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à�7:WÎF}M�ÞK7=<�M�TV9.Þ�F}ê�ßK7;<�M�TV9cTyHKï�>�WËF}M&ßÎßKDGFIHUFðJ.<�>�9:àýë�FðTO9:7;WË7=ß�TyßËJLD�7;ê_DýßKDGF
MG<VH_WËTV9 ø <eJÿPcFIéEMG<�9;à�Þ5M
>�W5ë+FIHRJ�<�>�9;à D�T}âVFíæiTV9;9=F}MOë+F}9=<eJ ßKD�F¸ßKDGHUF}ÞKDG<�9;à
âyTV9;>GF¹æv<VHLâV<VHKß�F�çÃÞKDGF}à�à�7;MGï�TVM�àðâV<VHKßK7:ê�F}ÞcJ�<�>�9;àðMG<Vßcë+F�ÞKD�F}à@4

�LDGF�ÞKF}ê�ßK7=<�M�TV9�æ[<VH_ê�F}Þ�æ[<VH����#ê�<�WÎã�>�ß�F}àÎTyß�ÞU9;7;ê�F}Þ�MG<VHUWËTV9
ß�<¹ßKDGF#ê�é�9:7;M�àGFIH
T�çG7;Þ�TyßËà�7t÷+FIHKF}M&ß�9=<EêITyßK7=<�M�Þ5<VæLßKDGFðÞ�ã$TVMóæv<VHÎßKD�7;Þ�Þ�ß�HU>�ê�ßK>�HKF¶TyHUFíà�FIã�7;ê�ß�F}à
7;M P�ï�>�HKFeA�4��LDGF-ß�<Vã <VæRßKDGFOê�éE9;7;M�àGFIH¶7:ÞðTyß 
��
	 V õýJLDGFIHKF}TVÞ 
��
	 V
?OY&M \îê�<VHUHKF}Þ�ã+<�M�à�Þ�ß�<OßKD�FðâVFIHKßK7;êITV9cÞK9:7;ê�FÃTyßËßKDGFðF}M�àý<Væ¹ßKDGFÃñ�>�TyHKß�FIHÉßK>GHUM
N~AÍHUFIã�HKF}Þ�F}M
ßKÞÎßKDGF8TyH_êÃ9=F}MGïVßKDáWËF}TVÞK>GHKF}àèævHK<�W ßKD�FÃß�<Vã�Q_4Ç3
MòTyHUê89=F}MGïVßKD
<Væ 
��
	 V Aðê�<VHKHKF}Þ�ã+<�M�à�ÞÀß�<ºTÃÞKF}ê�ßK7=<�Mó7;M�êI9;7;MGF}à-Tyã�ã�HU<}çG7;WËTyß�F}9=éîôGs
��ævHK<�W
ßKDGF¸DG<VHU7=üI<�M
ßKTV9ÇTVM�à TÃ9=<EêITV9ÇPLFIé�MG<�9:à�Þ�M�>�WRë+FIH�<Væ#HU<�>Gï�D�9=é YVô�4�AE7:WË7;9;TyHU9;éV?
TVMºTyHUêR9=F}M�ïVßKD8<Væ 
��
	 V#?Iõ¶ê�<VHKHKF}Þ�ã+<�M�à�ÞLß�<¸T¸Þ�F}ê�ßK7=<�Mû7;M�êI9;7;M�F}àðTyë�<�>�ß^u4\
�
ævHK<�W ßKDGFûD�<VHU7=üI<�M
ßKTV92TVM�à TÍ9=<�êITV9
PcFIéEMG<�9;à�ÞÉM�>�WRë+FIH¸<Væ,\KY JLDGFIHKF}TVÞ¶TVM
TyHUê89=F}MGïVßKDá<Væ 
��
	 V ? Aóê�<VHKHUF}Þ�ã+<�M�à�ÞÎß�<ÍTóÞ�F}ê�ßK7=<�Mä7;M�êI9;7:MGF}àèTyë+<�>Gß \KY
�
ævHK<�W ßKDGFËDG<VHU7;üI<�M&ßKTV9�TVM�àîTí9=<EêITV9xPcFIéEMG<�9;à�Þ¹M�>�W5ë�FIH
<Væ�HK<�>Gï�D�9=é sK\�4 �cD�7;Þ
Þ�F}ê�ßK7;<�M�TV929;<�êITV9
PcFIéEMG<�9;à�Þ¶M�>�WRë+FIHí7;Þ¶9=<]J�FIHíßKD�TVMòßKD�Fûê�HU7;ßK7;êITV92PLFIé�M�<�9;à�Þ
M�>�W5ë�FIH�<VæWu C�� u4YºJLDGFIHKF¸ßKDGFí<�M�Þ�FIß�<VæcâV<VHKß�F�çèÞKDGF}à�à�7;MGïÃæv<VHÎTûêI7;HUêI>�9;TyH
Þ�ß�H_TV7=ï�D&ß5ê�é�9;7:M�àGFIH�<EêIêI>GHUÞI4�3ÿPcFIéEMG<�9;à�Þ�M�>�W5ë+FIH�<Væ^AyõÃJ�<�>�9;àOê�<VHUHKF}Þ�ã+<�M�à
ß�<èTVMÆTyHUê-9=F}MGïVßKD <Væ 
��
	�� ? s�4Lö�<�M�ÞU7;Þ�ß�F}M
ß¶J27=ßKD P�ï�>GHKF s�?�ßKD�F-ÞKß�HK<�MGï
TV9=ß�FIH_M�TyßK7;MGïíâV<VHKß�F�çOÞKDGF}à�à�7;MGï¸ã�Tyß�ß�FIHUMOTyßÀßKDGFÎß�<Vãó<Væ.ßKDGFËêI>�HKâVF}àîê�é�9:7;M�àGFIH
7;Þ
TV9;Þ�<íàGFIã�7:ê�ß�F}àº7;M P�ï�>GHUF[A�4@3 àGF}ê�HUF}TVÞ�FÎ7;M8ßKD�F�WËTyï�M�7=ßK>�àGF�<Væ©ßKDGF�æv<VHUê�F}Þ
êITVM8ßKDGF}M8ë+F�<Vë$Þ�FIHKâVF}àûTVÞLJ�FRïV<¶àG<]JLMºTV9=<�MGï¸ßKDGF5Þ�ã$TVM'NvJLD�7:êUDÃÞKD�<]JLÞ2ßKDGF
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àGF}ê�HUF}TVÞK7;MGïÎÞ�ß�HKF}M�ïVßKDð<Væ�âV<VHUßK7;ê�F}Þ
Q�TVM�à�P$M�TV9;9=éËT�ã�D�TVÞ�F�êUD�TVM�ïVFV4$�cDGFÀ>Gã�ã+FIH
ê�éE9;7;M�à�FIH�ÞUDGF}à�à�7;M�ï�àGH_7=âVF}Þ�ßKDGFR9=<eJ.FIH2F}M�à@4

NiTKQ
tU/d

S
/d

510 520 530 540

0

5

10

15

0.1700
0.1457
0.1214
0.0971
0.0729
0.0486
0.0243
0.0000

-0.0243
-0.0486
-0.0729
-0.0971
-0.1214
-0.1457
-0.1700

Nvë�Q

streamwise
direction

S/d = 0

S/d = 19.64

ϑ = 90°
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� ç�ã+FIHU7:WÎF}M&ßKTV9�J.<VH��1J�TVÞ-TV9;Þ�<òê�<�M�à�>�ê�ß�F}àÕ7;M <VHUà�FIHºß�< ê�<�WÎã�TyHKFÍßKDGF
ê�<�WÎã$>GßKTyßK7=<�M�TV9RHKF}ÞK>�9=ßKÞÃJL7=ßKD ßKD�F ø <]J�âE7;ÞK>�TV9;7:ÞKTyßK7=<�M�ÞI4#3 WÎ<EàGF}9�êI>�HKâVF}à
ê�éE9;7;M�à�FIH�J27=ßKDðßKDGFRÞUTVWÎFRTVÞ�ã+F}ê�ßLH_TyßK7=<ÉTVÞL7:MíßKDGFRê�<�WÎã�>�ßKTyßK7=<�M�TV9(êITVÞKF}ÞLJ�TVÞ
ß�<eJ.F}àË7:MÎT¹ßKTVM � = \	D�Tyß©TVMËF�÷�F}ê�ßK7=âVF2PcFIéEMG<�9;à�Þ�M�>�WRë+FIH�F}ñ�>�TV9Gß�<ÀßKD�Tyßx<Væ�ßKDGF
ê�<�WÎã$>GßKTyßK7=<�M�ÞI4 �cDGF ø <]JùâE7;ÞK>�TV9;7;ÞKTyßK7=<�M87;WËTyïVF}Þ¹<Vë�ßKTV7;M�F}à8ë�é87;9;9:>�WË7;M�TyßK7:MGï
àGéVFcà�7t÷+>�Þ�F}à�æ[HK<�W ßKDGFLÞ�ßKTyï�M�TyßK7;<�MË9;7;MGF�<Væ�ßKDGFLêI>GHUâVF}àËê�é�9:7;M�àGFIHxD�T]âVF2ÞKDG<eJLM
ïV<�<�àÎñ�>�TV9;7;ßKTyßK7=âVFcTyïVHKFIF}WÎF}M
ßÇJL7;ßKD�ßKDGFcM
>�WÎFIHU7;êITV9E7;M
âVF}Þ�ßK7=ï�TyßK7=<�M�ÞI43�cDGF ø <eJ
âE7;ÞK>�TV9:7;ÞKTyßK7=<�Mý<Vë�ßKTV7:MGF}àòæv<VH¶ßKD�7;Þ¶êITVÞ�Fû7:Þ¸ÞKD�<]JLMä7;M P�ï�>�HKF \ TVM�à êITVMäë+F
ê�<�WÎã$TyHKF}àÍJL7=ßKD P�ï�>GHKF�s�48E2<Vß�FV?xßKD�TyßÎßKDGFðÞK9;7=ï�D
ß�ë�<eJL7;MGïº<VæLßKDGFíâV<VHKßK7:ê�F}Þ
ß�<eJ�TyHUà�Þ2ßKD�F5ß�<VãOê�éE9;7;M�à�FIHLF}M�àû7;MºF�ç�ã+FIHU7;WËF}M&ßKÞ2JLDGFIHKF�T¸ÞKß�HUTV7=ï�D
ß¹êI7;HUêI>�9;TyH
ê�éE9;7;M�à�FIH�7:Þ�ß�<]J�F}àËßKDGHK<�>�ï�DËT¹J�Tyß�FIH�ÞK>GHKæiTVê�FcD�TVÞxë+FIF}MÎ<Vë$Þ�FIHKâVF}àÎë+FIæv<VHKFcTVM�à
F�çEã�9;TV7;M�F}à�ë
é¸AE9:Ty<�>GßK7 � S¹FIHKHUTyHUà = N	D~4 T�7;M�TV9:9=éV?VßKDGFLë+F}M�à�7;MGï¹<Væ@ßKDGFcâV<VHKßK7:ê�F}Þ
æi>GHKßKDGFIHÀàG<eJLM�Þ�ß�HUF}TVW 7;M-ßKDGFÎJ�T �VF¸7;ÞÀWË<VHKFËTyã�ã�TyHKF}M
ß�7;M-ßKDGFÎF�çEã+FIHU7;WÎF}M
ßKÞ
ßKD�TVMð7:M¸ßKD�F¹ê�<�WËã�>GßKTyßK7=<�M�Þ�J2DGFIHKF¹ßKDGF�WÎF}ÞKDð7:Þ�9;F}ÞKÞ�HKFMP�MGF}à¶æiTyHcT}J�T}éíævHK<�W
ßKDGF�êI>�HKâVF}àÃê�éE9;7;M�àGFIH]4

s�4r?y4Cô�4
	�lGEGF ]�� EGF ]OH6IKJ.B�q�C�nLF ]
�cD�F ø <eJÆã�TVÞ�ß�ßKDGF¹ÞKTVWÎFÀñ
>�TyHKß�FIH�ßK>GHUM@?�ë�>Gß�HK<VßKTyß�F}àíë�é ?ONyõ �2JL7=ßKD¸HKF}Þ�ã+F}ê�ß
ß�<�ßKDGFab�åaT�çG7;Þ�J�TVÞ#TV9;Þ�<�ê�<�WÎã�>Gß�F}à@4��cD�F
MG<�MGåaà�7;WÎF}M�ÞU7=<�M�TV9�H_TVà�7;>�ÞÇ<Væ�êI>GHKâyT�å
ßK>GHUFLæv<VH.ßKDGF
ñ
>�TyHKß�FIH.ßK>�HUMÉJ�TVÞ�Tyï�TV7;Me?}ô&M A�4 �LDGF2WÎF}ÞUDÉê�<�WÎã�H_7;Þ�F}àË<Væ�?�u4N	u C
F}9=F}WËF}M&ßKÞI?�<�>Gß¹<Væ©JLD�7;êUD ? AgC0uðJ.FIHUF�ßKD�F�ã�HU7;ÞKWËTyßK7:ê�ÞK>GHKæiTVê�F�F}9=F}WÎF}M
ßKÞI4 �cDGF
ê�<�WÎã$>GßKTyßK7=<�MÎJ�TVÞ©ã+FIHKæv<VHUWÎF}àÎ<VH_7=ï�7;M�TV9;9;éR>�ÞK7;M�ï¹TRÞ�F}ê�<�M�àË<VH_àGFIHÇã+<�9=éEMG<�WË7;TV9
TVM�àËJ�TVÞ.ßKDGF}MËHUF}Þ�ßKTyHKß�F}àËJ27=ßKDÎæv<�>GHKßKDËTVM�à¸ÞK7tçEßKDÎ<VHUàGFIH.ã+<�9=é�M�<�WË7;TV9;ÞI4 � DGF}M
ßKDGF¹ê�<�WÎã�>�ßKTyßK7=<�MíJ�TVÞ�ã+FIHKæv<VHUWÎF}àí>�ÞU7;MGï5ÞU7tç�ßKD¸<VHUàGFIH#F�çEã�TVM�ÞU7=<�M@?�ßKDGFÀWÎF}ÞKD
TVêIê�<�>�M
ß�F}à�æv<VH�?][�u&ôGs&[�uKsK\R9=<EêITV9�à�FIïVHKFIF}Þ�<Væ�ævHKFIF}àG<�WÕã+FIH�âyTyHU7;Tyë�9;FV4 R�9=<Eê��yTyïVF
æv<VHcßKDGF}Þ�F5ê�<�WÎã�>GßKTyßK7=<�M�TV9gêITVÞ�F}ÞcJ�TVÞds&M Y�^í4
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T�7=ï�>�HKF�C8ÞKDG<eJLÞ�T-êI>Gß�7:MóßKDGFðê�<�WÎã$>GßKTyßK7=<�M�TV9�àG<�WËTV7:M TyßÎTûã�9;TVMGF¶7;MEå
êI9;>�à�7;MGï¶ßKDGFËævHKFIF�åaÞ�ß�HKF}TVW�âVF}ê�ß�<VH}4 �cDGF ø <eJ 7;ÞR7;MîßKDGFËã+<�ÞK7;ßK7=âVFgP�åaà�7;HKF}ê�ßK7=<�M
ævHK<�Wù9=FIævß�ß�<ÀHU7=ï�D
ß�7:M5ßKD�F#ã�TyïVFV4�R�<�>�M�à�TyHKéZRý7;M�êI9;>�à�F}Þ�TVMÎ7;M
ß�FIHUÞ�F}ê�ßK7;<�M�JL7=ßKD
ßKDGF�êI>GHKâVF}àºã�7=ã+F�TVM�àºÞ�<¸T¶Þ�éEWËWÎFIß�HKéðë+<�>�M�à�TyHKé¶ê�<�M�à�7=ßK7=<�MðJ�TVÞ¹7;WÎã+<�Þ�F}à@4
R�<�>�M�à�TyHKé T ê�<VHUHKF}Þ�ã+<�M�à�Þ¹ß�<ºßKDGFË<�>Gß ø <eJÅã�9:TVMGFËTVM�àîë+<�>�M�à�TyHU7=F}ÞÀ3ìTVM�à
ö ê�<VHKHUF}Þ�ã+<�M�àÆß�<áævHKFIF�åaÞ�ß�HKF}TVW ë�<�>�M�à�TyHU7=F}Þ¸JLDGFIHUFîßKDGFO>�M�7=æv<VHUW âVF}9=<EêI7=ßaé
ê�<�M�à�7=ßK7=<�M@?9UWV`=@?¶õºõ	D#J�TVÞ�7;WÎã+<�Þ�F}à@4 �LDGF¸ê�<�WÎã$>GßKTyßK7=<�M�TV9.ë+<�>�M�à�TyHU7;F}Þ�7;M
ßKDGF,Xråaà�7=HKF}ê�ßK7=<�MÉJ.FIHUF
Tyß�T5à�7;Þ�ßKTVM�ê�F2<Væ�NRà�7:TVWÎFIß�FIHUÞ©ævHK<�W ßKDGF2ê�éE9;7;M�àGFIH.T�çG7;Þ
TVM�à¶T�>�M�7=æv<VHUWÅæ[HKFIF�åaÞKß�HKF}TVWÿê�<�M�à�7=ßK7;<�MËJ�TVÞ#TV9;Þ�<�7;WÎã+<�Þ�F}àË<�M¶ßKDGF}ÞKF
ã$9;TVMGF}ÞI4
ö�<�M&ß�HUTyHUé8ß�<ðêITVÞ�F s�4r?y4r?y?gßKD�7:Þ
ê�<�M P�ï�>GHUTyßK7=<�Mg?+>�M�àGFIH
ßKDGFÎÞKTVWÎFÎ>�M�7=æv<VHUW

ã�TyH_TV9;9=F}92ß�<èßKDGF-ã�9;TVMGFû<Væ�êI>�HKâ�TyßK>�HKF ø <]J�?càG<�F}ÞðMG<VßíF�çGD�7=ë�7=ß¸ßKDGFîâV<VHKß�F�ç
ÞKD�F}à�à�7;MGï�ævF}TyßK>GHKF}ÞI4�32Þ P�ï�>GHKF N#ÞUDG<]JLÞ}?}ßKDGFxæv<VHUê�F}Þ�TyHUFÇÞ�ß�F}TVàGéV4	T�>GHKßKDGFIH_WÎ<VHKFV?
ßKDGF¸WËTyï�M�7=ßK>�à�FÎ<Væ#ßKDGFËæv<VHUê�F¸ê�<�F`_ÉêI7=F}M
ß57;MOßKDGF P�åaà�7=HKF}ê�ßK7=<�MO7:Þ�ÞKWËTV9;9;FIH�ë
é
?}ô�^ ê�<�WÎã$TyHKF}à ß�<ÍßKD�Fûã�HKFIâ�7;<�>�Þ¸êITVÞKFûJ2DGF}M ë�<VßKD Þ�<�9;>�ßK7=<�M�Þ¶D�T}âVFîë+FIF}M
Tyã�ã�HK<}çG7;WËTyß�F}àðë�é¶æ[<�>GHUßKDí<VHUàGFIHcã+<�9=éEMG<�WË7;TV9:ÞI4

�L7;WÎF�a V ôyõVõR7;M[P�ï�>�HKF N¹HKFIã�HUF}Þ�F}M&ßKÞ©ßKDGFcß�HUTVM�ÞU7=ßK7=<�M�ævHK<�W TÀã+<�9=éEMG<�WË7;TV9
<VHUà�FIH�<Væ#ßaJ�<ºß�<ºæ[<�>�H5TVM�àóßK7;WÎF aWV sGsGs8HKFIã�HKF}Þ�F}M
ßKÞ�ßKD�FÉß�HUTVM�ÞU7=ßK7=<�M-ævHK<�W
TÎã+<�9=éEMG<�WË7:TV9$<VH_àGFIHc<Væ�æ[<�>�Hcß�<ÉÞK7tç+4 � F5M�<Vß�F�ßKD�TyßLßKD�FIHKF�7;ÞcTÎHUF}à�>�ê�ßK7=<�Mð<Væ
Tyã�ã�HK<}çG7;WËTyß�F}9=édu�^17;M¹ßKD�F©WËTyï�M�7=ßK>�à�F�<Væ ���#TVÞgßKD�Fx<VHUàGFIHg<Væ�ßKDGF©ã+<�9=éEMG<�WË7;TV9
Tyã�ã�HK<}çG7;WËTyßK7=<�Mò7;ÞÉ7;M�ê�HKF}TVÞ�F}àáævHK<�W ßaJ�< ß�< æ[<�>GH¸JLDGFIHKF}TVÞ¸TOHKF}à�>�ê�ßK7=<�Má<Væ
WÎFIHUF}9=é¸õE4r?�^ TVÞcßKDGF�ã+<�9=éEMG<�WË7:TV9�<VHUà�FIHL7;Þc7;M�ê�HKF}TVÞ�F}àíævHK<�Wÿæv<�>GHcß�<ÉÞK7=ç�4
ö�F}M&ß�HKFIã$9;TVMGFÃÞ�ß�HKF}TVWÉ9;7;MGF}ÞFN�� V õKQ�>Gã�ÞKß�HKF}TVW <Væ¹ßKDGF8êI>GHUâVF}àáê�é�9:7;M�àGFIH

TyHKFðÞKD�<]JLMý7;M'P�ï�>GHKF YºJLD�7:êUDÍêITVMýë�Fíà�7=HUF}ê�ßK9=éóê�<�WÎã�TyHUF}àýJL7=ßKD'P�ï�>GHKF uG4
�cD�F�ÞKß�HKF}TVWË9;7;M�F}Þ
ÞKßK7;9;9�7;M�à�7:êITyß�F�WË<VßK7=<�MOTV9=<�MGïðßKD�FË9=F}MGïVßKD-<Væ�ßKDGFËê�é�9:7;M�àGFIH
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x1 = 13

xt = 28
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1
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J�FIHKF�<Vë�ßKTV7;MGF}à-7;MºßKDGF�J.<VHj�8<Væ T TyHKFM�yTyH �
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