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JLKMJ NPO5QRLSUTWV�X�SUTLYZTW[W\MX K]K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K `
JLKba c X
d O TfeA\Zg K]K_K^K]K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K h
JLKji k_l RLSDmUYnR l X c X�eA\ZX�So\ZSpeUX
SrqsSA[WX�SU\MX�m l�t \ZuvuwX�SAuwx O Rzy{dwX�S K]K]K]K]K^K]K^K]K]K^K |
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� �p6�B�.^032�4�6�7:G�Bf4�+��1BH6{����BH6�@8�C0"BH>?�¡ o¢3>�£¤<U7¥£¤BH4 *;*
ifKMJ ¦ \MSAy Qm OUl mUSU[�eUX l�c RCd�X l \nRLYM§&R l RLV¨X©d�X l K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K JWJ

iAKMJLKMJ ª X l¬« X�u�d�\d�mAdw\ZTWSUuvgLTHX
®�¯�\MX�S°d�\ZSo±�T l V¨RLY l \Zx O d�mUSA[ K]K]K^K]K^K]K]K^K J=a
iAKMJLKba ª X l�² TLmUYZTWV1³f´ « X�\M³UmUSU[WuvgLTHX
®�¯�\MX�S°d K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J¤i
iAKMJLKji ª X l¶µ RLSU[LX�S°d�\ZRLY´ « X
uvd�\d�mAdw\ZTWSAuwgLTHX
®�¯
\ZX�S°d K]K^K]K]K]K]K]K^K]K^K]K]K^K J�`

ifKba ª \ZX�qsV�§UmUYZuvX lvO RLYMdwmUSU[Wuv[WYZX
\Zx O mUSU[LX�S K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J�`
ifKji · X l X�x O SDmUSU[/eUX l qsV�§UmUYZu QRLSUeUX l mUSA[ K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J¤¸

iAKjifKMJ ² TWmUYMTWV�³Uuvx O X « X
\Z³UmASU[¹mUSUe µ RLSA[WX�S°d�\ZRLYZX
YnRLu�d�\M¯�\Md QRzd K]K^K]K^K]K]K^K J¤¸
iAKjifKba º YnRLuvuw\»&¯�\MX l mASU[�¼WTWS�½Hd QTW¾WX�S K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J¤¿

ifKÀ` qsSDdwX�[ l Rzd�\MTWSpeUX�uÂÁ t X�\´ µ X
\ZYMx O X�Sf´�½Hd�TL¾WX�u K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J¤¿
ifKbh c TfeAX�YZYM\ZX l mUSU[ÃeAX�u�RL³UuvdwTW¾WX
SUeUX�S N Tzd�X�S°dw\nRLYMu K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J¤Ä

iAKbhHKMJ ª RLu¶YM\ZSUX�R l X�Å&X
eUX l ´ ª QRLV�§Ay�X l ´ c THeUX
YZY¥\MSp±�T l V/RzY l \Mx O d�mUSU[ K^K]K]K^K J¤Ä
iAKbhHKba ª RLu¶SU\Mx O dv´sYM\ZSUX�R l X(Å;X
eUX l ´ ª QRLV�§Ay�X l ´ c TfeUX
YZY�\ZSo±�T l V¨RLY l \Zx O d�mUSA[ K^K afJ
iAKbhHKji ª RLu O°Æ uvdwX l X©d�\Muwx O X1Å;X
eUX l ´ c THeUX
YZY?\MSr±�T l V¨RLY l \Zx O dwmUSU[ K^K]K^K]K]K^K aWa

ifKj¸ c TfeAX�YZYM\ZX l mUSU[ÃeAX l¬µ RzSU[WX�S°dw\nRLY l X�\M³UmUSU[ K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K aLi
iAKj¸fKMJ Ç \MuwgzTWuwX µ RLSU[WX
SDdw\nRLYMg l Rzy{d K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K aLi
iAKj¸fKba ² TWmUYMTWV�³Uuvx O X µ RzSU[WX�S°dw\nRLYMg l Rzy{d K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K aLi
iAKj¸fKji ¦ YnRLu�d�\Muwx O X µ RLSU[WX
SDdw\nRLYMg l Rzy{d K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K az`

ifKb| · X�\Muw§U\MX�YZX(y Qm l Á t X�\È´ µ X�\MYZx O X
Sf´�½Hd QTW¾WX K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K az`
iAKb|HKMJ µ X�\ZYMx O X�SH´$ÉÊRLSUe º TWYZYM\Zuw\MTWSUX
S K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K aWh
iAKb|HKba µ X�\ZYMx O X�SH´ µ X�\ZYMx O X�S º TWYMYZ\Zuv\ZTWSAX�S K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K aW|

ifKj¿ Á¥mUu�RLV�V�X�SAy8RLuvuwmUSA[ K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K aW|

I �p6�B�.^032�4�6�7:G�BH-¨Ëo68BH@{£¤BH6�@8�z0�BH>5�� r¢�>3£�<U7¥£¤B �5*
`AKMJ Ç \ZX
YMdwX�\ZYMx O X�SH´ º TWS°d¡RLg°dwX K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K iAJ

`UKMJLKMJ ª \ZX�½fx O RLYMYZ[WX
uwx O°t \ZSUeA\Z[WgzX�\Md K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K iAJ
`UKMJLKba ª X l¶Ì=ª X©d¡RLx O V¨X
SDd�Í ¦�Î X�g°d�mUSUeoeUX l¬Ì \MSUX�YZRLuvdw\Zuwx O X º TLYZYnRz§Uu
Í K]K^K i°a
`UKMJLKji Á¥mUuwRLV¨V�X�Sfy8RLuwuvmUSU[ K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K i°h

`AKba ª X l ½f§&RLSASHmASU[WuvdwX�SUuvT l�K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K i°|

\
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hfKJ c X©d O THeUX
S�¯�m l¬Ç X l V�X�\MeUmUSU[¹eUX
u�\MSUX�YZRLuvdw\Zuvx O X�S º TWYZYZRL§UuwX
u K]K^K]K^K]K]K^K]K iW¿
hfKja � S t X�SAeUmUSU[�eAX l¬µ�² c X©d O THeUX K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K `�
hfKÀi Ç \ZX�YMX µ X
\ZYMx O X�So\ZS�X
\ZSUX
V · X O QRLYMdwX l]K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K `UJ
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� ~��� BD- � @86��=7 I¥�
¸AKJ N�O QRLSATWV¨X
SUTWYMTW[W\ZX K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K `°i
¸AKja µ¶O X
T l \MX�� ¦�� §3X l \MV¨X
SDdwX_mUSUe�½f\ZV�mAYnRzdw\ZTWSUX
S K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K `W`

� �¥7A<&@868BD-C,">"9���6 � -C68BD-¤£¤BD-¹9;-C<U>?,�@�<U-=BD- �32�4
£¤B!�ÊB I"�
|fKJ ª RLu c THeUX
YZYZu Æ uvd�X
V K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K `D|
|fKja ÉÊR OUl uwx O X
\ZSUYM\Zx O gzX�\Mdwuv¼LX l dwX�\MYZmUSU[LX�S K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K `°Ä
|fKÀi µ¶O X
T l \MX�¼f\M³ l \MX l d�X l ½ Æ u�d�X
V¨X K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K h��
|fK ` Á t X�\MeU\ZV�X�SUuv\ZTWSURLYZX_½H\ZV�mUYZRzd�\MTWSUX
S K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K hz`

|fK `UKJ ½f\ZV1mUYnRzdw\ZTWSAX�S�V�\Md¶X
YnRLu�d�\Muwx O X
SoÉ QRLSAeUX�S K^K]K]K]K]K]K^K]K^K]K]K^K]K hz`
|fK `UKja ½f\ZV1mUYnRzdw\ZTWSAX�S�V�\Md l RLm O X
S#�;eU\Zuvuw\M§&Rzd�\¼WX
SpÉ QRzSUeUX�S K]K^K]K^K]K]K^K]K hLÄ
|fK `UKÀi Ç X l [WYZX
\Zx O ¼WTWS ª ½ c�² mUSUe ¦�ª K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¸°a
|fK `UK ` $ S°d�X l uvx O \ZX
eUYZ\Mx O X « RLSUeA³3X
eU\ZSU[LmUSU[WX
S K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¸Wi
|fK `UKjh Ç X l [WYZX
\Zx O V¨\d ¦�� §3X l \ZV�X�S°dwX�S K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¸L`

|fKjh ª(l X�\ZeA\ZV�X�SUuv\ZTWS&RzYZX�½H\ZV�mUYZRzd�\MTWSUX
S K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¸W¸
|fKÀ¸ Á¥mUuwRLV�V¨X
SAy8RLuwuvmUSU[ K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¸W¸
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¿AKJ º TWS°¼WX
g°d�\ZTLS K^K]K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¸W¿

¿AKJWKJ Q$ ³�X l ³UYZ\Mx¡g K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¸W¿
¿AKJWKja c THeUX�YMYZ\ZX l mUSA[WuwX l [WX
³USU\ZuvuwX K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¸W¿
¿AKJWKÀi Á¥mUu�RzV¨V�X�SAy8RzuwuwmASU[ K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K |fJ

¿AKja k�l¤QTW¾LX�SUuvX�§&R l Rzd�\MTWS K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K |Wa
¿AKjafKJ Q$ ³�X l ³UYZ\Mx¡g K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K |Wa
¿AKjafKja ¦ SDdwV¨\Muwx O mUSU[¨T O SUX º TWS°¼WX
g°d�\ZTLS K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K |Li
¿AKjafKÀi k_l QTW¾WX
SUuwX
§&R l RCd�\ZTLSo\MV)(Dm&RLuv\´$uvd¡RCd�\Zuvx O X�SrÅ;RLYZY K]K]K]K^K]K^K]K]K^K]K |z`
¿AKjafK ` ¦ \ZS+*&mA¾¨eUX
u k_l QTW¾WX�S°¼LX lwO QRLYMdwSU\ZuvuwX�u-, RzmAy eA\ZX]½fX
§&R l RCd�\ZTLS K]K]K^K]K |Wh
¿AKjafKjh Á¥mUu�RzV¨V�X�SAy8RzuwuwmASU[ K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K |W|
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JJ�AKJ ¦�� §3X l \MV¨X
SDdwX�YMYZX $ S°dwX l uvmUx O mUSU[ K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¿AJ
JJ�AKja µ¶O X
T l \MX_eUX l Å;RLYZYM³3X t X
[WmUSU[Ã\MSpX�\ZSAX�V « T OUl K^K]K^K]K]K]K]K]K^K]K^K]K]K^K]K ¿Wi

\Z\
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JLJWKMJ�ª \ZX � Sfy8RLSU[Wuv³3X
eU\ZSU[LmUSU[¹eUX�u c THeUX�YMYZu Æ u�d�X
V¨u K^K]K^K]K]K]K]K]K^K]K^K]K]K^K ¿W¸
JLJWKba ª \Zx O d�X ´�mUSUe ª(l mUx¡gD§ l Tz»&YZX_RLSoeUX l ÉÊRLSUe K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K ¿°|
JLJWKji�ª \ZX $�l u�RLx O X�S�eAX l�« \MuwuvX K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K ¿WÄ

JWJWKÀiAKMJ Å YMmUg°d�m&Rzdw\ZTWSAuw\ZSAeUmU¯�\MX l d�X�u Ì ½Hd�\Mx¡g°´�½fYZ\M§?Í
´ Ç X lwO RLYMdwX�S K]K]K^K]K^K]K]K^K ÄAJ
JWJWKÀiAKba Å l mUu�d l Rzd�\MTWS�mUSUe�½f§U\MSUT l eASHmASU[ K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K Ä°a
JWJWKÀiAKji ÉÊR OUl uvx O X�\MSUYZ\Mx O gLX
\Mdwuv¼WX l dwX�\ZYMmUSU[¹eUX l�º TWYMYZ\Muw\ZTLSUu l Rzd�X K]K^K]K^K]K]K^K ÄWi

JLJWKÀ`�N R l RLV¨X©d�X l uvdwmUeU\MX�S K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K ÄL`

*f} +�,�4
<����ÊBH>��$<&4�4�,">�9 � �
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*f��.ÂBH-C6�¢5G"6�4��C0 <U>"9;BD-=BH9&£¤B��¥2�4©£¤B!�ÊB �;�
J�iAKMJ�¦ � §�X l \ZV�X�S°d�X K_K^K]K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K JJ�.�
J�iAKba ±�mUV�X l \Zuwx O X « X�uvmUYMd�Rzd�X K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K JJ�AJ

J¤iAKjafKMJFÇ X l y�TWYZ[LmUSU[ÃX�\MSUX�u µ X�\MYZx O X
SUu K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K JJ�Wi
J¤iAKjafKba º T lwl X�YZRzd�\MTWSUuvy�mASUg°d�\ZTLSUX�S K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K JJ�Wi
J¤iAKjafKji Ç X l [WYZX
\Zx O X�V�\Md ¦ � §�X l \ZV�X�S°d�X
S K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K JJ�°|

J�iAKji Á¥mUu�RLV�V�X�SAy8RLuvuwmUSA[ K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K JWJJ�

*DI��	�PBf>�B �32�4
£¤B!�ÊB ��6�£ G�BH-C6�¢5G"6�4��C0�Bf>
� ~<&>"G"BD-C> *;*H}
J�`UKMJ�ª \Zx O d�X
\ZSUu�d¡RL³U\MYZ\d QRzdwX�S K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K JWJ¤i
J�`UKba�² YZmUu�d�X l�t Rzx O uvdwmUV K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J=afJ
J�`UKji ½Hd�TW¾ t R OAl uwx O X�\ZSAYZ\Zx O gLX�\d�mUSUe ¦�l X�\Z[LSU\Zu�y l X (DmUX
SU¯ K]K^K]K]K]K]K]K^K]K^K]K]K^K J=aWa
J�`UKÀ` Á¥mUu�RLV�V�X�SAy8RLuvuwmUSA[ K]K^K]K^K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J=aLi

� � ��%=���A��z�D#�� #U���f���(! '����P��%� ����&!�� ���;��%��(' !"� )����

* � D(>3£=4
£¤BH0?,">�9ÊBH6�>�BH4 �¥<&>"G�0�<&,��$BH>�4 *H} �
J¤hfKMJ�¦ \MSf´ µ X�\MYZx O X
Sf´ c TfeUX
YZY¥y Qm l ½ARLSUe O RLmAy�X�S K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J=aL¸
J¤hfKba º TLSDdw\ZSDmUmUV�uw³�X�uvx OUl X
\Z³UmASU[ K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J=aW|
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³USU\ZuvuwXÂy Qm l ¼WX l uwx O \MX�eUX
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S K]K]K^K]K_K^K]K^K]K]K^K]K^K]K]K]K]K]K^K]K^K]K]K^K J¤i°h
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Fig.7

(a) V=1.57   m/s,  f=100 Hz
V=0.314 m/s,  f=40   Hz
V=0.314 m/s,  f=100 Hz
V=0.314 m/s,  f=500 Hz
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Fig.7

(b) V=1.57   m/s,  f=100 Hz
V=0.314 m/s,  f=40   Hz
V=0.314 m/s,  f=100 Hz
V=0.314 m/s,  f=500 Hz
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Fig.7

(c) V=1.57   m/s,  f=100 Hz
V=0.314 m/s,  f=40   Hz
V=0.314 m/s,  f=100 Hz
V=0.314 m/s,  f=500 Hz
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(a) V=1.57   m/s
V=0.314 m/s
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Fig.8

(c)

o

V=1.57   m/s
V=0.314 m/s
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Fig.9

(a) V=1.57   m/s       =0.01µ          
V=1.57   m/s       =0.25µ          
V=1.57   m/s       =1.0  µ          
V=1.57   m/s       =10.0µ          
V=0.314 m/s       =0.25µ          
V=0.314 m/s       =1.0  µ          
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Fig.9

(b) V=1.57   m/s       =0.01µ          
V=1.57   m/s       =0.25µ          
V=1.57   m/s       =1.0  µ          
V=1.57   m/s       =10.0µ          
V=0.314 m/s       =0.25µ          
V=0.314 m/s       =1.0  µ          
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Fig.9

(c) V=1.57   m/s       =0.01µ          
V=1.57   m/s       =0.25µ          
V=1.57   m/s       =1.0  µ          
V=1.57   m/s       =10.0µ          
V=0.314 m/s       =0.25µ          
V=0.314 m/s       =1.0  µ          
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