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7*6*��/$&/'($(&'��#�$%&���(,!�.�&--(&'�!/-� ��$(7($.�!/-�$%&(��"�7!$(�/'3�

�&� minψ � ω � D,(/� .,(/�

B��� -0.10341067 =C3BATRWQA� �3ABQQCCT�� �3RCRTTA�B�

T��� -0.11382828 =�3�WR�TQB� �3QQBWA�AC� �3A�C�BRQB�

B���� -0.11873676 =�3�AAB�A�� �3QC�QCWQC� �3QAT�Q��A�

Q���� -0.12169451 =B3WCBA�AA� �3QBC���QW� �3QC�QCWQC�

RQ��� -0.12161812 =B3WB��R�B� �3QBC���QW� �3QC�QCWQC�

B����� -0.12136419 =B3�WRRQQA� �3QBC���QW� �3QC�QCWQC�

BQ���� -0.12068707 =B3�RCQ�AR� �3QBC���QW� �3Q�A�T�QR�

������ -0.11990739 =B3�Q�QQ�R� �3Q�AQBQ�B� �3Q�A�T�QR�

�Q���� -0.11906834 =B3��R�BQW� �3Q�AQBQ�B� �3Q�A�T�QR�

C����� -0.11818048 =B3��CB�A�� �3Q�AQBQ�B� �3Q�A�T�QR�

CQ���� -0.11725889 =B3RR�TQWT� �3Q�AQBQ�B� �3Q�A�T�QR�

T����� -0.11630788 =B3RQC�RWB� �3Q�AQBQ�B� �3Q�A�T�QR�
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$%&�7&/$&�"(/&'��#�$%&�7! ($.3�

�&� *,(/� .,(/�  ,!D� D,!D�  ,(/� D,(/�

B��� =�3�BCWT�CR� �3TA�WR�AB� �3BRWQ��WW� �3�CARC�TC� =�3�QC��B�W� �3�B�Q�TC��

T��� =�3C��QBA�A� �3�R�AW�BB� �3C�CARTWC� �3��A��RTA� =�3TQT�B�A�� �3�AC�RRQ��

B���� =�3C����CT�� �3BR�BCWAT� �3CRAQ�C�Q� �3BQW��QT�� =�3Q�A�R�A�� �3W�W�TCR��

Q���� =�3TTQW�Q��� �3�RT�B�BW� �3TTABQB�R� �3�RWQ�R�W� =�3QRTR�WQB� �3WQRWB�R��

RQ��� =�3TQC�WBW�� �3�ABRTCQC� �3TQACT�A�� �3�AAQWB��� =�3QRRWA�RB� �3WACRTB���

B����� =�3TQAQ��AR� �3�Q�Q���T� �3TA���RTQ� �3�QWC�RC�� =�3QRW�QC�C� �3WAW��T���

BQ���� =�3TQWBT�T�� �3�TTB��BQ� �3TA�R�BRC� �3�T��Q�Q�� =�3QR�TB�CR� �3WRTC�QWB�

������ =�3TQWC����� �3�C�BAB�W� �3TR�BCB�C� �3�TTB��BQ� =�3QRA�WAA�� �3WRA�CRC��

�Q���� =�3TQ�TRAWT� �3�CTCWTBW� �3TRCWRTTT� �3�T�B�B��� =�3QRTBA�TR� �3WRW�T�BQ�

C����� =�3TQRCTATW� �3�C�QAAT�� �3TRQ�T�RW� �3�CA�Q�W�� =�3QRBTBCBR� �3W��RW�R��

CQ���� =�3TQQRWCTR� �3�C�RRQ��� �3TRQT����� �3�CTCWTBW� =�3QAW�QABB� �3W��RW�R��

T����� =�3TQT�WQTR� �3��W�BWRR� �3TRQCRQQ�� �3�C�QAAT�� =�3QAR�BC�B� �3W��CBCTC�
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�&� �&#&�&/7&'� minψ � ω �

B��� Present -0.103410 =C3BATRWQ�

� [65] -0.103471 =C3BAQQ�

T��� Present -0.113828 =�3�WR�TB�

� [65] -0.113897 =�3�WQ��

B���� Present -0.118736 =�3�AAB�A�

� [65] -0.118800 =�3�AAT�

� [62] -0.118781 =�3�AQQC��

� [63] -0.118938 =�3�ARRA��

Q���� Present -0.121694 =B3WCBA�A�

� [65] -0.122050 =B3WCW��

� [62] -0.121289 =B3W�AA�B�

� [63] -0.122216 =B3WT�QTR�

RQ��� Present -0.121618 =B3WB��R��

� [65] -0.122302 =B3W�RQ�

� [62] -0.120924 =B3W�T��C�

� [63] -0.122344 =B3W�ATR��

B����� Present -0.121364 =B3�WRRQQ�

� [65] -0.122248 =B3W�CB�

� [62] -0.120403 =B3���W�R�

� [63] -0.122306 =B3WB�B�R�

BQ���� Present -0.120687 =B3�RCQ�A�

� [62] -0.119240 =B3�ACAB��

� [63] -0.122060 =B3W�RAQB�

������ Present -0.119907 =B3�Q�QQ��

� [62] -0.118039 =B3�TB�BT�

� [63] -0.121694 =B3W���C��
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 umin ymin vmax xmax vmin xmin 

wr = 0.875 and We = 0.6 

M1 -0.1241959 0.5560386 0.1097893 0.2075530 -0.0982472 0.7683024 

M2 -0.1241545 0.5561832 0.1124586 0.1989656 -0.0991492 0.7634701 

M3 -0.1239950 0.5562550 0.1139420 0.1986180 -0.0995660 0.7610330 

wr = 0.8 and We = 0.8 

M1 -0.1073025 0.5560386 0.0981493 0.1996574 -0.0840592 0.7601066 

M2 -0.1067921 0.5561832 0.0997698 0.1989656 -0.0847774 0.7524415 

M3 -0.1065484 0.5562558 0.1009084 0.1986186 -0.0852773 0.7527436 
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∧
ωπ /2 3��,!""� !"*&'��#�$%&�-(,&/'(�/"&''�#�&0*&/7(&'

∧
ω �$%&�&#��&�7���&'��/-�$��

"!�1&� '$�!(/'� !/-� "!�1&�  !"*&'� �#� #�&0*&/7(&'� 7���&'��/-� $�� ',!""� '$�!(/'3� 
%&� &##&7$� �#�

%.-��-./!,(7�-('�&�'(�/�E&�&�(/7"*-&-�(/�'(,*"!$(�/'�E($%�"!�1&�'$�!(/'� 1>>
∧
γ 2�+*$�/�$�#���

',!""� '$�!(/'� 1<<
∧
γ 3� ��/7&/$�!$(�/� ���#("&'� #��� $%&� "�E� #�&0*&/7(&'� �#� 1.0=

∧
ω � !/-�
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∧
ω ���  &�.� "!�1&� -('�"!7&,&/$� !�&� '%�E/� (/� �(1*�&� A3BB3� 
%&� &##&7$'� �#�%! (/1� "�E�

#�&0*&/7(&'� !�&� $��-&7�&!'&� $%&�,!D(,*,� 7�/7&/$�!$(�/�!$� $%&� 7%!//&"� 7&/$&�3�I%&/� $%&�

,!D(,*,� '$�!(/� (/� $%&� �'7(""!$(�/� ('� ',!""2� $%&� 7�/7&/$�!$(�/� ���#("&'� !�&� 0*!"($!$( &".�

-(##&�&/$� #��,� $%�'&� (/� �(1*�&� A3BB3� �&'*"$'� #��� #�&0*&/7(&'� �# 20=
∧
ω 2� 30=

∧
ω � !/-�

50=
∧
ω #��� 4.0=φ !�&� '%�E/� (/� �(1*�&� A3B�� !#$&�� �VQ����� �'7(""!$(�/'� %! &� +&&/�

7�,�"&$&-3��&!�� $%&�7%!//&"� 7&/$&�2� $%&�&� ('� '"(1%$�-&7�&!'&� (/��!�$(7"&� 7�/7&/$�!$(�/2�+*$�

1�&!$&'$�7%!/1&�(/��!�$(7"&�7�/7&/$�!$(�/��77*�'�(/�$%&��&1(�/��#�7%!//&"�7"�'&�$%&�E!""3�
%&�

&##&7$��#�7�/$(/*(/1�$%&�'(,*"!$(�/�$���VBQ�����7.7"&'�('�'%�E/�(/��(1*�&�A3BC3��&"!$( &�$��

$%&�7�/7&/$�!$(�/����#("&'�(/��(1*�&�A3B��!#$&��,!/.��'7(""!$(�/'�$%&� !"*&'��#�$%&�,!D(,*,�

7�/7&/$�!$(�/'� (/7�&!'&� (/� !""� C� 7!'&'� !/-� $%&� ��'($(�/'� �#� $%&� �&!9'� ,� &� $�E!�-� $%&�

7%!//&"� 7&/$&�3� ���� $%&� �&'*"$'� (/� �(1*�&� A3B�� !/-� A3BC� $%&� -(,&/'(�/"&''� $(,&� '$&��

E!' 5105 −
∧

=∆ xt 3��&'*"$'�!$�%(1%&��#�&0*&/7(&'�!�&�'%�E/�(/��(1*�&�A3T3B��!$� 100=
∧
ω �$%&�

�&'*"$'� !�&�0*!"($!$( &".� $%&�'!,&�!'� $%�'&� (/� �(1*�&�A3T3BB3���E& &�� !'� $%&� #�&0*&/7.��#�

�'7(""!$(�/� (/7�&!'&'2� !� $�!/'($(�/� �77*�� !$� 250=
∧
ω $%&� ��'($(�/� �#� $%&� ,!D(,*,�

7�/7&/$�!$(�/�('�!$�$%&�E!""�('�'%�E/�(/��(1*�&�A3BQ3�
%�&&�7�/7&/$�!$(�/����#("&'�!�&�'%�E/�

!$� 250=
∧
ω �/&� !#$&�� BDB�Q� 7.7"&'2� '&7�/-� !#$&�� QDB�Q� !/-� $%&� "!'$� !#$&�� B�A2� $%&� "!$$&��

'%�E(/1�$%&�%(1%&��7�/7&/$�!$(�/�!$�$%&�E!""3��&7!*'&�$%&�,(1�!$(�/��77*�'��/".�!#$&��,!/.�

7.7"&'�!/-�+&7!*'&�$%&�$(,&�'$&��,*'$�+&�',!""�7�,�!�&'�$%&��&�(�-��#�$%&��'7(""!$(�/2�$%�'&�

'(,*"!$(�/'�$��9�'& &�!"�-!.'�$��7�,�"&$&2�#���$%!$��&!'�/�E&�E&�&�/�$�!+"&�$��'$*-.�& &/�

%(1%&��  !"*&'� �#�
∧
ω 3� 
%&'&� �&'*"$'� '%�E/� !$� 250=

∧
ω E&�&� 7�,�*$&-� -(,&/'(�/"&''� $(,&�

'$&�'�WDB�=A�!/-��DB�=Q�!/-�$%&��&'*"$'�-(##&�&-�+.��3Q�j����"&''�('�'%�E/�(/��(1*�&�A3BA3��/�

1&/&�!"�$%&��!$&��#�,(1�!$(�/�(/��'7(""!$��.�#"�E�-&�&/-'��/�$%&�-(,&/'(�/"&''�#�&0*&/7(&'����

$%&�!,�"($*-&��#�$%&�'$�!(/3���E& &��'(/7&�$%&�,(1�!$(�/��77*�'��/�!�$(,&�'7!"&�$%!$�('�"�/1�

7�,�!�&-�$��$%&��&�(�-��#�$%&��'7(""!$(�/�!$�!�1( &/�#�&0*&/7.�$%&��!$&��#�,(1�!$(�/�'7!"&'�

E($%� ( )2aH � F*'$� !'� (/� '$&!-.� #"�E3� �(/7&� $%&� �!�$(7"&'� �&'��/-� $%&� $(,&=! &�!1&� �#� $%&�

7�/-($(�/'� -*�(/1� !/� �'7(""!$(�/2� $%&� 7�/7&/$�!$(�/� 7%!/1&'� (/� �(1*�&� A3BC=BQ� ,!.� +&�
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%&��"�$'��#�
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∧
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�VB�T�  &�.� "($$"&� ,(1�!$(�/� %!'� �77*��&-2� +*$� $%&� '*'�&/'(�/� %!'� &D�&�(&/7&-� !,�"&�

-&#��,!$(�/� $�� %! &� #��1�$$&/� ($'� (/($(!"� 7�/-($(�/3� �!�$(7"&'� ,(1�!$&� $�E!�-� $%&� E!""� (/�
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