IGH�F C/JNCGDGPTFlP N ãpIGHKJ@IGHSæSiÆR©ãRª|H�iEP é Þ J�IEC Þ J
F Cm¥Xé Þ H@I|æ	CGF H O 54N�P IGãXHpãKN�CGP N�IGH/çaHSR�N�æGR�DaHSR�F HKJÒJàé~F æON%P é Þ Jté~DON H Þ æcHKJ5COä Þ INlãKN�æcI~P HSR`F HSæGR�JÒJNCGDaPûFlP N ãKJ O
]|é~æGR�áXHSF C�3 Þ é~æOJÈCXâ£é Þ J-PTL çSéSJàãMIGHSæSi°N Ý çaHKJ@IGH�çaHSR�N�æGR�D	CON%P é Þ�Y F+NlãXáXé~æGF HSLÈH Þ NsÒ
. O ]|HSR�N%æER�D£CcN«P é Þ ç£C	R é Þ IGH�IEH�áSßcé�á�HKN©-ÎCGP JàáXHOCEæ¸IGH�IGãKN H Þ N H u I�µ�w)ætF+NlH�i�çaãSRÎP H Þ áXHzáXé Þ JKP JNCaP N Y
R©ãXI|æaPûR©HMF H Þ é~L D£R1H@IGH�7�C£áSßpCELpé Þ NR3içaé~æGR�æ Þ H-R©ãRª|H�iEP é Þ R©ãKè|æGF P QSR©H`3|çaH Þ IEC Þ N:æ Þ N HSL çOJÒJXæS-ß=
ä�J«CELgLÈH Þ NpF é Þ è¹çaé~æGRxçaHSR�LÈHKN»N�R©H Y F�NlãXáXé~æGF HSLpH Þ N IGH-JSN C£IECEçON�HSR^CEæJi Þ é~æOâ£HSF F HKJ@áXé Þ I~P N«P é Þ J O
WdÞ áXé Þ -yéER�L/P N ãMCXâ	HXá F CMN�ßcãXéGRÎP HMIGHKJ:é Þ IGHKJ:IGHMáSßcé�á`3�æ Þ H-áXé Þ ä~è|æGR1CcN«P é Þ IGHMáSßcé�á³-ÎéGR©NAC/ãKN�ã
é~DON H Þ æcH®;yâ£é�PûR<ä�è|æER©H�I O { KRO

Expansion
wave

M=4.06 M=5 M=4.06 M=4.06

Ï¦ÐYÑ�Ò}à elk]� 2W��Ú��TÛ�ÞnäGÚ+â�ÕjÖe� ÔþØAÞnßAÛ)Ð�ÞnÛ�ßtÖ:ÕjÖe�aá Ò$Ð$Ú+Û*� Ö�ÓþÖ�â)ÞW� Ú!ß$Ø���Û)Öe� Ö:âÚ!Óþ×�ßtÖ�ÕjÖ©ÁOÔjÐ$Ñ,äùâ5Ð�äGÕiÖ�â.ÞàÖ�ØAÞ{Õ!äùÓ:äùâ.Û)ÒþÕjÖ
Å � :.å;Æ[á!å

Weak shock M=5 M=4.06

Ï¦ÐYÑ�ÒDà}â à � 2ã��Ú��TÛ�Þ*äGÚ!âOÕjÖ¦�vÔ:Ø$ÞnßAÛ)Ð�Þ*Û�ßtÖ�ÕjÖ��aá Ò$ÐCÚ!Û*� Ö�ÓþÖ�â)Þ5� Ú!ß$Ø���Û)Ö¦�vÖ�âÚ!Óþ×�ßtÖ	ÕjÖ¦Á/ÔiÐCÑËäùâ5Ð�äGÕiÖ�â.Þ«Ö�Ø$Þ�Ô!ÛjÝ!ÓkÖ�â)Þ~Ò	ÕjÖ
:å;Æ`á � Åjå WdÞ%ä æ*å æ¿ç`3�è épáXé Þ%ê å æ�å é Þeê ç ê ãSç`é[ëºæ7éÈã\æ ãkë1ã\æ¿é^ì�èhå£â�å égæ Þ çpé Þ%ê ç ê ç�áXéAígç[ë�ç äMä å é Þ�O#U é Þ�ä á�ç�á�é ä 3



âtãJä�å%î æ�ç�è��4ê�ë�ìRærè0ç ä ð�æ î í�ì��fî�èXð ã í`ð��cè�æ å�ã E0ìJí-�¼��ìRè��>æ�ç ä ì�� î ærí î ç�è�� �Xó

è éïë1ãRªAç�i^å é Þuê çb7mécáSß/é'ç*çgë ä å ä æ�ãÀç\æ�è é ä éAè æ�æRå é Þ ; A%AeK é ê ã�ä Þ å æRå â`çgíðç Þ æpã\æ�ãÆçgçgë ê æ%çM;yâ£é�å�ë
ä�è|æ�ëbç�I O I KRO

v OXk é[ëåñé�æRå é Þ çaé Þ á\æ�æ%çgè�è ç ê çzè é{íké äMä ç@â£éAèTæ�íòå å|æ%çzå Þ æRë©é ê æ*å æ�çkéEæMâ£é�å ä å Þ éOè�ç ê æ�çSé�å Þ æ ê N!å�ígç[écá\æ
ê ægáSßcé�á�å Þ á[å ê ç Þ æ ä æ^ëWè+N�éJigç ê ç ä�Ý ípã\æ�ëå ç�;yâ£é�å�ëdä~è|æ�ë�ç�I O�§�KRO 5*é/ë©ãRªAç�iDå é Þ ë©ãKè|æ�è�å ógë�çðç ä æ�é�å Þ%ä å
æRëbé Þ�ä -Îé�ë�íÈã�çïç Þ æ Þ ç³ë©ãRª�ç�i^å é ÞÂê ç'7mécáSß O 5*é�æ�ëbé Þ�ä -Îé�ë�íké�æRå é Þ å Þ â`çgë ä ç ; ACA → 7 AtK ç ä æ
çSé äMä å�ì�è ç�íðé�å äMÞ ãXá�ç äMä å æ�ç�æ Þ æMéGæJi ê çzç*çgëºæ�æ�ë�ì`é%æ�å é Þ ì*ç�éGæ£áXé~æGç¸ç^è æ ä ãgè ç�â£ã u�§ 2�w O

a

b

Ï�ÐYÑ¦Ò I O�§ �   ßtÔ+â)Øº®�Ú+ßAÓkÔ+ÞnäGÚ+â Õìá Û�â5Ö ßCÒ�ã
�{ÖCÿiäGÚ+âËßtÒ%Ý!Û*�Tä�+�ßtÖ�Ö�âËÛ�âÖ9ßtÒ��àÖCÿiäGÚ+â]ÕiÖ7Á/ÔiÐCÑ
Ü-Ô!ß=Û�âÖàÜ-Ö�ßAÞnÛ�ß�×CÔ!Þ*äGÚ!â ÕiÖ:ÓþÔ+ØCØ�Öe�+Ú��TÛ�Ó�ä���Û)Ö
Õìá Ô+Ó¼Ü�� äùÞ*Û)ÕiÖ ∆ρ = −0.25ρ∞

å�2àÐ$Ú+Û*� Ö�ÓkÖ�â.Þ�
M =4 Ö�Þ α=36◦ å

5gç ä ë©ã ä æ�è æMé%æ ä éAì%æ�ç Þ æ äãê é Þ�ä è ç äôê çSæJipá�é ä é Þ æ�ípé Þ�õ
æ�ë©ã:å|æ�N!å�ècã\æMé*å æWé�å Þ�ä åGç�èTæ ä -�écá[å�è ç ê ç¦æ�ëbé Þ%ä -yé^ë�íeçgë<æ Þ ç
ë©ãRª�ç�i^å é Þ ; A%AtK ç Þ æ Þ çöë©ãRª�ç�i^å é Þ ;q7 AtK å|æ�N!å Þ â`çgë õ
ä çgíðç Þ æ OX, çXá[å ç`ë1é~æXâ`ç�å|æ%ç³è épë©ãRªAç�iDå é Þ÷ê ç²7mécáSß
ã\æMé*å æ�3 ê é Þ�ä æ Þ á�çgëºæMé�å Þ{ä ç Þ�ä 3�ç�èTæ äeä æMé^ì�è ç`3 ê é Þ�ä è é
¥Xé Þ ç ê æ[é�è ç`3Gå|æ%çðè éòë©ãRªAç�iDå é Þ ë©ãKè|æ�è�å ógë�ç O�, çeë1ã ä æ�è æMé�æ
ä çgëbé�å æ-ç Þ ìSé Þ é£áXáXé�ë ê éXâ[çXá¬è ç ä1ê é ÞGÞ ã�ç ä ç�i�çaãgëå�íðç Þ�õ
æMé�è ç ä 3�é�[�è é/æ�ëbé Þ�ä å æRå é Þuê çj7mécáSß ä ç´ç`ë©é ê æ*å ä é*å æ�è ç
ç�èTæ ä¬ä é~æXâ[ç Þ æ Yzê ç ä é Þ è�è ç ä ç[ë©é�áSß%ç äeê ç

α
N

ç\æMß`é õ
ì*å æ%æ`çgè�è çgíðç Þ æ©è ãKè�ógë�çgíeç Þ æ@ç�èTæ ä ß`éEæ�æ ä å|æ%ç

α
N

O
B èµç ä æ«å�í çSé^ëºæMé Þ æ ê ç Þ égæ¿çgëÈåiæ�N!å�è ä N�écèAå æ«å á[å ê N�æ Þ ç
ç�i�çaãgëå ç Þ á�ç Þ æ�ípãgëå å|æ%çpå|æ*ågæ�ç Þ æ¿ç Y íÈé Þ æRëbçgë½å|æ�Nlé Þ
ç*çSæ�æ:ç[ë©é	â£é�å|æ%çgë�æ Þ çeæ�ëbé Þ%ä å æRå é Þ ç Þ æ�ë�ç�ë1ãRªAç�i^å é Þ ë©ã õ
è|æ�è�å ógë�ç�ç\æ�ë©ãRª�ç�i^å é Þðê ç�7mé£áSß©ç\æ7å Þ â`çgë ä çgíðç Þ æ ê é Þ%ä
æ Þ ìGæ%æ ê ç!çaé~æXâ£é�å�ë5áXé Þ æRëG�Aè çgë@æ�è æ ãgë�å çSæ�ë�çgíðç Þ æ-á�ç ä
ãXáXé~æ�è çgíeç Þ æ ä0O :`ã�é Þ ípé�å Þ�ä 3 ê é Þ%ä è é«ë©ã�é^èhå æ�ã`31è é Þ é õ
æ�æ�ë�çpç�igécá\æ¿ç ê ç ä ç*çgëºæ%æ^ë�ì`é%æ�å é Þ�ä ë�ç ä çaé Þ�ä é^ì�è ç ä�ê ç
á�ç\æ�æ�çðæ�ëbé Þ�ä å æRå é Þ ë�ç ä æ¿ç°çSé~æ^ë�è ç�ípéAíðç Þ æ¬å Þ áXé ÞGÞ æ%ç O

È � É�Æ�Ë«ï½ëAÍ�î�Í�Ë�Ì�Æ/ìiíVÇ#È¾Í É�Ë�ËSÏ�Í Çiîlí¤Ò
�

Ï�ÐYÑ¦Ò I O�G � ÷«& �gø:�ùÜ^ÛzÜ^Û���Ú��%�a(	� 
 Ý�úòÝ.�-Û ��
 ��û�ü
ý ÝDúMþ*ÿ������ Ü^Û�Ü��bÚ��\Ý}Û Ü^Û	�Âþ�
�Óþ��[Û�
Âþ����Aþ*ú���ÿ������
Ü^ÛRÚ�����Ú\ÿ�þ��������ÿ��RÚ�ÜgÝ��������¾ÿµÿ�ú������ºÛkü ��
!�gÝ"�;Û\øuÛ��¾ÿ #
M = 5.0 $ Ü���%���«Ü'& Ý(�Óþ�� ý �;ÛnÜ^Û 26.6◦ )+* �bømÝ"�!þgüÿ������,�}Ý�ø-��ú���\Ý}Û©Û��{Ý�ÿ������bÚ\þ��¾ÿ.�;Û7Ú/
����øuþ10-24365
798�: ø/Û;�gúMÜgú�ÛzÛ��³Û�Ú<�Aþ�
RÛuÛ\ÿ+= : ø/ÛzÛ��÷ÿ_Û\ø>�½Ú�? )

@(ACB\æD ê çùé ç�E ä D*å æ¿ç ê Bgì�F�D%G�H%B ä D�ë{è çJI[ëKF õ
ì�è ógíðç å�E�æLBgë�ç äMä é�E�æ ê ç ä åME ä æ¿é^ì*å�èhå æLB ä èhå B�ç ä
é�D�N ä æ�ë<D%G\æD�ë�ç ä æLF�D�ë�ì*å�è�è F�E�E`é*å�ë�ç äùê çÓæ�O�I*ç
P�çgè Q^å�E õSR çgè�í�H%FAè æUT å äMä D%ç äöê DVI�F�åME�æ æRë�å�I�è ç
W QXF�å�ëZY�[\D�ë�ç^]`_Ca�b_dc-ç ä åME ä æ¿é^ì*å�èhå æLB ä é�I�I`é õ
ëbé*å äMä ç�E�æeGgè é�å�ë�çgíðç�E�æfIgç�E ê é�E%æÓè ç ä I�H[é ä ç ä
æRëbé�E ä å æUF�å�ë�ç äpê ç è�ACB/G/F�D�è çgíðç�E�ægG/F^ë�ë�ç ä I�F�E õ
ê é�E%æih è�ACB\æMé�ì�è�å äMä çgíðç�E�æ ê D ê å ä!j D%ç ê ç
kzéXG�Hmln]�oqp9r,lC]`sp9_6t�è�è ç äöä ç íðé�å�E�æRå ç�E�E`ç�E�æ
j D%çgè j D%çuIgç�D é�I`ëbó ä,j D%çÂè ç-G�HXF(G ä F�å æ ä æMé õ
ì*å�è�å ä B�r'I�D*å äòê å ä I`é[ëbé�å äMä ç�E�ævIgç�D	hwI*ç�DwI�F�D�ë
è é�å äMä çgëwI�è é%G�çxhyD�EzB/G/F�D�è çgíeç�E�æ ä æMé�æRå F�E õ
E`é*å�ë�ç�_
{|F�D ä é}QXF�E ä B\æUB;I`é[ë�íÀå¾è ç ä I[ë�çgíòå çgë ä huíðç\æ�æ�ë�çðç�EvBQ�å ê ç�E%G�ç6E�D^í~Bgëå j D%çgíeç�E%æ�G�ç ä å�E ä æ¿é^ì*å�è�å æLB ä ç\æ
E%F�D ä E�A�é/QqF�E ä ëKB�D äMä å�hmè ç ä G�é�I�æD�ë�çgë j D�A�é}Q`ç/G ê ç ä�ä G�H%Bgíðé ä E�D�í~Bgëå j D%ç ä é äMä ç�TvI`ëKB/G[å ä W G/FAí�íeçòè ç
��t.{�� ��r�I`é[ëôç�N[çgívI�è ç%b�r\F�D ä D�ë ê ç ä íðé�å�è�è é%[�ç ä æ�ë�ó ä Y.E ä _.c5ç ä ëKB ä D�è æMé%æ ä F�E�æ�B\æLB�G/F�E/Y-ë�í~B ä I�è�D ä



�����q�%î �������"������<�}���/����î ������X� �/�����S���!���X���}�����+�%����'�����q���¿î �<�gî����S� �(�

æ¿é[ë ê r�E%FgæMé�í�íeç�E�ær�I`é[ë��¦ë<D%[\D%ç\æ�ç\æ  �ç[å æUF�D�E¡l�o�¢qp9_
{|F�D ä Igç�E ä F�E ä£j D%çwG�ç ä åME ä æMé�æRå F�E�E[é[ëå æLB ä F�E%æ	D�E ëK¤Aè ç�å�ívI�F�ë�æ¿é�E�æ;h,¥UF�D%çgë ê é�E ä è é§¦�F�ë_íðé%æ�å F�E
ç\æzè�ACB\æ¿é^ì�è�å äMä çgíeç�E%æ ê ç�è�ACB/G/F�D�è çgíeç�E�æòé�å�E ä å j D%ç ä D�ëeè é«æ�ëbé�E ä å æRå F�E©¨ª¨ ↔ k	¨ª_+@"ACBgíeçgëK[�ç�E%G�ç ê ç ä
æUF�D�ë_ì*å�è�è F�E ä7ê çvP�çgè Q�å�E õSR çgè�ívH%FAè æ9T©ç ä æ I[ëKFAì`é^ì�è çgíeç�E�æ¬è�å B�ç>h6D�Emí~B/G�é�E*å ä íðç ê çeØ�¦�ç�ç ê ì[é%G�«¬ ä çgè F�E
è ç j D%çgèAè ç ä I*çgëºæD�ë�ì`é%æ�å F�E ä å äMä D%ç ä3ê D;I�F�åME�æµæRë�å�I�è çI[ëKFqQXF j D%ç�E�æeè é ê B ä æMé^ì*å�è�å ä é%æ�å F�E ê çzè é�G/F�D%G�H`ç ê ç
í~Bgè é�E}[�ç�_�®4E`ç¯¦�F�å ä¦ê BQ`çgè F�I�I�B ä r�è ç ä æLF�D�ë�ì�å�è�è F�E ä3ê ç6P õSR ¦�F�E�æeë�çgí~F�E�æ¿çgëãè�A!åME/¦�F^ë�íðé%æRå F�EZh�æ�ëbé/Q[çgë ä
è é�T/F�E%ç ä D�ì ä F�E*å j D`ç�¥�D ä!j D�A�é�D ê å ä!j D%ç ê ç	kzéXG�H�_�c-ç\æ�é ä I*ç/G\æ ê ç�G/F�D�I�è é%[�ç�é^í~F�E%æ�°gé}Q[é^è�F�D	I�è�D ä
I`ëKB/G[å ä Bgíeç�E�æWè�A!åME�æ¿çgëbé%G\æRå F�E3ç�E�æRëbç¦è é�G/F�D%G�H%ç ê ç�í~Bgè é�E%[�ç�ç\æãè ç ê å ä!j D%ç ê ç~kzéXG�H>E�A�édI`é ä B\æUB�é^ì�F�ë ê B
ê é�E ä G�ç\æ�æ�ç£B\æD ê ç�_�{|B�é�E�ídF�å�E ä rªG�ç1I`ë�FAì�è ógíðç ë�ç ä æ¿ç«å�E�æLBgë�ç äMä é�E�ækç\æzídBgëå æ¿ç ê AC±\æ�ë�ç/ç�N*é�íÀå�E%Buç�E
ê B\æ¿é�å�è ä hÀè éòè�D�íÀå ógë�ç ê ç ä ëKB/G�ç�E�æ ä�ê BQ`çgè F�I�I*çgíeç�E�æ ä�ê ç¦æ¿ç/G�H�E*å j D%ç ä�ê ç G�é^è G�D�è�å�E ä æMé�æRå F�E�E`é*å�ë�ç W æ�O�I*ç
@"t\²§F�D	� t�²`b_

õu³ é[ëbé�è�è ógè çgíeç�E�ær�E%F ä ëKB/G�ç�E%æ�ç ä B\æD ê ç ä E�D�ídBgëå j D`ç ä r�íeç�E%B�ç ä�ê é�E ä è ç6G�é ê ë�ç ê DuI`ëKF!¥�ç\æ£´�{ªµ�¶4² õ o"r'F�E�æ
í~F�E�æ�ëKB�r�I�F�D�ë7è é6I[ë�çgíòå ógë�çd¦�F�å ä r j D%ç{è ç,I�H%B�E%FAíeó�E`ç ê A�H/O ä æLBgëKB ä å ä I�F�D/Qgé*å æ�B�[^é^è çgíðç�E�æ¦é}QXF�å�ë�èhå ç�D ê é�E ä
è ç ä ¥�ç\æ ä¦ä D�I*çgë ä F�E*å j D%ç ä E%F�E õ é ê é�I�æLB äeê Bgì�F�D%G�H[é�E�æ ê é�E ä D�E%çÀé%æRídF ä I�H%ógë�ç�é�Duëbç�I�F ä lC]`s�p9_

·�¸<¹'¸»º ¼¯½¿¾�ÀªÁ|Â�Ã�ÄªÅ�À.Ã�Â�Æ
t.EðëKB ä D�í~B�rDè ç äôä å�ívD^è é%æ�å F�E ä E�D�í~Bgë�å j D%ç ä ëKB�é^èhå ä B�ç ä�ê é�E ä G�ç\æ�æ¿ç+B\æD ê ç�ç\æ�G/F�ë�ëKFAì�F^ëKB�ç ä I[é[ë�è ç ä ëKB/G�ç�E�æ ä ë�B ä D�è æMé�æ ä
ç�N(I�Bgëå�íeç�E�æMé�D�N;F�E�æ�é�ì�F�D�æRåAé�D�N6G/F�E%Ggè�D ä å F�E ä�ä D*å Q[é�E%æ�ç ä�Ç

È @[çI�H%B�E%FAíðó�E%ç ê A�H/O ä æLBgëKB ä å ä ç�NDå ä æ¿ç�è F^ë ä�ê ç ä æ�ëbé�E ä å æRå F�E ä W ¨ª¨ ↔ k	¨�bµé�D äMä å�ì�å ç�E ê é�E ä�ê ç ä G/F�E}Y"[\D�ëYé õ
æ�å F�E ä7ê ACB/G/F�D�è çgíeç�E�æ ä G/F�E/Y.EXB ä W G�é�E`é^è b�r ä çgíòå õ G/F�E/Y.EXB ä W ê å ó ê ë�ç�I�è éXG/B ê é�E ä D�EZB/G/F�D�è çgíeç�E�æ¯D�E*å ¦�F�ë�íðç%b
F�Dùèhå�ì[ë�ç ä W ¥�ç\æ ä D�I*çgë ä F�E*å j D%ç ê Bgì�F�D%G�H`é�E�æ ê é�E ä D�E%ç é�æ�í~F ä I�H%ógë�çïé�Dùëbç�I�F ä b_�@"ACFAì�æ¿ç�E�æ�å F�E ê çÂè�A�D�E`ç
F�Dpè�A�é�D�æ�ë�ç ê ç ä G�ç ä ëKBÉAç�NDå F�E ä ê B�I*ç�E ê ¦�F^ëºæ¿çgíeç�E�æ ê ç ä ¦éXG\æ¿ç�D�ë ä [�B/FAídB\æRë�å j D%ç ä W é�E}[�è ç ä ç\æ,[�B/FAídB õ
æRëå ç ê D ê å ó ê ë�ç¡o��+°�¢��+b�F�D ê ç ä G/F�E ê å æRå F�E äÀê ACB/G/F�D�è çgíeç�E�æ ä W I*çgëºæD�ë�ì`é%æ�å F�E ä ç�N`æLBgëå ç�D^ë�ç ä r�H*å ä æLF�å�ëbç ê ç
è�ACB/G/F�D�è çgíeç�E�æ�_�_�_�b_

È @génæ�ëbé�E ä å æRå F�E W k	¨ → ¨ª¨�b ä ç1I`ë�F ê D�å æòé�D§Ggëå æ�ógë�ç ê ç ê B\æMé%G�H`çgíeç�E�æ W
α

D

b�rWé^è F^ë äj D%ç�è énæRëYé�E ä å æ�å F�E
å�E/Q`çgë ä ç W ¨ª¨ → k	¨�b ä AhçÊ5ç/G\æ�D`ç j D%çgè j D%çdI`é[ëºæ ê é�E ä è é�T�F�E`ç ê D[é�è ç>I[ëKF"G�H%ç ê D¯Ggëå æ¿ógë�ç ê ç+QXF�EZ{Wç�D�íðé�E�E
W
α

N

b_�{+D�ídBgëå j D%çgíeç�E�ær5å�è^ç ä æ3æ�ë�ó ä�ê å Ë,G[å�è ç ê A�é%æ�æ¿ç[å�E ê ë�çG�çZGgëå æ�ógë�çZG�é[ëªG�çgè é ê B�I*ç�E ê ¦�F�ë�æ�çgíðç�E�æ ê ç{è é
ëKB ä FAè�D�æRå F�E6E�D�í~Bgëå j D%ç W ç�E ä A�é�I�I`ë�F(G�H`é�E�æ ê ç

α
N

r1è é-H`é�D�æ¿ç�D�ë ê D ê å ä!j D%ç ê ç-kmé%G�H ê çQ�å ç�E%æ�æ¿çgè�è çgíeç�E�æ
Igç\æRå æ¿ç j D�Ahçgè�è ç,I*ç�D�æÌ±\æRë�çZG/F�E}¦�F�E ê D%ç�é}Q`ç/G{è é�æMé*å�è�è ç ê çmè éuíké*å�è�è ç%b_

È ´!è}ç ä ævI�è�D ä ¦�éXG[å�è ç ê çmæ�ëbé�E ä ¦�F^ë�íeçgëÌD�E`ç ëKBÉAç�NDå F�E ëKB�[\D^èhå ógëbç�ç�EwD�E%ç ëKBÉ�ç�N^å F�E ê çwkzéXG�H j D%ç è�A!å�E/Q[çgë ä ç�_
³ é[ë�G/F�E ä B j D`ç�E�æ�r3è é¡G/F�E/Y�[\D�ëbé%æ�å F�E W k	¨�bðç ä ædG/F�E ä å ê BgëKB�ç£G/FAí�íeç§I�è�D ä�ä æMé�ì�è ç j D%çïè é	G/F�E/Y"[\D^ëbé�æRå F�E
W ¨|¨�b�Q�å ä¿õ h õ Q�å ä�ê A�D�E%ç-Igçgë�æ�D�ë_ì`é�æRå F�E�ç�N`æUBgë�å ç�D�ë�ç�_

@gç,I[ëKFAì�è ógíðç ê ç ä æ�ëbé�E ä å æRå F�E ä W ¨|¨ ↔ k	¨�b¯I�F�D�ë_ëbé;±\æRë�ç�G/F�E ä å ê BgëKBZG/FAí�íeçmëKB ä FAè�D ä å(F�E�é[ë�ëå Q`çvh/í~F ê Bgèhå ä çgë
G/F^ë�ë�ç/G\æ¿çgíeç�E�æ�è ç ä I*çgëºæD�ë�ì`é%æ�å F�E ä ç�N[æUBgëå ç�D�ë�ç ä ë�ç ä I�F�E ä é�ì^è ç ä¦ê çÀè éðæRëYé�E ä å æ�å F�E�I[ëKB/G/F"G�ç W ¨ª¨ → k	¨�b+FAì ä çgë�QXB�ç
ê é�E ä©ê å Ê�Bgë�ç�E�æ¿ç ä�ä F�D/Ímçgë�å ç ä _�c5çgè é/íeç\æ�æRëYé ä é�E ä©ê F�D%æ�ç�Y�E6h-D�Enè F�E}[-B�I*å ä F ê ç j D*å�é;F"G/G�D�I�Buè ç ä G�H%çgëKG�H%ç�D�ë ä
I*ç�E ê é�E�æZG�ç äÀê å N ê çgë�E*å ógë�ç ä é�E�E%B�ç ä ç\ædF�D}Q^ëå�ëYé�è é6QqF�å ç,Q`çgë ä D�EÎEXF�D/Q`çgèªH%F�ëå T/F�E�r|G�çgè�D*å ê D	G/F�E�æ�ëK¤Aè ç ê ç£G�ç ä
B/G/F�D�è çgíeç�E�æ ä _
kmé�å ä é}Q[é�E%æ�reå�è'¦é�D ê ëbé÷ç�EXG/F�ë�ç j D%çgè j D%ç ä é�E�EXB�ç änê ç ë�ç/G�H%çgëKG�H%ç ä I�F�D�ë�é[ë�ëå Q[çgëdh9íòå ç�D�Nùé�I�I[ëKB�H%ç�E ê çgëvG�ç ä
B/G/F�D�è çgíeç�E�æ ä _4@*é ê å Ë,G�D^è æLBwI[ëKFqQ�å ç�E%æòç äMä ç�E�æ�å çgè�è çgíeç�E�æ ê çöè énæRë�å ê å�íeç�E ä å F�E�E`é^èhå æLB ê çöè�ACB/G/F�D�è çgíeç�E�æòç\æ ê çöè é
G/FAí�I�è ç�N^å æUB ê ç ä åME�æ¿çgëbé%G\æRå F�E ä ç�E�æ�ë�ç¬è ç äôê å Ê�Bgë�ç�E%æ ä ídF ê ç äôê ç~I*çgëºæ�D^ë�ì`é%æ�å F�E ä W éXG/F�D ä æ�å j D%ç%°[ç�E�æ�ëKF�I*å ç%°%QXF�ë�æ�å G[å æLB%b�r
ä é�E ä F�D�ì�è�å çgë<r�B�[^é^è çgíeç�E%æ�r¦è ç ä I[ëKFAì�è ógíðç äuê ç÷è é æRëYé�E ä å æ�å F�Eöè é�íÀå�E`é�å�ëbç%°`æ�D�ë_ì�D�è ç�E%æ£I�F�D/Q[é�E�æ6BQ`ç�E�æD%çgè�è çgíeç�E�æ
é�I�I`é[ëbéSÏ�æ�ë�ç ä D�ë7è ç ä G/F�D%G�H%ç ä èhå�íÀå æ¿çòè çmè F�E}[ ê ç ä I[é[ëKF�å ä¬ê A�D�E%ç ä F�D/Í{çgëå ç�_
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·�¸Kº Ñ�Ò�½�Ó�Ô�Õ×Ö�Ó�Ø`Ù	Ã�ÚUÀªÓ�Ù�ÂMÃ}Ô�Â�ÚLØ`ÙeÚLÀ|Á|Â�Û|Ø`Ù

ÜÝ9Þ�ßMà9ÞUá/â ã�ä�ã�Þ~åß�àUÞ�Ý�æ�ã�àUÞ>ç/ä}æ!ÞÌèLÝ9ã�ã�Ý�Þ�ÝLè9ã<é êXævê%æ�ã à9ã�à�êXë�ã�ÝSæ/á!Þ¯ç/ä}æ!Þdâ ÝZèLä�çqß�ÝZçqá6å�ß�ê�ìKÝ9ã í�î�í¿ï¿ð|ñnâ Þ
êXæ�ã�ç�êXæ/æSàâ é Ý�ádòç/Ý�áLó6å/á/ë/â é èLä!ã<é êXæ!Þ4ç/ä/æ!ÞÌç/Ý9Þ~ß�Ý9ô/áSÝUÞ>énæ�ã�Ý�ß»æSä�ã�é ê%æSä}â Ý9Þ�Ý�ã�ê%æ�ã�õ�ä�é ã¯ânö ê%ë�ìKÝ9ãÌç/Ý~ç/Ý�áLó
èUêXæ�õ�à�ß�Ý�æSèLÝUÞUð

•

í�ð ÷�ø(ðªù+ê%á/ß�ê%æ�ôSä}â ú.í�ð�û\äSçUìKä�çUì<ú|ü.á/ý|Ý�ß�é èLä/â`Þ�ãUáSçþ�ê�õ4ã9ÿSÝÞ�ã�äßCã�éCæ��¡åß�ê}èLÝUÞ�Þ�éCæ�ä;ÞUá/åÝ�ß�Þ�ê%æé è
æ!ê����Sâ ÝðXò¯åSäß�ä × ãUß�Ý�ç/ä/æ!Þ��/ð��(ß�ê%å/á/â Þ�é ê%æ
	��%ê��¿ÝSß�ú�������qð

•

í�ð ÷�ø(ð(ù+ê%á/ß�êXæ�ôSä/ânúXí�ð�û\äSçUìKä�çUì<ú%í�ð�ü.ð���áSçqßCþLä!ô�ã�Þ�Ý9ô}ú���ð��`ä/æSçqß�ê%ý4ýªÝ�ú(ü.á/ý|Ý�ß�é èUä}âXénæ�ôSÝUÞ�ã�é ��ä�ã�é ê%æ
êSõ�ãUß�ä/æ!Þ�é Ý�æ�ã|æ!ê�����â Ý��%ê��|ð"ñnæ�ãLð��/ðqø�ÿ!ê}è�����ä�ôSÝUÞLú��\êXânð ��%ú"ü�êXð"!%ú�å/å}ð��#��$S÷%������ú&�����$Xð

¶�Q[é�E%æ7æLF�D�æ�çeæ¿ç�E�æ¿é%æRå Q`ç ê çzí~F ê Bgèhå ä é�æRå F�E ê ç ä I�H%B�E%FAíðó�E%ç ä G/F�D�I�è B ä W É�D*å ê ç õ�ä æRë�D%G\æ�D^ë�ç%b�é�D ä ç[åME ê A�D�E%çkæD/O\ógëbç
I[ëKF�I�D�è ä å Q`ç�r�å�èDå�ívI�F�ë�æ�ç ê A�é^ì�F^ë êuê çmì�å ç�EG/FAívI[ë�ç�E ê ë�çmè é,I�H/O ä å j D%ç ê ç ä B/G/F�D�è çgíðç�E�æ ä æ�ëbé�E ä å æLF�å�ëbç ä G/F�ë�ëbç ä I�F�E õ
ê é�E�æ ä é�D/N I�H`é ä ç äuê A�é^è�è�D�íðé%[�çïç\æ ê Ahç�N`æ�åME%G\æRå F�E ê Dpí~Fgæ¿ç�D�ë�_ t.E�çÊ5ç\æ�r4G�çgëºæMé�å�E ä I�H%B�EXFAíeó�E%ç ä I[é[ëºæ�å G�D�èhå çgë ä
ä ç¡I`ë�F ê D�å ä é�E�æÀè F�ë äkê ç«è�A�é^í~F^ë%'�é}[�ç ê A�D�E%çmæD/O\ógëbç/åME ê D*å ä ç�E�æ ê çv¦�F�ë�æ�ç ä E%F�E õ D�E�å ¦�F�ë�íÀå æLB äðê ç è�ACB/G/F�D�è çgíðç�E�æ©ç\æ
I*ç�D/Q`ç�E%æ�å�E/É�D%ç�E%G�çgëãè ç ê BQ`çgè F�I�I*çgíeç�E�æ>D�è æLBgëå ç�D^ë ê çÀè édT/F�E%ç ê B/G/FAè�è B�ç�_��µç ä G�é�è G�D�è ä I[ëKBgè�å�íòåME`é�å�ë�ç ä F�E�æ�íÀå ä ç�E
BQ�å ê ç�E%G�çzè éG/FAívI�è ç�N^å æLB ê çzè�A�é�ídF�ë%'�é%[�ç ê çzè ékæD/O�ógë�ç)(�D�è G�é*åME W QqF�å�ë�Y�[\D�ë�çd]`_+*�b_�c-ç ä FAì ä çgë�Q[é%æ�å F�E ä E%F�D ä F�E�æ
G/F�E ê D*å æ ä hvB\æD ê å çgë4I�è�D ä ç�E ê B\æMé�å�è ä è ç,I[ëKF"G�ç äMä D ä¬ê A�é^í~F^ë%'�é}[�ç�_

Ï�ÐYÑ¦Ò ]`_+* È-,/.10�2431576%.18:9<; .18=9?>�@A9?>CBED .�B�>�5
9?>F916G@HBE.18I576J8IK&6J5MLF9?>NBE.18I5M3?BH5POQ6J8I@E5M3?RH6JS+6J5MLN9?>T 6%BED"572VU?>�0�WQXY>�@[Z�D .�\[]^9?3�8 @YS_>`9�6J\#>H0ba�>�8�5c9?>dS_3
5bK&U?eH0�>gfIK&S_BE316J8hSi.10E@c9?>cS[; 31SJSjK&2k3�a�>l9�Kg2k.�5Q>HK&0Hmn 570�6%.#@HBE.�o�6%>)8�K&2kLH0�6%p�KI>�m

{ªFgæRëbç1FAì9¥�ç/G\æ�å ¦�B\æMé�E%æ ê A�é%G j DXBgëå�ë�D�E%ç³íðç[å�è�è ç�D�ë�ç§G/FAí�I`ëKB õ
H%ç�E ä å F�E ê ç ä I[ëåME%G[å�I`é�D�NJI�HXB�E%FAíeó�E%ç ä ëKB�[Aå äMä é�E%æzè�ACB/G/F�D�è ç õ
íðç�E�æ7ç\æ ä D ä G�ç�I�æ�å�ì�è ç ä�ê A!å�E%æ�çgëbé%[Aå�ë1é}Q`ç/Gmè ç ä çÊ5ç\æ ä Q�å ä!j D%ç�D�N
I�F�D�ë ê F�E�E`çgë�E`é*å äMä é�EXG�çké�D ê B/G/FAè�è çgíeç�E%æ�r�E%F�D ä é/QqF�E ä B\æ�D õ
ê å Bmè ç ä çÊ5ç\æ ä ç�D�è Bgëå ç�E ä�ê çuè�A�é^í~F�ëb'�é}[�ç�_
��é�E ä D�E`ç¯I[ë�çgíòå ógë�ç I`é[ëºæRå ç�r[é/Y�E ê ç E%F�D ä G/F�E%G�ç�E�æ�ë�çgë ä D�ë¾è ç ä
I[ëå�EXG[å�I`é^è ç ä G�é[ëbé%G\æLBgëå ä æ�å j D%ç ä7ê ç�è�A�é^í~F^ë%'�é%[�çeç\æ ê ACBQ^å æ¿çgëôè ç ä
ëKBÉ�ç�N^å F�E äÀê D§G�H%F"G å�E%G[å ê ç�E�æmë�ç�E%G/F�E%æRëKB�ç ä�ê é�E ä è ç ä G/F�E}Y õ
[\D�ëYé�æRå F�E ä ëKB�çgè�è ç ä r.D�E%çG/F�E}Y"[\D�ëYé�æRå F�E ê ACB\æ�D ê ç ä å�í�I�èhå Y�B�çké
B\æLB©ëbç\æ�ç�E�D`ç�_�c5çgè�è ç õ G[å�ç ä æ�G/F�E ä æ�å æ�DXB�ç ê A�D�E>G�é�E[é�è ê ç ä ç/G\æRå F�E
G/F�E ä æMé�E�æ�ç ê FgæLB ê A�D�E ê å Q`çgë»[�ç�E�ædG/F�E*å j D`ç�_'c5ç\æ�æ�ç¡I`ëbçgíòå ógëbç
I`é[ë�æ�å ç ê çöè�ACB\æD ê ç ä Ahç ä æzåME�æUBgëbç äMä B�ç£h§G�çgëºæ¿é�å�E ä é ä Igç/G\æ äÀê ç
è�A�é�ídF�ë%'�é%[�ç�_¯@gç ä çÊ5ç\æ ä é/N^å ä ODí~B\æ�ëå j D`ç ä F�Dpì*å ê å�íðç�E ä å F�E õ
E%çgè ä�ê ç�è éG/F�E/Y�[\D�ëbé%æRå F�E ä D�ëãè�ACBQXFAè�D�æRå F�E ê çmè�ACB/G/F�D�è çgíðç�E�ær
è ç ä Q�å æ¿ç äMä ç ä1ê ç ä G�H%F"G ä r^è ç�D^ë}å�E%æ�ç�E ä å æUB¬è�A!å�E}É.D%ç�EXG�ç ê çeè�A�é�E}[�è ç
ê çmè éòæD/O�ógë�çòç\æ ê D-EXFAíÀì[ë�ç ê ç-kméXG�H ê çuè�ACF�E ê çzåME%G[å ê ç�E�æ�ç
F�E�æÌB\æLBzå�E/Q`ç ä æRå ä l�a&qqpU_
��é�E ä D�E ä ç/G/F�E ê æ¿çgívI ä r^ç\æ+hzè ézè�D�íòå ógë�ç ê ç ä ëKB ä D�è æMé%æ ä�ê ç ä
G�é^è G�D�è ä I[ëKB/G/B ê ç�E�æ ä rAè ç äWê ç�D�N~G/F�E/Y�[\D�ëbé%æ�å F�E ä B\æ�D ê å B�ç ä ç�N(I�Bgëå�íðç�E�æ¿é^è çgíðç�E�æ�I`é[ë\¶¦íðé�E�El�¢Xp`F�E�æ|B\æUB ä å�ívD^è B�ç ä _
®+E%çðé%æ�æ�ç�E�æRå F�E;I`é[ëºæRå G�D^èhå ógëbçeéB\æLB�I�F^ëºæLB�çdhmè�ACBQXFAè�D%æ�å F�E�G/FAí�I�è ç�Ngç ê ç�è é ä æRë<DXG\æ�D�ëbç ê ACF�E ê ç�_�@(A!åME/É�D%ç�E%G�ç ê çzè é
¦�F�ë�íðç ê ç{è�Ahç�E%æRëKB�ç ê ç{è éÀæ�D}O\ógë�ç�évB\æLB{íòå ä çkç�EvBQ�å ê ç�E%G�çÀç\æðè ç ä ëKB ä D�è æ¿é%æ ä F�E%æ�B\æLBZG/FAívI`é[ë�B ä hnè�Ahç�N(I�Bgëå ç�E%G�ç�_
³ é[ë ä F�DXG[å ê çG/F�EXG[å ä å F�E�r ä ç�D�è}è çZG�é ä¬ê ç{è é�æD/O�ógë�çvh;G/FAè�é[ë�ë�F�E ê å ä çgëYé£I[ëKB ä ç�E�æLB�_
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·�¸Kº4¸�¹ Ñ�ÚSÂ�Ó�¾�Â�Á.ÀªÄts�ÚL½`Ù(Ä|Å�Ã}À�Ã}Ù
@"ACBQXFAè�D�æRå F�E ê D ä O ä æ¿ógíeç ê ACF�E ê çhuè�A!å�E%æUBgëå ç�D�ë ê çÀè ékæD/O\ógëbç�ç ä æ I`ëKB ä ç�E%æUB�ç ä D�ëãè ç ä Y�[\D�ë�ç ä ]`_+u�_héòç\æ4]`_+u�_!ì(_

v è FAì`é�è çgíeç�E�ær�è ç ä ëKB ä D�è æMé%æ ä E�D�ídBgëå j D`ç äWä F�E%æôç�E�ì�F�EeéXG/G/F�ë ê é}Q`ç/Gkè�Ahç�N(I�Bgëå ç�E%G�ç�_(c�FAíÀíðç�F�EI*ç�D�æ3è ç+QXF�å�ë ä D^ë
è é¯Y�[\D�ë�ç>]`_+u�_!ì�r�è F�ë ä!j D%çòè ç>G�H%F"G�åME%G[å ê ç�E�æ�é�æ�æ�ç[åME�æ¦è é~Y�E ê DðæD�ì*ç~h�G�HXF(G ä ç ä I`é[ëºæRå ç ä3ä D�I�Bgëå ç�D�ëbç¬ç\æ¦å�E/¦�Bgëå ç�D�ë�ç
ä F�E�æ7ëKBÉ�B/G�H�å ç ä ç\æ ä ç>I[ëKF�I`é%[�ç�E�æ|Q`çgë ä è�A!åME�æUBgë�å ç�D�ë ê D�æD�ì*ç�h>G�H%F(G�_�t�è�è ç ä1ä çeë�ç<¥UF�å [\E%ç�E�æ3ëbé�I*å ê çgíðç�E�æ�ç\æ�¦�F�ë_íeç�E�æ
D�E©D�E*å j D%ç£G�H%F"GïëKBÉ\B/G�H*å W ¨�²`b�è é�å äMä é�E�æ ê çgë�ëå ógë�ç«è�D*å'D�E%çïëKB�[Aå F�EwH`é�D�æ�ç§I[ë�ç äMä å F�E j D`é ä å õ�ä æMé�æRå F�E�E`é*å�ë�ç�_���é�E ä
è ç í~±gíeçmæ¿çgívI ä rµè é©I`é[ëºæRå ç£G�ç�E�æ�ëbé^è ç ê D§G�H%F"G å�EXG[å ê ç�E�ækç ä æðæRëbé�E ä íÀå ä ç6höè�A!å�E%æUBgëå ç�D�ë ê ç�è é/æ�D/O�ógë�çnç\æ>¦�F�ë�íðç
D�EÎG�H%F(GuI[ëå�íké*å�ë�ç W ³ ²`b ê F�E%ænè é×I[ëKF�I`é%[^é�æRå F�E ê é�E ä è çÂíòå�è�å ç�D é�D³ë�ç�I�F ä I*ç�D�æ,±\æ�ë�ç§Ggè é�å�ë�çgíðç�E�ævFAì ä çgë�QqB�ç�_
�ÌA�é�D�æ�ë�ç©I[é[ëºæ�r�I`é[ë¯G/FAí�I`é[ëbé�å ä F�E ê ç ä G�H`é�í�I ä{ê ç ê ç�E ä å æLB«ç\æ ê çuI`ë�ç äMä å F�E�r ê ç äzê å ä G/F�E�æRå�E�D*å æUB äzê ç	G/F�E�æ¿éXG\æ
W c��+b ä D*å Q[é�E%æ�G�ç¡G�H%F"G1I`ë�å�íðé�å�ëbç§Igç�D}Q`ç�E�æv±\æ�ë�çué�å ä Bgíeç�E%æ�å ê ç�E�æRå Y\B�ç ä _ ³ é[ëbé^è�è ógè çgíeç�E%æ�r�D�E§G�H%F"G ä ç/G/F�E ê é�å�ëbç
W ²\²`b ä ç,I[ëKF�I`é%[�ç�é�E%æ Q`çgë ä è�A�é�ídF�E�æ W I[é[ë7ëbé�I�I�F�ëºæ¯h/è�ACB/G/F�D�è çgíeç�E�æ!b¦é�I�I`é[ëbéSÏ�æ�ç\æ¦ç ä æ�G/F�E/Q[ç/G\æUBQ`çgë ä è�A�é}Q[é^è�_.c5ç
G�H%F"G§I*çgë�íeç\æ ê ç,¦�é*å�ë�çxwG/FDç�NDå ä æ¿çgë�w/è�ACB/G/F�D�è çgíeç�E�æZhwH[é�D�æ,E%FAí�ì`ëbç ê çwkmé%G�H«ç\æ¯¦�é*å�ì�è ç ê ç�E ä å æLB�r�I`ëKB ä ç�E%ækç�E
é}Q[é^è ê DwG/FAè�rôç\æG�çgè�D*å ê çÂì*ç�é�D%G/F�D�I×I�è�D ä ¦é�å�ì^è ç6Q^å æ¿ç äMä ç íðé�å ä�ê ç©I^è�D ä ¦�F^ëºæ�çÎI[ë�ç äMä å F�E ç�N^å ä æMé�E�æ ê çgë�ëå ógë�ç è ç
G�H%F"G¡I`ëå�íðé�å�ë�ç�_'@gé ê B\æ�ç�E%æ�ç ê çnè�ACB/G/F�D�è çgíeç�E�æ©é�å�E ä å j D%ç/è ç ä í�D�è æRå�I�è ç ä ëKBÉ�ç�N^å F�E äðê D;¦�é*å ä G�ç�é�D ä F�E�æÌQ^å ä å�ì^è ç ä _
®+EvG�H%F"Gzå�E�æ¿çgë<E%ç W ´C²`b�r êzy hnè é¦�F"G�é�è�å ä é%æ�å F�E ê ç ä èhå [\E%ç ä G�é[ëbé%G\æLBgëå ä æ�å j D%ç ä I*ç�D�æ¦é�D äMä å�±\æRë�ç;E%FgæLB�_

ä�{�|�àUÞUá/â ã�ä�ã�Ý�ó}åà�ß�éCý|Ý�æ�ã�ä}â ë�{�|�àUÞ9á/â ã�ä�ãªæ/á/ý|à�ß�é }qáSÝ
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{ªF�D�� ê B/GgëM� QXF�E��¦íðé ��E�æ¿ç�E`é�E�æ+I^è�D���I`ë�B/G�� �!Bgíeç�E%æ�è ç#��I`ëbçgí � çgë%�
�ME��Mæ¿é�E�æ�� ê ç G�ç\æWé�ídF�ë%'�é%[�ç�ç�E©é�E[é�è O?��é�E%æ7è�ACB/G/F�D õ
è çgíeç�E�æ�ç�Ezé^í~F�E�æ ê D�G/FAè W � )7¡}) è é/ëKB�[=� F�Ec�#� æD%B�ç�ç�E

X? < 0
b¦é/Qgé�E�æ ê ç6E%F�D���æLF�D�ë<E%çgë'Q`çgë¢�¯G�çgè�è ç�ç�Ezé}Q[é^è ê ç

G�çgè�D&� õ G���_
�µó#� j D%ç è çwG�H%F"G^�ME%G�� ê ç�E%æ{é%æ�æ�ç��ME�æ è é©Y.E ê D÷æD�ì*ç©heG�H%F"G�r
��é I`é[ëºæ�� çöç�N`æ¿çgë<E%çx��ç³ëKBÉ�B/G�H � æl�/D�ë�è égI`é[ëKF��
é^è F^ë¢� j D%ç���é	I`é[ëºæ�� ç�G�ç�E�æ�ëbé�è ç£I�B�E%ó\æ�ë�ç ê é�E���è ç ê � Q`çgëK[�ç�E�æ_|@*é«ëKBÉAç�N�� F�E ëKB�[\D�èj� ógë�çÀé�O�é�E�æÀèj� ç�Dc�/D^ë3è é	I`é[ëKF�����ç
æ�ëbé�E��L¦�F^ë�íeç�ëbé�I&� ê çgíeç�E�æ7ç�E/ëKBÉAç�N�� F�E ê ç6kmé%G�H W Y�[\D�ë�ç�]`_+q�_hé�b_.c5çgè�è ç õ G��&��çdG/FAívI�F"��ç ê A�D�EvG�HXF(GzëKBÉ\B/G�H&��r ê D
G�H%F"GÎI`ëM��íðé ��ë�ç W G�Ahç#�Mæ õ h õ_ê ��ëbç�è éuI`é[ëºæ�� çnæRëbé�E���íc� ��ç ê DwG�HXF(Gh��E%G�� ê ç�E�æ!bòç\æ ê ç�è�ACF�E ê ç ê çekzéXG�H W k,²�s%b_4c5ç#�
æ�ëKF�� �4G�HXF(G#����çòë�ç�E%G/F�E%æRë�ç�E%æ7é�D,I�F���E�æµæ�ëM�MI�è ç W µ ³ s%b ê ACF=£ZBgíðé�E%ç>B�[^é^è çgíðç�E�æ D�E%ç�è+� [\E%ç ê ç>[�è+� ����çgíeç�E�æ W ²�@�s%b_
c�FAíÀíðçwE%F�D�� è�A�é/QXF�E?� ê B<¥Lh©BQXF j D%B�r�è ç#� ê ç�D�Npì[ëbé�E%G�H%ç#� W D�E%çuI`é[ë ê çgí � õ I^è é�Eqb ê DwG�H%F"G�ëKBÉ\B/G�H&� W ¨�²`bc��ç
I[ëKF�I`é%[�ç�E�ædQ`çgë¢�{è�A�é�ídF�E�æðç\æ)��ç ëKBÉ\B/G�H&� ����ç�E�æV�/D�ë¬è�A�é�Ngç W Y"[\D�ëbç6]`_+q�_!ìqb~Q �ñéwD�E%çïëKBÉ�ç�NI� F�E ê çwkmé%G�H ê F�E�æmè é
èj� [\E%ç ê çv[�èj� ����çgíeç�E%æ¦é?���!F(G�� B�ç W ²�@

R
b���ç£I[ëKF�I`é%[�ç�Q`çgë¢��è�A�é}Q[é�èM_'@gç;G�H%F(G W ¨.²`b4� ���/D ê çnè é«ëKBÉ�ç�NI� F�E ê ç§kmé%G�H

��çÂëKBÉ\B/G�H&� æ,hx�!F�E�æUF�D�ë��/D�ë�è é^I`é[ëKF���I�D&� �l�/D�ë�è�A�é�Ngçïç\æzé ��E��#� ê ç`�/D&� æ¿ç W Y"[\D�ëbç§]`_+q�_nG%b ê ç æ¿çgè�è ç¤�!F�ë�æ�ç j D`ç
ê ç#�mëKBÉ�ç�NI� F�E�� ê çwkmé%G�H��/D�I�I�è Bgíðç�E�æMé&��ë�ç#�)�!F�E%æ>[�B�E%BgëKB�ç#� Ç D�E��LO?�Mæ¿ógíeç;G/FAívI�è ç�N[ç ê ç«ëKBÉ�ç�NI� F�E��4��ç�¦�F�ë�íðç�_
�ÌA�é�D�æ�ë�ç1I`é[ëºær���è½ç#�Mæ¥��E%æUBgë�ç#����é�E�æ ê ç ëbçgíðé[ë j D`çgë j D`ç è ç#�-I�F��ME�æ���æRëM�MI�è ç#�Àé?���!F"G�� B#�vh	G�ç#�/ëKBÉ�ç�NI� F�E��vF�E�æ6D�E`ç
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æ�ëbéU¥�ç/G\æLF���ëbç~G/FAí�ívD�E%çÀç\æ j D`ç ê F�E%G{è ç�D�ë�èj� [\E%ç#� ê çZ[�èj� ����çgíðç�E�æ���ç�G/F�E/¦�F�E ê ç�E�æ©é}Q`ç/G{è é£I[ë�çgí � ógë�ç W ²�@
R
b_

X*

Y
*

0

0

1

2

SL1
MS1

TP1RS

Mach Reflection
on the nozzle wall
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Mach Reflection
on the axis
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SLR

Shock Reflections
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t.E6G�ç j D&�`G/F�E%G�çgë<E%ç è é	I`é[ë¢°�� ç ê ç/è�ACB/G/F�D�è çgíðç�E�°¬ç�Eué/Qgé�è ê D£G/FAè�r�è é��#� °D`é?°H� F�E�ç#��°¬ç�E%G/F^ë�ç	I�è�D���G/FAívI^è+� j D%B�ç�_
µ�F�D�° ê A�é�ì�F�ë ê rµè ç¡I`ëbçgí � çgëÌI�F���E?°�°Rë���I�è ç W µ ³ s%b���ç-I[ëKF�I`é%[�ç{ç�E ê ��ëbç/G#°H� F�E ê çnè�A�é�Ngçzç#°Àè é�°Mé&��è�è ç ê ç«è�ACF�E ê ç ê ç
kméXG�H W k;²�s%bké�D}[�íðç�E�°�ç�_�@*é�è+� [\E%ç ê ç,[�è+� ����çgíeç�E�°eé?���!F"G�� B�ç,h-G�ç§I�F���E?°�°�ëM��I�è ç�ç#��°dB<¥�ç/G#°UB�ç è F�ë¢� j D`ç6G�çgè�D&� õ G��
ê � �/I`é[ëbéSÏ%°uç#°uç�E}[�ç�E ê ë�ç D�E%ç±��°�ë<D%G#°D�ë�çx°LF�D�ë�ì ��è�è F�E�E`é ��ë�ç W (�b_~®+E%ç©¦�F�� � ê çgI�è�D��/rðè é9ë�BÉAç�NI� F�E ëKB�[\D�è+� ógë�ç ê ç
k,²�s¤��ç�°�ëbé�E?�L¦�F^ë�íeç«ç�E×D�E%çÂëKBÉ�ç�NI� F�E ê çukméXG�H ç#°£D�E×E%F�D/Q[ç�é�D^I�F��ME�° °�ëM��I�è ç W µ ³ o�b ��ç©I[ëKF�I`é%[�ç	Q`çgë¢�«è é
I`é[ë�F�� W Y�[\D�ë�ç#�;]`_�s�²�_!ìd³#°Z]`_�s�²�_nG%bÀé/Qgé�E�° ê ³ ê � �/I`é[ëbéSÏ%°�ë%³-hd�!F�E¤°UF�D�ë�³#° ê ³x´j��ì�Bgë%³gë���é±´j� [\E?³ ê ³£[�´j� ����³gí)³�E?°_
��³§I ´�D��/r'G1³#°�°�³;Y�[\D�ë%³ í~F�E�°�ë%³6B�[^éI´ ³gí)³�E?°�´ é£¦�F�ë_íðé?°H� F�E ê D-¦�é � �!G1³�é�D ê ³ ê B#°E³�E�°E³ W t¶µ(b�é ��E��#� j D?³£G1³"´_´ ³ ê D
G�H%F"Gl��³/G/F�E ê é&��ë%³ W ²\²`b j D&�t��³;¦�F�ë_í)³-h¤��é¤°RëYé!Ï9E?³�_ ³ é[ë)´ é��/D � °E³ W Y"[\D�ëb³#�v]`_�s�s�_hé`³#°d]`_�s�s�_!ìqb�r ê ³#��F�E ê ³#� ê ³
G/FAí�I`ë%³#���#� F�E W c�� b�r�D�E?³V�ME�°E³gëbé%G#°�� F�E ê D~G�H%F(G���³/G/F�E ê é&��ë%³�é/Q�³/G ê ³#�ÌI`é[ë¢°�� ³#� ê D>G�H%F"GðëKBÉ\B/G�H&��r�D�E?³�¦�F�ë_íðé?°H� F�E
ê ³ E%F�D/Q�³�é�D�NmI�F���E�°��`°RëM�MI ´ ³#� W µ ³ ¢"r¯µ ³ ](b¤��³ ê B�II´ é�'�é�E�°§Q�³gë¢�^´ é�I`é[ëKF�� F�D^Q�³gë%�^´�A�é/N�³·³#°±´ ³�D�ë�´j� [\E?³ ê ³
[�´j� ����³gí)³�E?°�I&³�D/Q�³�E?°+±#°Rëb³>FAì���³gë�QqB#�}_�@"³#��´j� [\E?³#� ê ³>[�´j� ����³gíV³�E�°�²�@�sV³#°+²�@�o4�/A�é?���!F(G�� ³�E�° W Y"[\D�ëb³~]`_�s�s�_!ì�b7éI´ F^ë¢�
j D�³g´ ³#�4°LF�D�ë�ì&�i´j´ F�E�� W (�b ê D��,hh´ éwI[ë%³gíc� ógë%³ ëKBÉ�³�NI� F�E ê ³ÎkzéXG�HY�!F�E?°V°LF�D9¥UF�D�ë¢�Q � �#��ì ´ ³#�4³#°V�!F�E�°ZG/F�E/Q�³/G#°LB#�
Q�³gë%��´�A�é/Q[éI´�_�¶eG1³#°��ME���°Mé�E�°r=´ ³#��I`ë���E%G��MI`é ´ ³#����°�ë<D%G#°D�ë%³#��G�é[ëbéXG#°LBgëM� ��é�E�°�´�ACB/G/F�D ´ ³gíV³�E�°§�!F�E�°'Q � �#��ì ´ ³#� W Y"[\D^ë%³Ì]`_+u�b_

~��7���/�z�J¸�¹�� n 570�6%.#@HBE.�o=6%>�@49?>VS[; LEBE.1K&S_>H24>�8�5�91K&0�3�8I5�S_>�@�o�0�>�2V6%>�0E@V6J8 @�5M318I5b@)9?>VS�; 3124.10[�#3Ha�> � 3�] t? ' 2.86e − 2 �R�] t? ' 0.14 >�5�BM] t? ' 0.36 m�f � 5M.1K&0HRH6JSJS_.18I�¶º», �"¼ 316G@HBE>E31K¤9�>k9?LH5Q>H8I5M> OQ\1.16J0)LQa�31S_>H24>�8�5�S_3�©/a?K&0�>
ª�mG«�o .�K&0�S_>�@
8=.15M31576%.18 @Q]?m
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t.E/Y�E�r�´ ³#�dI�F"�#� °�� F�E�� ê ³#� G�H%F"G#�ZI`ë���íV¿ ��ëb³)³#°���³/G/F�E ê ¿ ��ë%³V�!F�E�°ðë%³�I[ëKB#��³�E�°LB1³#���/D^ë�´ ¿�Y�[\D�ë%³�]`_�s}o�³#°�G/FAívI�¿[ë�B1³#�
¿�D�N ë�B#�/D ´ °�¿�°��`³�N(I�BgëM��íV³�E�°E¿�D�N"_v@�³#�ùë�B#�/D ´ °�¿�°��§FAì�°�³�E�D��^E�D�ídBgëM� j D?³gí)³�E�°`�!F�E�°`³�E·°�ë�ó#�ùì�F�EA¿XG/G/F�ë ê ¿/Q�³/G
´�A+³�N(I�BgëM� ³�E%G1³�_
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³#°�¿�E�¿ ´ O?�!B1³ Ç ´ ³k�LO?��°�ógíV³ ê ³mëKBÉ�³�NI� F�E���í�D ´ °���II´ ³#��¦�F^ë�í~B;I�¿[ë�´�ACF�E ê ³l��E%G�� ê ³�E�°E³ ¿vB#°LBmí � ��³�E;BQ � ê ³�EXG1³
¿&�ME��#� j D?³g´ ³/ë�¤=´ ³ ¥UF�D%B§I�¿[ë�´ ³#��ë�BÉ=³�NI� F�E�� ê ³wk�¿XG�H ê ¿�E?��´ ³ ê � Q�³gë»[ ³�E�° ê ³`´ ¿�°�D/O�ógë%³�_4t.EwI�¿[ë¢°H� G�D ´+� ³gë<r
´ ¿Ã´j� [\E?³ ê ³	[�´+� ����³gí)³�E�°c¿?���!F"G�� B1³§h^´ ¿^I`ëb³gí � ógëb³öë�BÉ=³�NI� F�E ê ³^k�¿%G�H ê ¿�E��g´ ³ ê � Q�³gë»[ ³�E?°�[�B�E%ógëb³ ê ³#�
°UF�D�ë_ì&�_´_´ F�E�� j D&�=��³,I`ë�F�I�¿}[ ³�E?°�³�E��/D&� °E³~Q�³gë¢�4´�Aj¿/Q�¿I´�_

t.EvG/F�E%G"´�D��#� F�E�r`G1³#�¯G�¿ ´ G�D ´ � F�E�°ðí � ��³�E;BQ � ê ³�EXG1³l´ ¿vG/FAívI ´ ³�NI� °LB ê ³l´�Aj¿^í~F^ë%'�¿%[ ³ ê ³#��°�D}O\ógë%³#���/D�I&³gë¢�!F�E&� j D?³#�
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ÜÝUÞ�ß�àUÞ9á/â ã�ä�ã�Þ.å�ß�àUÞ�Ý�æ�ã�àUÞ`ç/ä}æ!Þ�èLÝ9ã�ã�ÝªåSäßCã�é Ý.ê%æ�ã\à9ã�à�êXë�ã�Ý�æ/á!Þ\ç/ä/æ!Þ.â Ý�èLäSçqß�Ý�ç�öná/æ�ñ�æSä/æSèLÝ�ý|Ý�æ�ãUúSã�êXáMò»ê%á/ß�Þ
Ý�æ¯èUê%á/ß�ÞUú(çqá>ï¿ü¶ó%ø(ð"ï(Ý�ã9ß�ä!ôSäéCâqä õ�ä�é ã�ânö ê%ëMòKÝ9ã�ç�öná/æSÝ�ãUÿHôUÞ�Ý�ç/Ý�ç�ê}è9ã�ê}ß�ä�ã�õ»í�æ/æSÝ9÷�øXê%å/ÿé Ý¯ù+ê%á/ß�êXæ�ôSä/ânú
ýªäß�Þ�����H�1{\Ý9ã"ç�öCá/æªåê�Þ�ã�÷�ç�ê}è�õ�ó�ý4ý|ä}æ/áSÝ�â�Ü�Ý9õ�ß�ä/æHöUê}é ÞUú�����?��{UðXÜ�ä�ßMÝUè�ÿSÝ�ß�è�ÿSÝ.ÞUá/ßXèLÝ¿ãUÿHô�ý|Ý�Þ�Ý|åê%á/ß�ÞUáé ã
Ý�æ>èUêXâ â ä}ë�ê/ß�ä!ã<é êXæ¯ä�ôSÝLèdânö+÷¿æé ôSÝ�ß�Þ�é ã�à�ç/ÝÌî�ÝLè�ÿ/æ!ê%â ê��/é ÝÌç/Ý¯ï�êXý4åé ô��%æSÝ ç/ä}æ!Þ�â ÝÌèLäSçqßMÝ�ç/ÝUÞ4ä�è�ã�é ôé ã�àUÞ�çqá
�Xß�êXá/åÝ�í�î�í¿ï¿ð"ï(Ý+ãUß�ä!ôSäéCâqä¯à���ä/â Ý�ý|Ý�æ�ã'õ�äé ã4ânö êXëMòKÝ9ãªç/Ý~å/â á!Þ<é Ý�á/ß�Þ+ß�ä/å/åê/ßCã�Þªç/Ý�èUê%æ�ãUß�ä�ãLð�ó�æZå/â á!ÞLú"á/æ
åß�Ý�ý�é Ý�ß�äßCã�é è�â Ý'ä�à9ã�à+å/á/ë/â é à|Ý9ã'á/æ4ä/á�ãUß�Ý�ÝUÞ�ã�Ý�æ4è9êXá/ß�Þ�ç/Ý+å�ßMàSåSäßMä�ã�é êXæ}ð&ó�æ�ñ�æ}ú}ç/Ý�áLó�èUêXý4ý4á/æé èLä�ã�é êXæ!Þ
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�\D&��� Q�³��»[ ³�E?°4É�³�NI�	� ´ ³�_�´G´2�~F�E�°��b¿c¿ ��E?�#��r��I¿�E?�V´ ³#�)´j�	�c� °E³#��� ³k�!F�E<�~F?�� "´ ³�r/´�A+³�NI� ��°E³�E%G1³:� ³�G1³��¢°E¿ ��E?�:�dFR�I³#���MEC!
��°�¿��I´ ³#� W ��E?��°E¿��&�_´j� °LB
��°�¿?°H� j D?³@� ³�°�O�I&³ Éz¿�����¿}[ ³~G/F��9�b³#�/I�F�E��I¿�E?°+hc´�Aj¿�E�E�D ´ ¿?°�� F�EQ� ³4´ ¿>¦Y�KB j D?³�EXG1³;� ³ÌQI�	���b¿�°�� F�E
¿?���!F(G�� B1³%b)³�E6¦�F�EXG#°H� F�E(� ³`´ ¿©I�F"�#� °�� F�Ed��E � °�� ¿I´ ³\�\D¡G�H%F"G§I&³��¢°D��9��B�_�t.EY³Ê¶³#°r�G1³*�~F?�� "´ ³¡I&³��9�V³#°=�\A+³#��°��	�V³��
´ ¿¦Y�KB j D�³�E%G1³��I³ZQ �����b¿?°�� F�E�¦�F��KG/B1³��\DU�~F?� ³

k
W ¦���B j D?³�E%G1³�¿%B���F(B"´ ¿���°�� j D�³

Ωk
b�³�E�¦�F�E%G#°�� F�E\� ³��H¿Q"¿ ´ ³�D���³�E
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´�Aj¿�����³�EXG1³7� ³4�!F=´j´j� G�� °E¿?°H� F�E W ¦Y�KB j D�³�E%G1³6E�¿?°�D��%³"´j´ ³
ωk
b�³#°.� ³&�I³�D�N,G/F�³Ë,G�� ³�E�°�� Ç

(
Ωk

ωk

)2

= 1 − A

Rk

 J=�J¸'®

@"³#�4G/F�³Ë,G�� ³�E�°����I³&�KB�I�F�E���³�¿XB��KF?��O�E�¿�� � j D?³
A

³#°�� ³7�KB�I�F�E���³;��O�E�¿�� � j D?³
Rk

�!F�E�°ª¦�F�E%G#°H� F�E;� ³c´ ¿vI�F"�#� °H� F�E
�\D G�H%F"G�_ ³ ¿���´ ¿��/D&� °�³�r(E%F�D���¿/QXF�E?�ª[�B�EXB��b¿ ´j� �!B�G1³;�dFR�� "´ ³>l�a&*"r&*&²qpz¿/Y�E@� ³dI��%³�E'�2�%³�³�E G/F��vI?°�³)´ ³#�
��E���°�¿�� �_´+� °UB#�
��O(E�¿��c� j D�³#�>G/F��9�b³#�/I�F�E��I¿�E?° hY´ ¿�G/F ¿I´ ³#�!G1³�E%G1³&�I³&� ³�D�N;¦��KB j D?³�E%G1³#� W QXF�����Y�[\D��%³�\_n��b_

temps

u, v, w

Instabilité

temps

u, v, w

statique dynamique

~��b��� �\_n� Èd��8I@�5Q3�R�6JS+6J5ML�@�@E5M31576%pHKI>�>H5�9�U18�312V6%pHKI>�m

@�³#�E��B#°E¿ �_´ �(� ³uG1³^E%F�D}Q�³�¿�D¯�dFR�� "´ ³Ä¿ ��E?�#�
j D?³4G1³"´�D&��� ³ ³ ³�«q«�¿��M�qI�F�D��A�KF�E�°�±#°#�%³�°#�KF�D}QXB#�
�I¿�E?�Ä´ ¿±°�H' #��³X� ³fk�F�D��KF�E/Q�¿I´¯l�a&*Xp9_d{|F�D?�
I��KB#��³�E?°UF�E�� � G��Z�����  Q�³��V³�E�°-´ ³#� [2�7¿�E'�I³#�
´+� [\E�³#�&�\DM�~F?�� "´ ³Y¿}Y�E*�I³6¦�¿%G��i´+� °E³���´ ¿h´ ³/G�!
°�D��b³7�\D(�k¿�E�D?�!G��M� °�_
@"¿ ��°E¿��&�i´+� °LBf�\D �LO?��°� ��V³ã�!F�D��c� � h D�E�³
�!F=´j´+� G�� °�¿�°�� F�E {F} I"³�D?°-±#°#�b³wF���°E³�E�D?³ I�¿��
D�E?³���B��V¿��KG�H�³ÎB"´ B��)³�E�°��6Y�E&� �¤�#�	� �i´ ¿ �	�%³§h
G1³"´j´ ³V³��vII´ F/O/B1³6I�F�D���´ ¿&��B#°E³��9� �ME�¿?°H� F�EQ�I³#�
�~F?� ³#� I���F�I��%³#�}_�t.EV¿�I�I ´+� j D�¿�E�°�´ ³ ³ �M�ME%G���I&³
� ³#��µ[�b¿}Q�¿�D�Nx(��	�¢°D?³"´ � W ³ µ�(�b�r
´ ³Y�LO?��°Y ��)³
h>�KB#�!F�D��2�%³6I��%³�E'�h´ ¿¦�F��9�)³k�/D&� Q�¿�E�°�³ Ç

[M ]{Ẅ } + [K]{W} = {F}.  J=�+À�®
F=£

[M ]
³#��°¥´ ¿��k¿�°��M� G1³*�V¿?����³<�\D`�LO?��°� ��V³�r

[K]
´ ¿X�V¿?°��M� G1³<� ³#�E�M� [=� �=� °LB#�4³#° {F} ´ ³6Q�³/G#°�³�D��5� ³#�c�!F=´j´+� G�� !

°�¿�°�� F�E?���ME'�\D&� °�³#�,I�¿��V´�ACF"�!G��i´j´ ¿�°�� F�E��\D¡G�HXF(G>�I³>��B/G/F=´j´ ³��)³�E�°�_�@"³,Q�³/G#°E³�D�� {W} �%³�I���B#��³�E�°�³x´�A+³�E���³���� ´ ³�� ³#�
G/F���I�F"�H¿�E�°E³#���\D:��B�I ´ ¿XG1³��)³�E�°�� ³�°LF�D���´ ³#�ÌE'w,D'�&���`D��k¿&�i´j´ ¿%[ ³�³#° {Ẅ} ´ ³�D��/¿%G/G/B"´ B��b¿?°H� F�E�_\@"³ÌQ�³/G#°E³�D�� {F}I&³�D�°Ì±#°#�b³��c� ���!F�D��4´ ¿Z¦�F��9�V³V�/D&� Q�¿�E�°E³ Ç

{F} = [Kp]{W},
F=£

[Kp]
³#��°�´ ¿>�k¿�°��M� G1³Q�=� °�³:)9� ³>�M� [=� �=� °LBV¿XB��KF?��O�E�¿�� � j D?³¬S_

t.EZF�����³���Q�¿�E�°)´ ¿d¦�F��9�V³H%F��dF�[� �E?³ZF���°E³�E�D?³d[2�TgXG1³ZhZG1³#°�°E³V³�N(I��b³#���#� F�E�rt�_´"³#��°¯I�F"���#�	�I´ ³@� ³~QXF���� j D?³¥´ ³)°�³��A�)³
� ³��!F=´j´+� G�� °�¿�°�� F�E�¿%[=� °"�=�	�%³/G#°E³��)³�E?°§�/D���´ ¿��M� [=� �=� °LB.� ³4´ ¿���°��<D%G#°D��%³�_"c�³/G���´ ¿ � ����³��/D�I�I�F"��³��'D�E?³>BQqF=´�D�°�� F�E;�I³���³#�
¦Y�KB j D?³�EXG1³#��³#°=�dFR� ³#�ZI��KF�I��%³#�)¿XB��KF"B"´ ¿?��°H� j D?³#��³�E¦�F�E%G#°�� F�E�� ³�´ ¿�´ F(G�¿I´+� �H¿�°�� F�E7�\D�G�H%F(G W I�¿��
´�AG��E�°E³��9�~BC��� ¿ �	�%³
� ³ {F} b_�c¶³#�Q�~F?� ³#�ZI��KF�I��%³#� QXB��M� Y=³�E?° Ç

(
([K] − [Kp]) − Ω2[M ]

)
{V̄ } = {0}.  J=����®

@"³#���!F=´�D�°�� F�E��EXF�EC!�°#��� Q �Î¿ ´ ³#�;� ³;G1³#°�°E³vB j D�¿�°�� F�El�!F�E�°4´ ³#�&�b¿XG���E?³#�:�\D1I�F=´ O�EX¤��)³vG�¿��7¿%G#°LB��M� ��°�� j D?³vF���°E³�E�D1I�¿��
´ ³:��B#°�³��9�c��E�¿�E�° Ç

∣∣([K] − [Kp]) − Ω2[M ]
∣∣ = 0.

��¿�E���G1³#°�°E³c³�N(I��%³#���#� F�E�r�´�A+³�E���³���� ´ ³�� ³#�
Ω2

k

G/F�E���°H� °�D�³�´ ³#�>Q�¿I´ ³�D��¢�;I��KF�I��b³#�4¿XB��KF"B"´ ¿?��°H� j D?³#�;�`Dl�LO?��°� ��V³�¿?�Y!
�!F"G�� B1³#��¿�D/N;Q�³/G#°E³�D��¢�ZI��KF�I��%³#� {V̄k}

_�@"³#�ÌQ�¿I´ ³�D��¢�ZI���F�I��%³#�k¿%B���F(B"´ ¿���°�� j D�³#���!F�E?°=�%³�[2��F�D�I�B1³#��³�E-D�E?³>�V¿?°#�M� G1³
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�=�Î¿}[�F�E�¿ ´ ³E%F"°LB1³
[Λ]

³#°�´ ³#�;�~F?� ³#�¯I��KF�I��b³#��¿XB��KF"B"´ ¿?��°H� j D?³#�
³�E;D�E?³��V¿?°#��� G1³
[X̄ ] = {V̄1|V̄2...}

_�´G´�³#��°����vI�F��q!
°�¿�E?°5� ³>�%³��V¿�� j D?³�� j D�³G1³�D�N'!�G���I&³�D/Q�³�E�°¯±#°��%³7�=� Ê�B��%³�E?°��I� ³#�&�dFR�I³#�dI��KF�I��%³#�vE�¿�°D��%³"´ �/r � )7¡}) [X̄ ] 6= [X]

_'@"¿
�!F=´�D�°H� F�EvhvG1³,I��KF�� ´  ��)³ ³#��°5��F�E%G��\Dc°�O�I&³ Ç

{W (x, t)} = [X̄ ]{v(t)} avec {v(t)} = {eiΩkt}
@�F��%� j D?³)´ ³#��Q"¿ ´ ³�D��¢��I��KF�I��%³#��¿XB��KF(B"´ ¿���°�� j D?³#�§�!F�E�°��KB1³"´j´ ³#�4I�F"�#� °�� Q�³#��´ ³
�LO���°� ��V³
³#��°���°�¿�� ´ ³�_X²/�Mr(D�E�³ W ¿�DQ�~F��ME���b
� ³QI� ³�E�°��KB1³"´_´ ³ÌE%B�[I¿?°�� Q�³�¿ ´ F��¢��´ ¿+¦���B j D?³�E%G1³�¿����!F"G�� B1³�³#��°����V¿%[=��E�¿ �	�%³ÌI�D��%³"°�´ ¿���°#��D%G#°�D��%³�� ³Q � ³�E�°»��°�¿�°�� j D?³��)³�E�°
�ME���°E¿�� ´ ³�_�t.E/Y.E�rt�#�6� ³�D/N,¦Y�KB j D�³�E%G1³#�7� ³Q � ³�E�E?³�E�°~G/F���I ´ ³�N"³#�~G/F�E9¥�D}[\D%B1³#��´�A�D�E?³\� ³Y´�Aj¿�D?°#�%³¥¿ ´ F��¢�¥´ ³c�LO?��°Y ��)³
³#��°5��O�E�¿�� � j D?³��)³�E?°)�ME���°�¿�� ´ ³�_
@"³\�~F?�� "´ ³Q� ³ ³ ³�«q«�¿��M�"G/F�E��#� �� ��%³�r j D�¿�E�°¯hY´�D&�Mr�D�E?³,I��KF!¥�³/G#°H� F�Ec�/D���´�A+³#�/I�¿%G1³7�I³#�ÌQ�³/G#°�³�D��¢�ZI���F�I��%³#�vE�¿�°D��%³"´ �
W
[X̄] ≡ [X]
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Ω1/(2π)
³�EÎ¦�F�EXG#°H� F�ED� ³^´ ¿

I�F"�#� °H� F�E&�\D�G�HXF(G&��¿�E��c´ ³Q�=� Q�³��»[ ³�E�°
xchoc

_�@&¿¡I��b³�� �  ��b³d¦��KB j D?³�E%G1³6I��KF�I��%³£E�¿?°D��%³"´j´ ³
ω1/(2π)

¿;B#°UB
�%³�I�F��¢°LB1³¥�/D��+G1³#°�°�³,G1³#°�°�³�Y�[\D��%³�_|�ZE£G/F�E���°E¿?°E³ j D?³�r j D�³"´ j D?³l�!F�� ° ´ ³U�dFR�� "´ ³l¿%B��KF"B"´ ¿?��°�� j D?³	D�°��_´j� �!B�r
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Ω1/(2π)
��B/G��KF�Ï%°�´ F��¢� j D?³x´ ³6G�H%F"Gl��³<��B�I ´ ¿%G1³£Q�³��¢��´�Aj¿/Q"¿ ´M_�´�D�� j D�A�h

x/L=0.38
r

Ω1

�b³#��°�³;I��KF(G�H�³7� ³
ω1

Ç ´�ACB/G�¿��%°�³�E�°��%³ZG1³#�I� ³�D�N,[2�b¿�E�� ³�D��¢��³#��°���E/¦�B��M� ³�D���h
10%

_ ³ F�D��K� ³#��I�F"�#� °�� F�E?�
�\DZG�H%F(G)�#� °D%B1³#�¯II´�D���³�E4¿}Q�¿I´�rt´ ³#�
³Ê�³#°���¿XB��KF(B"´ ¿���°�� j D?³#��� ³Q � ³�E�E?³�E�°��#� [\E&� Y�G�¿?°�� ¦Q�Rµ%_�t.E/Y.E�r\h;I�¿��¢°H�����I³
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�`�!���<�	��%�<�-�%�M�����}��<�E�}�¢Í ����%�+�}�� È �6�X�}��� Ç�È �}�+�%���~�?Í����EÍ�Ë Ç��YÈ ���;�M����Ç�È ����<�d�X�-���}�����6�!�IÈÎÈ ���}�������Í ���;�������
ÈhË ��ËIÇ�Í��}�¯�X�~�`��È ��Ç�È�Ì��#Í �}���Í Í&ËIÇ��~�\�����}�%�����Í Î��X�kÈhË���Ï�Ð.� ÌEÑdÏ��%��Í �mÒ�Í���� Çd�!��Ò�ÍjÈÎÈ �S�mÒ'�������9����Ç%~FÓ��q�q���È �~�S�/���M�
�IÇZ�}�M�FÔ��S��Å�Çq�M��Õ��%Í �\Ö ��Ï,×<�
Å"��Ð'}'}�}�Ó'Ø�Ë���Ï�Ð.� Ì �}��%���}���?Í �£Ù4��Æ��}�}�%Í��+�}��<�}�=È �|�S� Çq��È �,ÕX�'�?Ë �q�q��È Í �����Í �����`�9�#Í �}���Í Í Ë Ç��S����Ç�È ��Í ÉU�X��Ê��EÍ ËIÇ���`��Çq�
�X�S����È ��<�S��ÉyÎ»�����+�S�d���!�<�}���'ÕX�}���S�5�?Í �YÈ �Z�����q���q�%���£�?ËÎÍ����<�%�M���}�}������ÍjÈ Í �<�v��Ú.Ð�Û2��Ñ��\���¯�+����Úm�dÔ����!�QÐ"��Ë Ç��S���
Û�����Ü��}�.�����}��Í �<�����Çq�M�,~!�+�`�	�X�}���?Í �}�Ì�S�<�YÈ �}��Õ%�%�+�}���Ç���ÍjÈ Í �9�¡�X�}��Ç�Í �YÇX���	�&Í ÝS�?Í����¡�?Ë �q�q���S�S�;�X�q����<�IÇ�YÈ �S�
�7ÊX�}���'�RË �q�q��È Í �����Í �����.�&Í �<�S���?Ë �%�������}�%�¢Í �9��Ó����?Í ���}��ÇkÔ�Ç��Ë ÇÞË Ù~�}���S�9�}����q�q����È �+�%�����?Í����ª�U��Í �%����Í Í ËIÇ�q�X�\���¯�+�
Ï��}�?Í �&Ò�Í��M�IÇgÈ �;�9� Ç�È Í Õ����Kß£à�ÖM���}�����F×+�!�IÈÎÈ ���}�������Í ���;�q�q��¥È �,�S�/���M�6�X�6�!�¡�}�M�FÔ��S�d�6�?Ç1�}� Çq�@Ö �?ÇHÆ,×�È �\Õ����%�
���/�q�����,ÕX�|�X�mÖiÈ ��Çq��×"�}�%�����!���������X�|�X�F����È ���X�}�%���!�2�/��È Í �%�%��ÖiÈ �?ÇX��×��<������<��Õ&Í �'�!��ÖiÈ �?ÇX���9×��}��&Í Æª�<��/�q��Í ËIÇ���¿�HÇX�=Çq��
�q�q��È Í �����Í ���Z���S��ÈÎÈ ��áL��Å�ÈÎÈ �kÈ �?ÇX�.�~��Ç�����Í�à��%���X���VÈhË �����S���EÍ ���¯�%�Z���!�������¯��Ç�}�"Í����Çq�����+�!�������%�IÈ �'Õ"Í �mÕ%�%��%����È �
�}� Çq��È �,�!� Çq��È �,Õ%���X�,�!���%���~�U��Í �%����Í Í ËIÇ���~��Æ?Í �����q���<��Ó.�q�q���d�X�-��� Ç�����ÈÎÈ �S�d�!�q���}���S���RËjÇ���ÍjÈ Í �U���Í ���,�%�6�!�?ÇHÆ#É
��Í"�}� Çq�`�EÍ���Ç�È �}�`�X�S���X���}�������}���S�4��ÈÎÇ��ª�S���¯��È ��Æ/�S��Ó���Ç�È ��Í ÉU�X��Ê��EÍ ËIÇ���'� Ç���Ç�È ��Í É����/����ÈÎÈ �����Râ<ÈÎÇ��EÍ �?ÇX�����}�M�FÔ��S�<�#Ó
�q�q����%���.����%�����Í Ë Ç��S�.��Æ�����ã}�+�%�+�}��.�&Í ��%�M�9�S�[Ñ��������M���X��Ê��Í Ë Ç���Ó/�S���@��Ç��<��Í ���ÞÓ��9��Í �%���S�S���%��ÈhË �}����Í������q��%�+�}���Ó
��È ������������,Õ���S��Í �!�+�,~FÓq����|�%��HÇ�Í �<�Ì�S�<�������?Í �<�S�������¢Í �!�<�}�+�%���ª��Çq��È �S�Ì��ã%�+�S�5�/�������|�<��/�q��Í ËIÇ��S�9á��
Å"�+���S�HÇX����Ó?È ��Ø�ä�å?æ/É<��Ú.Ð.� �6���!�����}�}���'������Ø�Ë���Ï�Ð.�çÌ��}�[Î»� Çq���?Í ���U�q���¶È �'�S���%�'�X�'�S� Çq��È �,ÕX�X�%Ï��q�����S�'�!���X��Ó
È �S����/�/�q��ÕX�S���}������kÈ �S�Ì�+���IÇ�È ���"è�Ç?Í �X� �!���<���7Ç��!��ÇX��� �#Ë �Fé����!��Ç��?Í �%���[��Í �\ä�â���Ó��HÇX�»È ���Ì���/�/�?Í����S�+�����HÊ:�»r�Å
�X��ÈhË���Ï�Ð��çÌ>� ÇmÚ��%Í Õ"Í��+Ð'}�}'}�� Ç��KÐ.��ê���æ��Þæ.�}�����|�������/�?ÍjÈ�+�S�����EÍ ���<�[Ù������EÍ ���<�}��ÈhË���Ï�Ð.�çÌ¯�HÇX��È �¯�}������È �}�����Í ËIÇ�
�q��Ê��EÍ ËIÇ�Ì�S�ª�HÇX��È �����X�!���?ÍjÈ ���X�kÈhË Í��>��È �%�+�}������Í ��� �%���4�!���X�S��Ç���ÍjÈ Í �9�S���!���¯�+�:�����9� � Ç~�S� Çq��È �,ÕX�X�
Ø�Ë���Ï�Ð.�çÌ���}�%Í �ª�}�>�/�/�%��ÕX�4�<� Ç��È ���������/�?ÍjÈX�?Ë Í��>��È �%�+�}������Í ���d�M�?È ���Í ÎHÙd��Ú.Ð�Û2�4��Ø�Ë �S���9�}���Í ��È%�X��È �?ÇX�����������?ÍjÈ
�#Ë �S�����X�}��� Ç�È �¯��Çv�%�¢Í���<�}�¯���4Ð'}�}��~�}� Çq�§È �v���%�M��Í �Z�M�?È ���Í ��¯��Ç��%����?È ���q�}�}�+�%�����%� ÈhË �q�q��È Í �����Í ���¯�?ÈÎÈ ��ÉU��ã}�+�
Ñ��X�FÍ��?Í ��Í ���v�X��ÈhË Í���<�}��ÎK�/�!�,�q��Ê��Í Ë Ç����!��Í���Î»���������Í Ë Ç����}����M��È ��� �!���%���5è�Ç?Í �X�Z�!�Ì�<���7Ç��!��ÇX����Ó`�X�FÍ��?Í ��Í ���v�X�S�
���}���q�,Õ%���¿�X�|�X���q����S�`�%��������È �����X��Ç�Æ��S���X�S��Ó#Í��>��È �%�+�}������Í ���|�X�S�����%�	�?Í �!�����!�������S�!�}�����q�q��<�£Ù��!���¿���}���q�,Õ%���#Ó
�}�/�S�q����Ç�È �,Õ%���X�S�'�S���%����å/���������q���q�q��'�X�S�������IÇ�È �S�����}�¢Í �<�'�}� ��ëIë:Ó��<���<�<���!�G�/��È Í �X���Í �����IÇ��!�IÇX��È �,Õ%�,~!�Þâ��%�
È ���HÇ�Í �<��Ó�ÈhË���Ï�Ð.� Ì>�4�Fé����!��Ç��ÈhËÎÍ����<�#Õ������Í �����%��ÈhË �q�X��È Í �S���Í �����S� Çq��È ���|�q�q���È ��È �'Õ"Í �#Í ��ÈCìSæª�C�HÚIÐtÅ2ÓX�}�%���+�S�����q���
�?Ë �'é��%Í���ÇX�¯�/���!�S��Çq��Í Í��IÙkÇq��5Õ��%ÍjÈÎÈ ���X�Ì�S��È �1Ç�È ��<��Çq���+���!�<�%�M��Õ%�}���S��ÓX�?Í����EÍ&Ë Ç����X�S�|�<�S���<�|�S��È �.�/��È Í �X���Í ���¯�%�
�!�v�}����Ô��S�4��Çq��È �QÕ��¢ÍjÈÎÈ �\ê[â\��É9Ò'�%Í �[í¯� Ç;�}����Ô��!����Çq�M���}�S�%��Å�Çq�M�ÞÒ'�¢Í �;�X�����ÈhË���Ï�Ð.� Ì,���<��ÈhËjÇX�Z�X�S�¯�/�%���<�%���?Í����S�
���dÔ���Çq�M���ì����+�X�}�+������������Í ���+�%�4�S�!���<�+�q�q��È Í �S���Í ���ÞÓ���î�È �+�!���X���<���7Ç��!��ÇX���4�#Ë ��Æ/����Ç����?Í ����Çq�<Çq��� ���/�/�?Í������}�
��ÈÎÈ �}���,Õ�����Ó<È �d�S���X�@è=Ç?Í �%�d��Çq��ÇX�������/�/�?Í���~�}�7���,Õ È �!�<�%�����d�!��Çq���S���%���%�;��Í �HÇ���È Í �U���Í ���cÍ����<�%���/�!��Í ��~��Çq�
ÈhËjÇX���>�X� È ��Çq���¯���/�}��Í����S��Ù&Ú����9�HÊZ���!�<�@ÎK�?Í �<�~�}���%��!�}�;�}�M�~Ð'}'}���Ó=È �����+�X� È �;�}���}��Í �}���¯�������EÍ ���d�?Ë ��Æ/�q���}�
�IÇZ�}�M�FÔ��S��Å�Çq�M��Õ��%Í �����%�»È �>�S���¯��Í ���EÍ ��� ��Çq�M���}�S�}�q���X�
ï�ð%ñÆò óÞôAõ�õqö#÷ øÆøyù�ù�ù�ú û8üYó�ñÆýÆó�ò þ#ú ñÆó�ý9øyù�öYÿ�ú ô9õ�����ú
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ÜÝUÞ�ã9ßMä�ôSä/áLó%ú(åß�àUÞ�Ý�æ�ã�àUÞ�ç/ä/æ!Þ'èLÝ�è�ÿSä/åé ãUß�Ýú%êXæ�ã�à9ã�àÌß�àLä/â é Þ�àUÞ��%ß76�èLÝ+ò�ç/Ý9Þ»ñ�æSä/æSèLÝ�ý|Ý�æ�ã�Þ�êXë�ã�ÝSæ/á!Þ�ç/ä}æ!Þ
â Ý|èUä�çqß�Ý�ç/Ý4å/â á!Þ�é Ý�á/ß�Þ�èUêXæ�ã9ß�ä!ã�Þ�ç/Ý+ß�ÝLè�ÿSÝSßMèSÿSÝú�æ!ê�ã�ä/ý4ý|Ý�æ�ã�ä!ôSÝLè+â ä��G�"í�ú�â ä4ø(ütó�ï¿ù+ígõJñ�æSä}æSèUÝ�ý|Ý�æ�ã
ã�êXáMò»ê%á/ß�ÞdÝ�æ�èUê%á/ß�Þ�{~Ý9ãZâ Ývï¿ü¶ó%ø(ð�ñnâ Þ¯ê%æ�ãÌõ�äé ãZânö êXëMòKÝ�ã>ç/Ývç/ÝSáLó�ã9ÿHôUÞ�ÝUÞ~ç/Ýç�ê}è9ã�ê/ß�ä�ã4õ<ÜXð98`â éCæ ´ �E;:
Ý9ã=<'ð��qÝSßKß�êSã>÷�ãUÿHôUÞ�ÝvÝSæ,èUê%á/ß�Þ ´ ��$;:G{>Ý�ã>ç/Ý�}qáSÝ�â }qáSÝUÞ Þ�ã�ä���Ý9Þdç/Ýl�»ó}í'ðªÜXö ÝUÞ�Þ�Ý�æ�ã�é ÝSâ¿ç/ÝUÞvß�àUÞ9á/â ã�ä�ã�Þ
êXë�ã�ÝSæ/á!Þ�ä�à9ã�à�å/á/ë/â é à|Þ�êXá!Þ�õ�ê/ß»ý|Ý+ç/ÝÌß�ä/å/åê/ßCã�Þ�ç/Ý�èUê%æ�ãUß�ä�ã�ç�êXæ�ã�ç/Ý9Þ�åSäß�ã<é ÝUÞ�ê%æ�ã�à9ã�à�ä/á�ã�ê/ß�é Þ�àUÝUÞ�åê%á/ß
> ãUß�Ý å/á/ë/â é àLÝUÞ�ç/ä/æ!Þ|ç/ÝUÞ�èUê%æ�õ�à�ß�Ý�æSèUÝUÞªÞUåàLè!é ä}â é Þ�àLÝUÞLð"ÜÝUÞªà9ãUáSç/Ý9Þ'ê%æ�ã|à9ã�à ý|Ý�æSàLÝUÞ|ÞUá/ß¿ç/ÝUÞ|àLèUêXá/â Ý�ý|Ý�æ�ã�Þ
ç�ö äSà�ß�ê}çþ/æSä/ý�é }qáSÝ¿éCæ�ã�Ý�ß»æSÝ`Ý9ã(Ý�ó!ã�Ý�ß»æSÝ�ç/ä/æ!Þ�ç/ÝUÞ(ê/ßj��ä/æSÝUÞ"ç/Ý�å�ß�êXå/á/â Þ�é êXæH½�äß»ß�é ô�ß�Ý9÷�èUê/ßKå!Þ(ç�ö ä!ôé êXæ!ÞLúUã9á�þ�ô�ß�ÝUÞ
ç/Ý+åß�ê%å/á/â Þ�Ý�á/ß�Þ�Ý�ã'éCæ�ôSÝ�ß�Þ�ÝSá/ß�Þ�ç/Ý�åê%á!Þ�Þ�àLÝ�ð(Ü�äÌýªäMò»ê/ß�é ã�à�ç/Ý9Þ�Þ�éCý4á/â ä�ã�é ê%æ!Þ�æ/á/ýªàSß�é }qáSÝUÞLú�åß�àUÞ�Ý�æ�ã�àLÝªç/ä}æ!Þ
èLÝ¯è�ÿSä}åé ãUß�Ýú�ädà9ã�à�ß�àLä/â é Þ�àLÝ¯ä�ôSÝLè>ç/ÝUÞ>â ê��}é è!é Ý�â Þ�énæSçqá!Þ�ãUß�é Ý�â ÞÌý�é Þ�òvâ ä�ç%é ÞUå�êÞ<é ã�é ê%æ~çqávâ ä}ë�ê/ßMä�ã�ê/éCß�Ý�åSäß
æ!êÞdåSäßCã�ÝSæSä�éCß�ÝUÞ éCæSçqá!Þ�ã9ß�é Ý�â ÞLð¿ï�Ý9ã�ã�ÝdêXåà�ß�ä!ã<é êXæZç/Ý�ß�ÝLè�ÿSÝ�ß�è�ÿSÝ~ôé Þ�Ý�òvç/à9ôSÝ�â ê%å/å�Ý�ß|ç/ÝUÞÌèUêXâ â ä}ë�ê/ßMä�ã�é êXæ!Þ
õ�ê/ßCã�ÝUÞ4Ý�æ�ã9ß�Ý è�ÿSÝ�ß�è�ÿSÝ�á/ß�Þ�Ý9ã4éCæSçqá!Þ�ã9ß�é Ý�â Þ�ÝSæ>è�ÿSäßj��Ý ç/Ý~â ä¯èUê%æSèLÝ�å�ã<é êXæ>ç/ÝUÞÌý'êSã�Ý�á/ß�Þ4äSà�ß�êXæSä/á�ã�é }qáSÝUÞªÝ9ã
ÞUåSä!ã<é ä/áLó%ð�÷�æ�ç/ÝUÞ¿êXëMòKÝLè9ã<é õ�Þ¿ôé Þ�àUÞUú}ò�ý|ê�þLÝ�æ�ã�ÝSßKý|Ýú�ÝUÞ�ã.ç/Ý�õ�ä�éCß�Ý'Ý�ó}åÝ�ßCã�é Þ�ÝSß\â ÝUÞ�â ê��/é è!é Ý�â Þ�énæSçqá!Þ�ãUß�é Ý�â Þ�åSäß
â ÝUÞ�â ä}ë�ê/ßMä�ã�ê/éCß�ÝUÞ�ï¿ü¶|�ø(ð�íwèLÝ+ÞUáMòKÝ9ãUú`á/æSÝ+êXåà�ß�ä!ã<é êXæÌç�ö Ý�æ�ôSÝ�ßj�Xá/ß�ÝÌä¯à9ã�à>ý|Ý�æSàLÝú�Ý�ædåSäß�ã�Ý�æSäß�é ä�ã'ä!ôSÝLè
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