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inviscid flow

STRONG INTERACTION
M>1

viscous flow
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kr��zxkrqv�onN��wH���DwHtvurwHsg©o{N�K® ÇX���{�Ä����M� ÍJÎ �/���$�'�����
yo{X�l�lson�qx|X���³n |Xkrq¥©o{N�K® ÍJÎ ���{� ��� �H� � Ç �/�{�Ä �'� ° A�²

�jilkrqvk � slkr��{Jzxk�t/zxilk!kr��zxkrqv�onN�¯w�����wHtxurwHs��±©o{N�T{Jmpkrq�n�zx{Jq �KnN�ls � �$� wHt7zvilk¬txilk�n�q����4n |Jkrq{Jmpkrq�nNzx{XqC�¥ypkr�H{N� wHzg�jwH�H�jyok7u���k nNqQ�ji�|!�,k7s�kr�l{Jzvk�zvilk7�4nNzvzxkrqg{Xmok�q�nNzv{Jq�wH�¬zxilwHtg�jn |D��¢�zwHtQ{Xyltxkrqv�Jkrs}zxion�zQzxi�k7wH��~¿{Jqv��n�zxwH{J�/kr��u�ion��l�Jk7ypkrz��¥krkr��zxilk�z��¥{/qxkr�Xw�{X�ltQz�nN¼XkrtQml�4n�urk7wH�zxk�qx�Qt·{N~�zxilk�mlqxkrtvtx�lqvkÂ{Jq�zvilkftvzxqxk nN�g�jwHtxk¥�Jkr�H{�urwHz�|c{J�gzxi�kj{J�lk�txwHslkJ�Jn��lsgzxi�kfslwHtxm��³n�urkr�¯kr��zzxi�w�u�¼��lkrtvt�{XqÂzxilkg�l{Xqx��nN���Jkr�H{�urwHz�|7{X��zvilkQ{Xzxilkrq´txwHslkJ��¢���zvqx{�sl�lurwH�l��nQtvzxqvk�nN�Ï~¿�l�lurzvwH{J�u�j��¥k¹��n |�u�{Jqxqvkr�4nNzvk
ÇpÄ���� ��J� � Í Î ����� �

ilkr��urkKwH��sl{J��nNwH����slkrur{X�Qmp{JtxwHzvwÁ{J�czxk�qx�QwH�l{X�H{J�J|´�,kKipn �Jk¹nc¸�kr�l��nN�l���'��wHqxwHu�il�Hkrz�ur{X�lml�HwH�l�o�
� d9Zw� W R8�Â`/a�`¯OQUXZ7^ `/^!_�`/d|�VZ7a�UNOQP¡  \�a�Rc`u¢u£r_!Zw�^
¤ t!zxilk�ur{X�D�Xkrqx�Xkr�lurk>q�nNzvk5{N~�zvilk5¸�kr�l��n��l���'��w�qvwHu�i���k�z�mlqv{Jyl�Hkr� ° A�² txu�n���k�tÊ�jwHzvi zxilkzxi�w�u�¼��lkrtvtV{�~�zvilk5tvilk�nNq!�4n |Jkrq � ¥ kr�;¦ � � ��n}~�nNtxz/u�{J���Jkrqv�Jkr��urk
wHt/kr��mpkrurzvkrs¨�g¢��ls�krkrs¨�´~¿{XqtxwHzv�onNzvw�{X�ltj�jwHzxi7nNzvz�n�u�i�krs�©o{N��zxilwHt¥~Æn�txzjur{X���Jkrqv�Jkr�lu�k�wHt¥~¿{X�l�ls¨�pnN�ls�zxi�kKtxilk nNqf�4n |Xkrqj{J�l�H|mlqv{N�DwHslk�tfnKtv��nN�H�lu�{Jqxqvkrurzvw�{X�7zx{czxi�k¹wH����wHtxurwHs��±©o{N�¬tx{X����zxwH{J�¨�X¦f{N�¥kr�Xkrq��pnNt¥tx{�{J�7nNt¥zxi�kÂ©o{N��jnN��zxtKzv{�txkrmon�q�n�zxkg~±qx{J� zvilkgtx�lqº~ÆnNu�kQzxi�kgw�zvkrq�n�zxwH�Jkgu�{J�lml�HwH�l��txzvq�n�zxkr�X|Ê° A�² ~Æn�wH��t �pyokru nN�ltvkzxi�k¹tvilk�n�q����³n |Xkrqfu nN�Hur�l�4nNzvwH{J�Qy�qxk�n�¼Dtjs�{N�j�¨���jwHzxi7nKtv{J�H�lzvw�{X�QzvionNzjzvkr�lslt�zx{gwH��ªo�lwHz�|��¤ ���l�gypkrqQ{�~Kmo{XtxtxwHyl�Hk�u�nN��txkrt7u nN��yok�wH��nN�XwH�lkrs¨��§¾w�qvtxzv��|��¥zxilk/nNtvtx�l�¯mlzxwH{X�Ê{�~Ktx��n��H�txzvqxk�n��g�jwHtxkjslkrqvwH�JnNzxwH�Xkrt,nNm�mok�n�qxt¥zx{Âypkrur{J�¯kjwH�D�Jn��Hw�s¾� n��lsgzxi�krtxk�slkrqxwH�Jn�zxwH�Jkrt·�,{X�l�Hs�ion �Xkjzx{ypkgw���ur�H�lslkrs/wH��zxilkc©o{N�Bkrµ��onNzvwH{J�lt �¨»�krur{X�lsl�H|��¨nNtÂzxi�kgtxz�n�yl�HkgmonNq�nNyp{J�HwHu�s�w�qvkrurzvw�{X�/{N~jzxilktxi�k�nNqº�Æ�4n |Jk�q¹k�µD�pnNzxwH{X�ltfwHtf�X{N�Jkrqv�lkrs�y�|�zvilk´©o{N�>slwHqxkru�zxwH{J�¨�pwH�ltvw�s�kKtxkrmpnNq�n�zxkrs �¿©o{N�Bqxkr�XwH{J�ltzxi�kr|gtxil{X�l�Hsgion �Jkjypkrkr��tv{J�H�Jkrsc~±qx{J�Bsl{N�j�ltvzxqxk nN� zv{K�lmltvzxqxk nN����¢�� A���� ¦|§Â{X��s�txzxk�w��Qn�slslkrsnN��{Jzxi�krqjmo{Xtxtvw�y���kÂu�n��ltxk9~¿{Jq¥zxilkÂylqvk�nN¼X��sl{N�j��y�|gq�nNwHtvw�����zvilkÂµD��krtxzvw�{X�O¨xsl{�krtfn´txwH�l�X�l�4nNqxwHz�|nN�H�jn |�t¨{�urur�lq·kr��urkrmlz·~¿{Jq¾urkrqvz�nNwH�gtvmokru�w³n��lmlqvkrtxtv�lqxkÂslwHtxzvqxwHyl�lzvwH{J�lt��lk�n�q�txkrmon�q�n�zxwH{J�V© � §Â{X� � ¦ � �»�wH�lurkÂzvilkr�¨��zxilkKtvwH�l�J�l�4n�qxwHz�|QnNz¥txkrmpnNq�n�zxwH{J��ypk�nNqvtfilwHtj�on��QkJ�
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yp{J�l��sonNqv|Ê�4n |XkrqQnN�ls¬wH����w�tvurwHs!©o{N� u�ion��l�Jk�tQ~±qx{J�¸·S¹�ºC»wH��zxkrq�nNurzvw�{X��w���zv{w¼�½0¾'¿�À`ÁgwH��zxkrq�nNurzvw�{X�¨�¢���zxilkK�4n�zxk7¶ � ��w�k�t�Â�n ~±zxkrq�¶`Ãg|Jk nNqxt�{N~�qxk�txk�n�qxu�iÄÂ�wHzjyokru nN�QkÂur�Hk�n�qÂzxion�z�§Â{J�HsltvzxkrwH��ionNsmp{JwH��zxkrscwH�KzxilkjqvwH�Ji�z¨slwHqvkrurzxwH{X�¨® zxilkjmlqv{Jyl�Hkr�¯t)n�z�©o{N�!txkrmon�q�n�zxwH{J�gnNqvk,sl��k,zv{¹��{J����kr��wHtxzxk��lurk{N~¹n�tx{J�H�lzvwH{J��{N~fzxi�kgtxilk�n�q����4n |Jkrqckrµ��onNzvwH{J�lt�n�zKmlqvkrtxurqvwHyokrs}mlqxkrtvtx�lqvkJ��hji�w�t´w�t´zxilk¯qxk�n�tx{J��ji�|Q�¥kÂion �Jk�slkr�l{Xzxkrs7zvilkÂyo{X�l�lson�qx|¯�³n |Xkrq¥{Jmpkrq�n�zx{JqÂnNz¥mlqxk�txurqvw�ypkrs�mlqxk�txtx��qxkcyD| � �$� ��wHzxtkr��wHtxzvkr�lurkcwHt,�l{Xzj�J�on�q�n��Dzvkrkrs¨��yl�lz � s�{Dk�tjkr��w�tvz��
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§�qx{J� zxion�zQ�Q{X�Qkr��zK{X�¬zxilk7mpnNzxi¬�jnNtc~¿qvkrk7zv{/�J{/{J�¾�,nN��s�n�qx{X�l�ls A�� ¶�¦�n��D���gyokrqg{�~wHzxkrq�nNzvw��Xk�tvzxq�nNzxk��JwHkrtKion �Xk�ypkrkr�/y�qx{J���Ji�zj~¿{Xqx�jnNqvs¨�phj�,{��Qk�zxil{�slt�ion �Jkctx�lqv��w��Xkrs � �dÅÆ¦�¶ � ®zxi�k¹tvkr�Qw¶��wH�D�XkrqxtvkÂ�Qkrzvil{�s � ��krÅ,¶�¦ � �lnN�ls¯zxilkKµ��on�txw¶��txwH�g�l�Hz�n��lkr{J��t��Qkrzvil{�s � ¥ kr�;¶ � � ¥ kr�;¦ A � �
ÇXÈ=ÉuÊ;Ë�Ê(ÌHÍJÈ=Î�Ï�È$hjilkÂtvkr�Qw¶��w����Xkrqxtvkj�Qkrzvil{�sgur{J�gylwH�lk�t�zxilk�~Æn �X{J�lq�nNyl�Hkjmon�qxzvt,{�~)zxi�kfslwHqxk�urznN��sÊzvilk�wH�D�Xkrqxtvk7�Qk�zxil{�s5°¿§¾wH�o� M ���Hk�~¿z ² ��¢�zctx{X���Xkrtgyp{Jzxi!©o{N�"sl{X��nNwH�lt´�jw�zviVmlqvkrtxu�qxwHyok�sslwHtxm��³n�urkr�¯kr��z�zxilwHu�¼��lkrtvt��on��lsgur{X�l�HsQypkfu�n����Hkrs�n7��wHqxwHu�il�Hkrzº����wHqxwHu�il�Hkrz�ur{J��ml�Hw����o�X¢��Q{Jqvslkrq¥zx{{Jy�z�nNwH�¯ur{J���Jk�qx�Jk��lurkctx{J�¯kÂzx�l�lwH�l�c{N~�zvilkKqxk��³n��lnNzxwH{X�Qmon�q�nN�¯krzxk�q�ÐÊwHtjqxkrµ��lwHqvkrs¨��nN�ls7n´~Æn�wHqur{X�D�Xkrqx�Xkr�lurkcu�n���ypkÂ{Jylz�nNwH�lkrs¾®
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Boundary layer

External flow

δ δ  = δ     + ω (u  - u  )
n       n-1 E       B 

u

uE

B

semi-inverse quasi-simultaneous

δ = −ψ

Interaction law

u = ∂ψ/∂n

External flow

Boundary layer
+
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� ���� °(í ² � � Aî ï=ð � ���ñ ò ñí�� ñ °0ó ²
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Ç �/�=�Ä � �M� ÍJÎ ���{� � � � � ° �D²
�jilkrqvkKzxi�kKwH�Dzvkrq�n�urzxwH{X�Q�4n �5qxk nNslt

õ � Í Î � � Aî ï ð ò ÍJÎò ñ ò ñí.� ñ Õ °0Ã ²
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n ~±zxkrqj�jilwHu�i�zxilk�ªoqvtxz�krµ��onNzvw�{X��w���° ��² txwH�Qml�H|cyok�ur{J�¯krt

Ç �/�=�Ä Ô M üî"! ò#� ÍJÎò í �
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`u�w�¯dfUXY�`¯OQUXZ7^¬W% Î�ßVÌSÏ�ã�Ì3Ê1ù�ßVÊ0Î	&'ã�Ê(á�'Sã)( hjilk�mpkrq�~¿{Xqx��nN�lurk·{N~Dzvilk�µ��on�txw¶�ÆtvwH�g�l�Hz�nN��kr{J�lt�ur{J�lm���wH�l�ju�{J�lurk�mlz�jwH�H�lyok�slkr�¯{J�ltvzxq�n�zxkrs¯{J�gtv{J�Qk¥u�n���u��l�4nNzxwH{X�lt�{N~¨zvq�n��ltx{X�lwHuj©o{N�¬mon�txzjnN�+* ¤ û M ¦ MJM n�w�qº~¿{JwH���¢��gzxi�krtxkÂnNwHq�~¿{XwH�Á�±©o{N�/mlqv{Jyl�Hkr�¯t�zxilkjwH��zxkr�Xq�n��)°0Ã ² ion�t�ypkrkr�Q��txkrs¯zx{Kslk�txurqvw�ypkfzvilkftv|��Q�Qk�zxqxwHuslwHtxm��³n�urkr�¯kr��zfk�À�krurzvt�°º� zvilwHu�¼D��krtxtKm�qx{Jy���k���¡ ² ��¢�zxtKtv¼Jkr�¥��tx|��Q�¯krzxqvwHuKur{J���DzvkrqxmpnNqxz´ionNtÂypkrkr��ltvkrs/zx{¯slkrtxu�qxwHyok¯zxilkck�À�krurzvt�{�~,u�nN�gypkrqc°����HwÁ~±zfmlqv{Jyl�Hkr��¡ ² �X~¿{JqÂslk�z�nNwH�Htftvkrk ¥ kr�Hsl��nN�u¹�½�º�ë-,� ¥ �üslÅ» �J� � �§¾w��p�Jó]°4yp{Jzxzv{J��qvw��Xi�z ² tvil{N�jtÂzxilkcwH���DwHtvurwHs��Æ��wHtxu�{J�lt�ur{J���Jk�qx�Jk��lurkg~±{Jq¹nÏur{J�¯ml�lz�nNzxwH{X��{�~¤jnNtvk A ��tx�ly�txkrµ��lkr��zv��|�~¿{X�H��{N�¥krs�yD|K¤jn�txk ´ ��¢�z¨qxk��Jk�n���t¾zxion�z¨njion��ls�~¿���N{N~lµ��onNtvwÁ��txwH�g�l�Hz�nN�lkr{X�ltwHzxkrq�nNzvw�{X�ltctx�=²Qurk�zv{/{Jylz�nNwH�Vn7tv{J�H�lzvw�{X�¨�¾hjilk�ur{J���Jk�qx�Jk��lurk7wHtcw���slkrmpkr�lslkr��z¯{N~fzxi�k��XqxwHsltnNm�ml�Hw�k�s�wH��zxilkgz��¥{�tx�lypsl{J��nNwH�lt �Ì§�{JqÂur{X�Qml�Hkrzvkr�lkrtvtK�¥kg�Qkr��zxwH{X�7zxion�zKzxi�kgw�����wHtxurwHs]©o{N��jnNtjur{X�Qml�lzvkrsQ�jwHzvi�nN�Ä³½��z�|Dmpk A�M ¦N� ´N� �XqxwHs¨���jilk�qxk�n�tfzxi�k¹tvilk�n�qf�4n |Jkrq¥�jnNtjur{N�Xkrqxkrs��jwHzxin A ¶�ó�� MlA ¤·��z�|�mokÂ�JqvwHs¨�D¤¥{X�Qml��zxwH�l�ÂzxwH�QkjwHtj{X�lkf�¯w����lzvkj{J��n���¤Â��h�{gnNmlm�qxkrurw4n�zxkÂzxilk�~Æn�txzur{X�D�Xkrqx�Xkr�lurk´kr�Jkr�¯yok�zxzxk�q��l{X�lkfipnNt¥zx{cqxk�n���wHÉrk�zxion�z,zvilkfk��Dzvkrqx�pnN�p©o{N�5wH�gzvilkrtxkÂkr�ln��Qml�Hkrt�wHtzxq�nN�ltv{J�lwHuJ���jwHzvi�nctxwH�X�lw¶ªou�nN��z¥tx�lmpkrqvtx{J��w�u9©o{N�5qxk��JwH{J�¯w���¤jnNtvk ´ �J�ji�krqxk�n�tfzvilkÂw���zvkrq�n�urzxwH{J��4n ��°(Ã ² wHtjyonNtvkrs�{J��tx�ly¾°'ö ² tv{J�lwHuÂzxilk�{Jqx|��¤ �Htx{BwH� zxilqvkrk>slwH�Qk��ltxwH{J��tVzxi�k
µ��on�txw¶�ÆtvwH�g�l�Hz�nN��kr{J�lt/u�{J�lurk�mlz�°4�jwHzvi zvilk
tvwH�Qml�Hw¶ªokrswH��zxkrq�nNurzvw�{X���³n �B°(¶ ²v² ionNtjypkrkr��nNmlml�HwHkrs¯tx�luru�krtxtº~¿�l�H�H|�zv{gzxq�nN�ltv{J�lwHu�©o{N� � Å�£ � ó � �
÷øãJÉuß�Ê(Ì/.HÈbùdãJÉ�� ã%ÏiÊ(â�Ê0ãJÌ ¥ w�tvur{J��t���w�����wHtxurwHs/wH��zxkrq�nNurzvwH{J��w�tcnN�/kr�lnN�¯ml�HkK{N~fn7»�u�i��jnNqxÉ�l{X���Æ{N�Xkrqx�4n�mlmlwH�l�csl{J��nNwH����slkrur{X�gmo{XtxwHzxwH{J�c�jwHzxi7n8�fwHqvw�u�il�Hkrzº�Æ¸�kr�l��nN�l�¯ur{J�lm���wH�l�p��hji��lt�~Æn�q��¥ ¢v¢��¯krzxi�{Ds�t�ion �XkQ{X�l�H|/yokrk��Ê��txkrs5wH�!txwHzx�on�zxwH{J��t��jilk�qxk7zvilk�¸fkr�l��nN�l�/qvkr�JwH{X�VwHtg�Jkrqv|zxi�w��¾�j¢�� � slÅ ¥ � Ã � zvilk/�ltxkË~¿�l�H�H�lkrtxt�{N~QzvilkVµ��on�txw¶��txwH�g�l�Hz�n��lkr{J��tQ�Qk�zxil{�s}~¿{Jq7s�wÁÀ�krqvkr��zx�H|
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txipnNmpkrs
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