
���������
	���
������������������������� "!#���%$&��'(������)*�����,+-'(
����/.&
��
01���32,	����54��� "!#��'

687:98;:<(=?>A@B=DC�<E=DC
F:G�HJILKMF:N"OQPDR?SUTVR?S?W�X�IZY\[?]"^_X
` 7:ab=?cB;Bd(;(ef=
g([?h_R?Y\[?iAR?jkY\X�G�lnm(F:OQF:o�H�Np[?]"qMGr^/RsTVXMFBXt]"iAYu[sTVXwvr[?Y/jVW/O#I(Y\[?]"^_X
x 7Byb<Ez(>|{}z#~�z#�:>kz(�
�B]"j��fXtY�W�j�i��bR���NZR?S�iV�"XtY/]8FB[sTVj ��R?Y/]�jk[sO��:NDK

�n�:���t�����?���
���D�V�J���f�Z�/����� ��¡/���£¢(����¤D�_��¥���¥��/����¥�¦t§¨�t�_���Q¥\�"���D��©s�/ªV¦t�"«&�/¬D¥b¦f­r�M®:�t�_¯s��°��D�D±p²L�V«´³

µ ªV��¥\�V¦f¬�¶A®:°r²D·�¡�¦?�����t¢�ªV��¥�¦¸¡ ¦s«´� µ ¥���¡�¦�«w¢ µ ��¥\�V¦f¬��£¬"��¥��t¢��£ª£�V¥\�����M�£¬�¯��s�b¥ µ ��¢��£¬�����¹��¨���V�¡�¦?�D�º§r�s� µ �����»¥�¦8¡ ¦s«´� µ ¥���¥\���´­A¦t�_¡/�£¬"¯8¦t­��f¬¼��½s�(�/���V«M�_¬D¥��fª£ªV±��£¬D©s����¥\�V¯��s¥��������_� «´�V½?���� µ «´�¾¡�¦�«w¢ µ ��¥�¦t�t¹r¿�¥b�V�M�\�"¦t§¨¬¾¥\�"��¥´¥\����«M�f�£¬À�/Á(��¡ ¥´¦t­b�s¡ ¦ µ ��¥\�V¡¸§¨�t©s� �M�/¬D¥��/���£¬�¯»¥\���¡�¦s«b¢ µ ��¥\�V¦t¬Â¡Ã���s«b¢(�/�8�V�n¥�¦Ä¡/�_� �s¥��8ªV�f�_¯s�Å©s¦f�_¥\�V¡ ���8�f¬�� µ ¬���¥����s�D±Ä�"� �s¥¸�_�/ªV��������§¨�"�_¬¥\�"� ���´©�¦f�_¥\�V¡�����¢ µ ��¬#¹(ÆJ¬�¦s¥\���/�b�/ÁZ��¡�¥�¦f­r§¨�t©s�����/¬D¥��_���£¬"¯n¥\�"�b¡�¦�«w¢ µ ��¥�¦f�b�V��¥�¦&«M¦?� µ ªV�s¥��¥\�"�¨­ µ �/ª(�t¬"���t�£��Ç�¦t§È�_�s¥�� �����_¦?� µ ¡����M¢D±M¥\����­É�����?�£¬"¯bª£�£¬"� ��¹(¿É¬Ê¥\���V�¨¡ �s����¥\�"�Q��Ë µ �V©f�tªV�/¬�¡���_�s¥\�V¦M¦t­B¥\����«´�V½?¥ µ �_�b�/¬D¥��/���£¬�¯�¥\�"�Q¡�¦s«b¢ µ ��¥�¦t��«&�f±&�fªV��¦M©t�f�_±�¹��¨�D�V��§¨�s���£¬D©�����¥\�V¯s��¥����8�£¬�¸Ì�¡Ã����«´�V¡��tª��/Á(� ¡�¥�Ì¸�\�V« µ ªV��¥\�V¦f¬À§����/�_�M¥\���´�£¬DªV��¥���Ë µ �V©t�tªV�/¬"¡ �¸�_�s¥\�V¦¸Ç µ ¡�¥ µ �s¥�� �w¢ µ ¥b¥\���¥�¦s¥��tª�Ç�¦t§¼�_��¥����_��«M�t�£¬"�r¡�¦f¬���¥��f¬D¥�¹?Í�¦f�B�(�/�_¥ µ ��¢��s¥\�V¦f¬��¨­k�_¦s«Î��¥�¦f�V¡����V¦�«M��¥\���V¡�¢ µ ��¬D�£¬"¯DÏD¥\���V�«M��¡��"�t¬��V��«�§¨�s�b�\��¦t§¨¬Ä¥�¦��£¬"� µ ¡��ºªV�����&������¥��t¢��£ª£�VÐ_�£¬(¯��/Á(� ¡�¥��M¥\���f¬�¥\���M� µ �_�/ªV±����/�_¦?��±s³¬"��«´�V¡��tª¨«M� ¡Ã���f¬D�V��«Ñ� µ �M¥�¦¸©�¦f�_¥���½¸­É¦f�_«M��¥\�V¦f¬Å�f¬��»¡�¦�«w¢ µ ��¥\�V¦f¬#¹�¿�¥��V�b�\��¦t§�¬Å¥\���s¥�¥\���®:°r²´«M��¥\��¦?�D¦fªV¦s¯�±�����©��/ªV¦f�Z���¸�V���t¢�ªV�Q¥�¦��_�/�D�_¦?� µ ¡��b¥\���J� ½s�(�/���V«M�/¬D¥��tª£ªV±¸¦t¢"���/�_©����º�D���s����\���£­É¥�¢Z��¥\§¨� �/¬p�s¡�¦ µ ��¥\�V¡���½?¡/�V¥���¥\�V¦f¬Å�f¬��8¥�¦s¥��tª:�_����¡�¥\�V¦f¬8�_��¥����£¬p¥\�"�b¡��"��«w¢Z�/�t¹
Ò¸Ó?Ô(Õ´Ö(��×B�sØÙ®:°r²ZÏ�¡�¦s«b¢ µ ��¥\�V¦f¬#Ï(�£¬"��¥��t¢��£ª£�V¥\�����

Ú¨ÛÝÜ3Þ�ßDàAáBâBßDà�Þ�ã�äÈâ¨ã�åæÞrç¨èUéÙê"ßDà�á¨éÙä

6Mz:ë�~B�:etìA;:<n�B;:�tet=DdZíBcpC�=Dd"î?etìA;:<Mï�z"ð���d"î?îD�BCtdZet=?>kc8îDd(;8;:z(eQd">kð�d�c#��@�=&d"î?ñ:ìk=?ò(=?í
�:�tìA;:<-î?>Ad"�t�fì�îDdZ>�óM=?cÙ;:zE>�íB�89¸ò(=DCtdZ<(=?íÎô¸d�ò#ìk=DC8õ:etz#öZ=?�¼÷�óÊ9øô¸õBùndE~B~BC�z#d"î?ñ:=?�D7
ú �BCt@B�:>k=D;(e»î?z#ë�@B�:�tetìkz#;Â~Bñ:=D;:z:ë�=D;Bd-���:î?ñÂd"�¸ïrdEë�=»ïrd"��ñ:@Bd"îLö�û�@:>kz"ð&zZüýz#C
î?z#ë�@B�:�tefì�z:;ÑìA;:�te�dE@:ì�>kìketìk=?��÷\þ
î?þÂd(;:�:��=?eÂd">¾ÿ������Bû���z(ìA;:�tz(eÎdE;:í 6�d(;:íB=?>
ÿ������BûQ6ºd(;:íB=?>M=?e¼dZ>nÿ�����	(ùpd(C =À;:z(e»ðM=?>�>ºíB=�
r;:=?í1ìÉ;1d
óM98ô¸õ {ÃCtdEë�=?ðMz#Ctö
ðnñ:=DC =�z#;:>kc�etìAë�=�� d�ò(=DCtd"<E=?í�
B�Bd(;Eetìketìk=?��d(C�=M�tz(>kò(=?í�{�z#C?7 x z#C����:î?ñ�~BC�z#@:>k=Dë���û
ðnñ:=DC =&esñ:=&ìA;Ee�C�ìA;:�tìkîDd">k>kc¾�B;:�tet=DdZíBcÅ;Bd"e��BC =&zZ{�e�ñ:=´ï�z�ð ëÈd(ö"=?�bóM9øô¸õ»î?>k=Dd(C�>kc
ìA;Bd"íB=�
B�Bd"et=(7¨>Ad(C�<E=Å=?íBíBc
�tìAë��:>Ad"etìkz#; ÷���y�õBù¸et=?î?ñB;:ì�
Ù�:=?��d(C�=»ò#ìk=?ðM=?íÂetz:í�d�c
d"�¸d�~BC�z#ë�ìk�tìA;:<�efz#z(>�7

� ;(ef=DC�=?�tetìA;:<(>kc(û���y´õ�ëÈdDc3@B=�=Dd"�tìk=DC
etz5~B=DC/{�z#Ctë ìA;��B;:�fet=Dd"íBc%ïrd(ë�=?�
e�ñBdE;1ìA;æ�tet=Dd"íBc1e��BCf@B�:>�=D;EeÈïrd(ë�=?���wï�z"ð��¾�s�B@Bë�ìketet=?í5etzÂìA;:�te�dE@:ì�>kìketìk=?�Âd(C�=
íBz#ë¼ìÉ;BdZet=?í dE;:íÂî?z#;Ee�C�z(>k>k=?í @(c
ò(=DC cÎ>Ad(C <(=¾=?íBíBìk=?�¾dE;:í�ûQd"î?î?z#C íBìÉ;:<E>�c(û�ìke�ìk�

¡������������TVS��BXtY�K�^/[?q?X���jk^�vrS�h�TVj|W}�"XtYÃW! vrY_jk]"iAX/q�jk]8iV�"XbobXtiV�"XtYÃTV[?]"qtW" 

#�$�%�&�'�(�)+*,%�)�-+.0/�1�2�1�3�2�4�1�1�5�.76+891�:+.0;<*"5



� ���������	��

�������	�������������������	��������� ��!"�	#	
 $%#	&'#	(�

#*)

>kìAö"=?>kc-e�ñBd"e�d»>kìÉë¼ì�ef=?íÎCtd(;:<E=nz"{�=?íBíBì�=?�8ñBd"�Metz�@B=8ìA;:î?z#Cf~Bz#CtdZet=?í-etz�íB=?�tîDC�ìA@B=
e�ñ:=»ìA;(et=DCfd"î?etìkz#;
@B=?e�ðM=?=D;�e��BCt@B�:>k=D;:î?=¾d(;:í�îLñ:=Dë�ìk�tesC�c�ìA;����:î?ñ-ï�z"ð���÷,+MCtd�c
=?endZ> ÿ������Bû +Md(�Bë,=?endZ>�ÿ����.-:ù?7

ú ñ:ì��Â~Bd(~�=DC
íB=?�tîDC�ìA@�=?�ýd ��y�õ%�te��:íBcÑzZ{È~Bñ:=D;:z:ë�=D;BdÑC�=?>Ad"et=?í3etzæe�ñ:=
z:î?îD�BC�=D;:î?= zZ{¾î?z#ë�@B�:�tetìkz#;3ìA;:�te�dE@:ì�>kìketìk=?�1ìA; d5>Ad(@Bz:Ctd"etz#C c @B�BCf;:=DC?78þ
z#C�=
��~�=?î?ì 
�îDd">k>�c(û´ðM=À�:�f= ��y´õÂefzÎd"íBí�C�=?�f�¼d 
B�:=?�tetìkz#; z"{�ìA;(et=DC =?�te»{}z#C»ë�z:íB=DCt;
>k=Dd(;
î?z:ëÅ@B�:�fetz#C�����etzÄ��d"etìk��{�c�=Dë¼ì��f�tìkz#;ÂC�=?<#�:>Ad"efì�z:;:�DûQë�z:íB=DCt;�<#d"�8es�BCt@:ìA;:=?�
z#~�=DCtd"et=�ìA; ò(=DC�c�>k=Dd(; î?z#ë�@B�:�tetìkz#; C�=?<(ìAë�=?�D7 ú ñ:=?�t=�ïrd(ë¼=?�Åd(C�=�=�/:e�C�=Dë�=?>kc
�t=D;:�fì�efì�òE=¾etz-î?z:ëÅ@B�:�fetìkz#;
z(�tî?ìk>k>Ad"etìkz#;:��@B�:epesñ:=Å=�/Bd"î?e�~Bñ:=D;:z#ë�=D;Bd->k=Dd"íBìA;:<
etzÄìA;:�te�d(@:ìk>kìketìk=?��d(C�=p�fetìk>�>bíBìk�tîD�:�f�t=?í�7¨9 î?=D;Ee�Ctd"> 
B�:=?�tetìkz#; {}z:Cnë�z:íB=?>kìA;:<�d(~��
~BC�z:d"îLñ:=?�Èì��Äetz
íB=?et=DCtë¼ìÉ;:=�e�ñ:=Î~Bñ:=D;:z:ë�=D;BdÂìA;:í��:î?ìA;:< �B;:�tet=DdZíBc C�=DdZî?etìkz#;
CtdZet=?�&C�=�
B�:ìAC�=?í-etz»���:�te�d"ìA;Èz(�tî?ìk>k>Ad"etìkz#;:�DûBð¸ñ:=D;¾d(;Äd"î?z#�:�fetìkînð�d�ò(=�=D;Eet=DC��´e�ñ:=
î?z#ë�@B�:�tefì�z:;ÄîLñBd(ë�@�=DC?7 ú ñ:ìk�8ë�d�c¾@B=»í��:=À÷�d"eM>k=Dd"�tesùMetz�e�ðMz�ë�d"ìA;Ä=sü�=?î?et���

0 e�ñ:=»{�z#Ctë�d"efì�z:;-z"{�ò(z:C�etìkî?=?�8ìA;�esñ:=Åî?z:ëÅ@B�:�fetìkz#;�îLñBd(ë�@�=DC?7 ú ñ:=?�t=�ò(z#C �
etìkî?=?��îDdE~:e��BC�=-d�>Ad(C <(=�~Bz:îLöZ=?eÅzZ{�{ÃC =?��ñ�<#d"�t=?��ðnñ:ìkî?ñ1@B�BCt;:��z#;:>kc1d"e�>Ad"et=DC
etìAë�=?��ìA;�d-ò:ì�zE>�=D;Ee�~BC�z:î?=?�t��>�=DdZíBìÉ;:< etz���ëÈd">k>��tîDd">k=Äe��BCt@B�:>k=D;:î?=�d(;:í1ñ:ìk<#ñ
C�=DdZî?etìkz#;-Ctd"et=?��7

0 d¸ë�z:íBì 
�îDd"etìkz#;Èz"{�e�ñ:=´{Ã�:=?>�dE;:í�z./#ìkíBì%1?=DC�ï�z"ð1Ctd"et=?�bðnñ:=D;»e�ñ:=�d"î?z:�:�tetìkî
ð�d�ò(=¾~BC�z:~Bd"<#d"et=?�»ìA;(etz
e�ñ:=È{_�:=?>nd(;:í1d"ìAC8{�=?=?íBìA;:<Â>kìA;:=?� ÷9��ì�=D�EðM=D;3254¨ìA;B;
ÿ������(ù?7 ú ñ:ìk��ðºì�>k>¨>k=Dd"í-etz�d8î?ñBd(;:<(=8zZ{�esñ:=n=�
B�:ìkò�d">k=D;:î?=�Ctd"etìkz�d(;:íÄe�ñ:=DC�=s{�z#C�=
etz1d�ë�z#íBì 
�îDd"efì�z:;5z"{pe�ñ:=Â@B�BCt;:ìA;:< Cfd"et=�ð¸ñ:=D; esñ:=?�t=Î~�z#î?ö"=?et�-=D;Eet=DCÈe�ñ:=
î?ñBd(ë�@B=DC?7 � {ne�ñ:=¾@B�BCf;:=DC8z#~�=DCtd"et=?�»ìÉ;�d-òE=DC�c�>k=Dd(;�ë�z:íB=(û�e�ñ:ìk��=sü�=?î?epë�d�c
@�=ÅìAë�~�z#C�e�dE;(e¸�tìA;:î?=�d¾;:z#;���ïrdEë�d(@:>k=¾ë�ì%/:e��BC�=ÅëÈdDc-=D;Eet=DCºe�ñ:=pî?z:ëÅ@B�:�fetìkz#;
1?z#;:=(7
ú ñ:=Åz:@"6 =?î?efì�òE=pz"{�e�ñ:=�~BC�=?�t=D;EenðMz#CföÄì��8efz�=�/ÙdEë�ìA;:=(û��:�tìA;:< ��y�õ¨û¨ðnñ:ìkî?ñ

ë�=?î?ñBd(;:ìk��ë ì��p~BC =?íBz#ë�ìA;Bd(;EepìA;
e�ñ:=�îDd"�t=�z"{�d¾@BdZîLöEð�d(C�í�{ÃdZî?ìÉ;:<-�fet=D~
~BC�=��
ë�ì%/:=?íÂ@B�BCt;:=DC¸íB=?ò(=?>kz#~B=?í1d"e8ybî?z(>k=�6M=D;Ee�Ctd">k= �bd(C�ìk�¾÷�y�6 ��ù?7B98;�=�/#ef=D;:�tìkò(=
�t=?e�z"{¸=�/Ù~�=DC�ìAë�=D;(esd">nC�=?���:>ket�Èì��-d�ò�d"ìk>Ad(@:>k=-{�z#C»e�ñ:ìk�¾@B�BCt;:=DC�÷9��z(ìA;:�tz(e�=?e�d">
ÿ�����	Bû(ÿ�����7Bû"ÿ������Eù�d(;:ípesñ:ì��bî?z:;�
�<#�BCtd"etìkz#; ìk��d">k�tzn�fìÉë¼ì�>Ad(Cwetznë�dE;(c8î?>Ad"�t�fì�îDdZ>
î?z#ë�@B�:�tefì�z:;pìA;:�tesd(@:ìk>�ìketìk=?��=�/B~B=DC ìÉë¼=D;(et�8÷\�t=?=´{�z#C�=�/Bd(ë�~:>k=98¸=?>k>k=DC´=?e�d">¨ÿ����BÿDù
d(;:í�ë��:>�efìÉ~:>k=�ìA;:í��:�tesC�ìAd">BíB=?ò#ìkî?=?�D7 ú z8d"îLñ:ìk=?ò(=´e�ñ:ìk�bz#@"6�=?î?etìkò(=(û"ëÅ�:>ketìA~:>k=�etz:z(>k�
ðM=DC�=8ìA;Eet=?<#Ctd"ef=?í �

0 9 ��y´õÂ�fz(>kò(=DCpd(@:>k=�efz�ñBd(;:íB>k=-î?z#ë�~:>k=�/
<(=?z#ë�=?e�C ì�=?��7�þÂ�:>ketìA~:>�=Äet=?î?ñ��
;:ì�
B�:=?�ÀñBd�ò(=�@�=?=D; ~BC�z#~�z(�t=?íæìÉ;�esñ:=Î~Bd"�te�etz�~B=DC/{�z#Ctë �Jy�õ�z"{8e��BCt@B�:>k=D;Ee
~BC�=Dë¼ì:/:=?íÄî?z#ë�@B�:�tetìkz#;�÷\þ
=D;:z#;Èd(;:í�8¸=DC��tef=?ìÉ;�ÿ���� � û�+´z#�BC�>kìkz#�"/�=?e&dZ>�ÿ�����	Bû
õBë�ìke�ñ�d(;:íÂþ
=D;:z#; ÿ�����	Bûbÿ�����7Bû � ë =?eÅdZ>�ÿ�����	Bû �wìAd(;Bd-=?e�d">�ÿ�����	�ûbÿ�����7Bû
ab=?cB;Bd(;Eet=Âd(;:í ��z(ìA;:�tz(e
ÿ�����7(d�ûV@¨ûbþ
=D;:z#;;2 6�ñBd(ö:Ctd�ò�d(C�esñ(c(û�ÿ������(ù?7 x =?ð
z"{¸e�ñ:=Dë ñBd�ò(=�@B=?=D;æ�:�t=?í1ìA; d
C�=Dd">kìk�tetìkî
î?z#;�
�<#�BCfd"etìkz#;Ñ÷\�t=?=È{�z#C�=�/Bd(ë�~:>k=
88d"ìk>Ad"��dE;Bd"e�ñ1=?e-d">pÿ�����<BûMÿ�����ÿ-z#C�ab=?cB;Bd(;Eet=Îd(;:í ��z(ìA;:�tz(e�ÿ�����7(@Bù?7´óM=Dd">
î?z#ë�@B�:�tefì�z:;3îLñBd(ë�@�=DC��
ð�ìk>�>-C�=�
B�:ìAC�= ë�=?��ñ:=?�ýdE@:>�=æetz5íB=Dd">�ð�ìke�ñ ñ:ìk<#ñ:>kc
î?z#ëÈ~:>�=�/æ<(=?z#ë�=?esC�ìk=?�D7 x z:C�e�ñ:=
~BC�=?�t=D;Ee¾ðMz#Cfö�û�ðM=Î�:�t=?íÑd(;1ñEcB@BC�ìkí ë¼=?��ñ
î?z:íB=pîDd">k>k=?í�9�a=+0��7

#�$�%�&�'�(�)+*,%�)�-+.0/�1�2�1�3�2�4�1�1�5�.76+891�:+.0;<*94



� !�� # $ ���������
	��	
��	��� �
	�#	(�)����
	���#	��	��
��� # $"���"�������
� ��� � (�� & �"#�� ��(�)���#	� �

0 ú ñ:=&î?ñ:z(ìkî?=Mz"{�d8~BC z#~B=DC�î?ñ:=Dë�ìkîDd">BíB=?�tîDC�ìA~:etìkz#;ÈC�=Dë�d"ìA;:�&dºîDC�ìketìkîDd">�ì��f���:=
ìA;�dZ>�>bC�=Dd"î?efìÉ;:<Èï�z"ð��D7 � ; e�ñ:=Å~BC =?�t=D;(e¸�te��:íBc(û�d¾;:=?ðÑef=?îLñB;:ì�
B�:=ÅîDdZ>�>k=?í � 6�6
÷ � ;(ef=?<#Ctd"et=?í�6Mz:ë�~:>k=�/¾6�ñ:=Dë�ìk�te�C cÙùwì��M�:�t=?íÄetz8î?z#;:�te�Cf�:î?e&C�=?í��:î?=?íÄîLñ:=Dë¼ì�îDdZ>
�tî?ñ:=Dë�=?�pd(@:>k=�efzÀ~BC�=?íBìkî?e»îLñBd(;:<E=?�8ìÉ; =�
Ù�:ìkò�dZ>�=D;:î?=�Cfd"etìkzÄ{}z:Cnë�=?esñBd(;:=�d(;:í
~BC�z:~Bd(;:=(7

0 ú ñ:=DCtë�d">:@Bz#�B;:í�d(C c8î?z#;:íBìketìkz#;:��d"e�e�ñ:=´ð�d">k>���z"{Be�ñ:=�î?z:ëÅ@B�:�fetìkz#;8î?ñBd(ë �
@�=DCpî?z:;(e�C z(>�ïrd(ë�=��fe�d(@:ìk>kì:1DdZetìkz#;1d(;:í 
Ù�:=D;:î?ñ:ìA;:< ÷\ab=?cB;Bd(;(ef=¾d(;:í ��z(ìA;:�tz(e
ÿ�����7(@Bù?7 ú ñ:=?�t=�î?z:;:íBì�efì�z:;:� d(C =b�tz#ë�=?etìAë�=?���B;Bö#;:z"ðn;¨7 x z#C¨e�ñ:=�~BC =?�t=D;(eJ�te��:íBc(û
ðnñ:=DC =-e�ñ:=�î?z#;�
�<:�BCtd"etìkz#; î?z#CtC�=?��~�z#;:íB��etz�dÂ@B�BCt;:=DCÈíB=?ò(=?>kz#~B=?íÑd"e¾ywî?z(>k=
6M=D;Ee�CtdZ>�=��bd(C�ìk�p÷�y�6 �´ùbd(;:í-@B�:ì�>ke�ðºì�esñ�î?=DCtdEë�ìkîø~:>Ad"et=?��û(ð�d">k>k�ÊdEC�=nd"�t�s�Bë�=?í
etz�@�=Åd"íBìAd(@Bd"efì�î-÷9��z(ìA;:�tz(eº=?end">bÿ�����7Eù?7

0 etz
íB=?�tîDC�ìA@B=�ïrd(ë�= �pes�BCt@B�:>k=D;:î?=ÎìA;Eet=DCtd"î?efì�z:;:��ðM=��:�t=?í1e�ñ:= úÊx ��y�õ
ë�z:íB=?>bz#C�ìk<(ìA;Bd">k>kcÂ~BC�=?�t=D;Eet=?íÂìA; ÷\98;:<(=?>A@B=DC <(=DC¸=?epd">�ÿ������(ù?7 � e8ì��p@BdZ�t=?íÂz#;
e�ñ:= ú ñ:ì�î?ö"=D;:=?í x >ÉdEë�= ÷ úMx ù�d(~B~BC�z#d"î?ñ ìÉ;:ìketìAd">k>kcÑ~BC�z#~�z(�t=?í @Ec����VóMz#�BCfö"=
d(;:í +MCtdZî?î?zÎ÷�ÿ���7��(ù?7

õ:=?î?efì�z:; � íB=?�fîDC�ìA@B=?��esñ:=��tìA;:<(>k=��_�tet=D~ îLñ:=Dë�ìkîDd">8�fîLñ:=Dë�=Â�:�t=?íæ{�z#CÈe�ñ:ìk�
ðMz#Ctö�7Dõ:=?î?etìkz#; �¸~BC�=?�t=D;Eet��e�ñ:=�@Bd"�t=�zZ{�e�ñ:= úMx ��y�õ»ë�z:íB=?>}7 ú ñ:=�9�a +��
î?z:íB=
�:�t=?íÈ{�z#C�z#�BCbî?z:ë�~B�:e�d"etìkz#;:�´ìk�Ê~BC =?�t=D;(ef=?í�ìA;��t=?î?efì�z:; -�7(õ:=?î?efì�z:;�< íB=?�tîDC�ìA@B=?�
e�ñ:=»î?z#;�
�<#�BCtdZetìkz#;�z"{�e�ñ:=Åy´6 �5@B�BCt;:=DC?û�d">kz#;:<Äð�ìke�ñ
@Bz:�B;:í�d(C�c-î?z#;:íBìketìkz#;:�
d(;:í�e�ñ:=�ë�=?�sñý�:�t=?í�7´õ:=?î?etìkz#; 	���ñ:z"ð���e�ñ:=ÀC =?���:>ket��z"{nesñ:=À�B;E{�z#C�î?=?í�ï�z"ð
ìA;1esñ:=Îy�6 � @B�BCt;:=DC?7 � ;1�f=?î?etìkz#;;7
e�ñ:=�C�=?>Ad"etìkò(=�ìAë�~Bz#C e�d(;:î?=�zZ{ d"î?z:�:�tetìkî
d(;:í
î?ñ:=Dë�ìkîDd">b{�z#C�î?ìA;:<
d(C�=�=?ò�d">A�Bd"ef=?í�7 x ìA;Bd">k>kcÂ�t=?î?etìkz#; �-~BC =?�t=D;(ef�pd-ë�z#C�=
íB=?e�dZì�>k=?í
ìA;(òE=?�tetìk<#d"etìkz#;ÄzZ{ e�ñ:=pdZî?z#�:�tetìkî8{�z#C�î?ìA;:<�7

�JÛ��ÈéÙå���ê"éÙå5ê��¨é! ÂàuäUß#"%$'&_Þ("*),+.-

�8�BC z#@"6�=?î?etìkò(=?��C�=�
B�:ìÉC =ýetz1î?z:ë�~B�:et=�ïrd(ë�=?��ð�ìke�ñ5ò�dEC�ìAd(@:>k=ý=�
B�:ìkò�d">k=D;:î?=
CtdZetìkzýd(;:í d(;�ìAë�~�z#C�e�d(;Ee�e�dZ��öÂìk�Äetz
íB=DC�ìkò(=Îd �tìAë�~:>kì 
�=?í3ö(ìA;:=?etìkî
�tî?ñ:=Dë�=
ðnñ:ìkî?ñ�îDd(; î?>�zE�t=?>kc¾~BC�=?íBìkî?eb�t=?ò(=DCtdZ>#<(>kz#@BdZ>:ïrd(ë�=�~BC�z#~�=DC�etìk=?�D7 ú ñ:ìk�bð�d"��íBz#;:=
{�z#Cb>k=Dd(;-~BC z#~Bd(;:=0/ÅdZìÉCMë�ì%/:e��BC�=?�´{�z#CM~BC�=?�t���BC�=0132 ÿ8d"esë d(;:íÈ{ÃC =?��ñ�<:d"�t=?�
et=DëÈ~B=DCtd"es�BC�=046572 �9898 8�ûBî?z#CtC =?��~Bz#;:íBìA;:<Äetz�e�ñ:=8z#~�=DCtd"etìA;:<Äî?z#;:íBìketìkz#;:�nzZ{
e�ñ:=pywî?z(>k=Å6M=D;Ee�CtdZ>�=8=�/B~B=DC ìÉë¼=D;(eD7
ú ñ:=�íB=?ò(=?>kz#~Bë�=D;Eepz"{�dÄ�tìAë�~:>kì 
�=?í1�tîLñ:=Dë¼=�ð�d"�nz:@:e�d"ìA;:=?íÂe�ñBC�z:�:<#ñ�e�ñ:=

� 6�6
et=?î?ñB;:ì�
Ù�:=p÷\þÂd(;Eet=?>(=?eQdZ>�ÿ�����	;: +´=?í�d"e�=?eQd">�ÿ�����7Bû"ÿ������(ù?7 ú Ctd"íBìketìkz#;Bd">k>kc
�tìAë�~:>kì 
�=?í �fîLñ:=Dë�=?��û����:î?ñýdZ�Åz:;:=��_�tet=D~
î?ñ:=Dë�ìk�te�C�c(ûbñBd�ò(=¾@�=?=D;�íB=DC�ìkò(=?í @Ec
�tìAë�~:>kcÑë�d"efîLñ:ìA;:<1>Ad(ë�ìA;Bd(CÈïrd(ë¼=Î�s~B=?=?íB��d(;:í5���:î?ñæ�tîLñ:=Dë¼=?��ñBdDòE=Î@B=?=D;
=�/:et=D;:�tìkò(=?>kc��:�t=?í-ìA;-�fìÉë��:>Ad"etìkz#;:�¸z"{Qes�BCt@B�:>k=D;(enC =Dd"î?etìA;:<�ï�z"ð��p÷�<Â=?�tes@BC�z#z:ö
d(;:í ` C�cE=DC�ÿ����BÿDù?7 ú ñ:= � 6�6 ef=?îLñB;:ì�
B�:=ýd"íBíB�-etz1>Ad(ë�ìA;Bd(CÀïrd(ë�=
��~�=?=?íB�
e�ñ:=p~BC =?íBì�î?efì�z:;�zZ{ �tesCtd"ìA;�CtdZet=8=sü�=?î?et�nd(;:í�e�ñ:=8íB=?�tîDC�ìA~:etìkz#;�z"{�ïrd(ë�=»�te�Ct�:î��
e��BC =À�:�tìA;:<��tìAë�~:>k=�î?ñ:=Dë�ìkîDd">��tî?ñ:=Dë�=?�D7 ú ñ:ìk��ìk�¾dE;�ìÉëÈ~Bz#C�esd(;(e�d"íBò"d(;Ee�d"<(=
@�=?îDd(�:�t=ýC�=DdZî?etìA;:<1{_C�z#;Eet�¾îDdE;Ñ@B=Â�s�B@"6 =?î?ef=?íÑetz d�>Ad(C�<(=ÂCtdE;:<(=Âz"{��te�Ctd"ìA;

#�$�%�&�'�(�)+*,%�)�-+.0/�1�2�1�3�2�4�1�1�5�.76+891�:+.0;<*9/



- ���������	��

�������	�������������������	��������� ��!"�	#	
 $%#	&'#	(�

#*)

1.000.900.800.700.600.500.400.40
0

10

20

30

40

50

L
am

in
ar

 F
la

m
e 

Sp
ee

d,
 c

m
/s

Equivalence Ratio, φ
I�j��?S�YuX��� ����f���V�s¥\�V¦t¬ý¦f­�ªV�s«´�£¬��f��Ç��s«&�È�\�Z�������	�
p§��V¥\� ��Ë µ �V©t�tªV�/¬"¡ �È�_�s¥\�V¦Ä­É¦f�8��¥�«M¦f³�\�����/���V¡���
	�����f�t�£�¾«´�V½?¥ µ �_� ��§¨�V¥\� �_� �s¡�¥��t¬D¥����s¥8�£¬��V¥\�V�tª8¥���«��(�/�_�s¥ µ �_��� ����� � ���M¹
��Ë µ �t�_��������½s�(�/���V«M�_¬D¥����U¤Dª£ªV������Ë µ �f�_��������� ¥��f�£ªV���n¡Ã����«´�V��¥\�_±�¡�¦s«�� µ ¥��s¥\�V¦t¬"���D¥\���V�f¬�¯fªV� ���D¿ �!�
¡�¦s«�� µ ¥��s¥\�V¦t¬"��¹

CtdZet=?�nìA;�ë��:>�efì �_íBìAë�=D;:�fì�z:;Bd">�û ñ:ìk<#ñ�� óÊ=?cÙ;:z(>kíB�"� ;:�Bë�@B="C��tìAë��:>ÉdZetìkz#;:�D7 � ;�e�ñ:=
~BC�=?ò:ìkz#�:� � 6�65�te��:íBìk=?�Å÷}þ dE;(et=?>�=?end">bÿ�����	 : +´=?í�d"eM=?end">bû¨ÿ���� 7(ùb�tìAë�~:>kì 
�=?í
î?ñ:=Dë�ìkîDd">Që�=?î?ñBd(;:ìk��ë��ºð&=DC =8íB=DC�ìkò(=?íÄ{}z:C&d�
 /#=?í-=�
B�:ìkò�d">k=D;:î?=�Ctd"etìkz�7 � ;Äe�ñ:=
~BC�=?�f=D;(e��fe��:íBc¾esñ:= � 6º65et=?î?ñB;:ì 
B�:=�ð�d"�M=�/#et=D;:íB=?í�ìA;�z:C�íB=DCMetz�d"î?î?z#�B;EeM{�z#C
ò"d(C�ìAd(@:>k=-=�
Ù�:ìkò"d">k=D;:î?= Cfd"etìkzÎd"�»ðM=?>�>�d"�»{�z#C¸ïrdEë�=¾esñ:ì�î?ö"=D;:ìA;:<ÂìAë�~�z(�t=?í @Ec
e�ñ:=p;:=?î?=?�f�tìke c-efz¾C�=?�tz(>kò(=8esñ:=¸ïrd(ë�=8�te�Cf�:î?e��BC�=p�:�tìA;:<-d(; ��y�õ <#C�ìkí�7
9,z#;:=��_�fet=D~
<(>kz#@Bd">´îLñ:=Dë¼ì��fe�C�cýë�z:íB=?>�ð�d"�8íB=DC ì�òE=?í�û�íB=?�tîDC�ìA@:ìA;:<Â�t=?òE=DCtd">

ïrd(ë¼=Å~BC�z#~�=DC�etìk=?�¸z"{ >k=Dd(;
~BC�z:~Bd(;:=#/(d"ìAC�ë�ì%/:e��BC�=?�8d"e0132 ÿ�d"e�ë d(;:í 465 2
�98�8 8�7 ú ñ:=p�tî?ñ:=Dë�=8ìk���

"$#&%�')( <+*-,/. �+"-*-,0(3-1%2,�*
ð�ìke�ñ¸esñ:=���~�=?î?ì 
�î�C�=DdZî?etìkz#;8Ctd"et=�<(ìkò(=D;»@(c �435 276�" # % '98;: 6<* ,�8;=�>@?&ACB ÷�DFE :HGJI 4nùðnñ:=DC =K6�"$#L%�' 8 dE;:í�6�*-, 8 dEC�=�e�ñ:=8ë�z(>Ad(Cwî?z#;:î?=D;(esCtd"etìkz#;:�Mz"{�e�ñ:=nC =Dd"î?e�d(;Eet�DûNM
d(;:í-O�esñ:=bî?z#CtC�=?��~�z#;:íBìA;:<nî?z:;:î?=D;(e�Cfd"etìkz#;¸=�/B~Bz#;:=D;Eet�Dû > esñ:=�~BC�=��_=�/Ù~�z#;:=D;EetìAd">
{_d"î?etz#CUûJE : e�ñ:=8d"î?etìkò"d"etìkz#;È=D;:=DC�<(c(û I esñ:=ø~�=DC/{}=?î?eº<#d"��î?z:;:�te�d(;EeDû#dE;:í 4æe�ñ:=
d(@:�fz(>A�:et=�>kz#îDdZ>b<#d"�8et=Dë�~�=DCtd"e��BC =(7¨9�{�et=DC¸î?z#ë�~BdEC�ìk�tz#;�ð�ìke�ñ
e�ñ:=»{_�:>k>�î?ñ:=Dë �
ìk�te�C c�C�=?���:>ket�Dû�e�ñ:=8{�z(>k>kz"ð�ìA;:<À~Bd(Cfd(ë�=?et=DC��ºð&=DC =Åö"=D~:eº{}z:C�~BC�z#~Bd(;:=���M 2*ÿJP 8Bû
O 238QP <Bû > 2 ÿJP 	98JE�8���÷}î?<(�n�B;:ìket��ù?û�E : 2 ÿ�-SR 8�898¾÷\îDdZ> /Eë�z(>k=Dù?7

#�$�%�&�'�(�)+*,%�)�-+.0/�1�2�1�3�2�4�1�1�5�.76+891�:+.0;<* T



� !�� # $ ���������
	��	
��	��� �
	�#	(�)����
	���#	��	��
��� # $"���"�������
� ��� � (�� & �"#�� ��(�)���#	� <

x ìk<�7»ÿ
íB=D~:ìkî?et�Âe�ñ:=Â=�/B~B=DC ìÉë¼=D;(e�dZ>À÷\a�d"<E=?>�z:~Bz#�:>kz(�Âd(;:í yb<(zE>V{�z#~�z#�:>kz(�Dû
ÿ������(ù¸>Ad(ë�ìA;Bd(C»ïrdEë�=¾�s~B=?=?íB�Dû�� 5 � û¨{�z#C�d"e�ë�zE��~Bñ:=DC�ìkî(û�>�=DdE;�"F#&% ' /(dZìÉC�ë�ì%/��
e��BC =?�¾d"�Äð&=?>k>ndZ�¾e�ñ:=�~BC =?íBì�î?efì�z:;:��z#@:e�dZìÉ;:=?í5@(c �:�fìÉ;:<�íB=?e�d"ìk>k=?í5îLñ:=Dë¼ì�îDdZ>
öEìA;:=?etìkî?�ød(;:í-esCtd(;:��~�z#C�e&dE;:í-e�ñ:=ø~BC z#~Bz(�f=?í-�tìAë�~:>kì 
�=?í �tîLñ:=Dë¼=(7 ú ñ:=pd"<#C�=?=��
ë�=D;EeMìk�&�sd"etìk��{_d"î?etz#C�c(7 ú ñ:=¸íB=?e�d"ìk>k=?í-îLñ:=Dë�ìk�tesC�c�{�z#C " # % ' ð�d"�´î?z#ë�~:ìk>k=?íÎ@Ec
î?z#ë�@:ìA;:ìA;:<ýd�6 ���s�B@Bë�=?îLñBdE;:ì��së ÷��bìke	1-d(;:í�< =?�te�@BC�z:z#ö�û�ÿ�����	(ù¸ð�ìke�ñ e�ñ:=
ðM=?>k> �_=?�te�d(@:>kìk��ñ:=?íý68ÿ � 6 ��� ó � � 7Aÿ8ë�=?î?ñBd(;:ìk��ë ÷,+´z"ðnë�d(;È=?end">�ûJÿ�����	(ùU7

�JÛ����¨é��
	 ) +0-  ÎÞ�åJé��

�8;:=
z"{8e�ñ:=Âë�d"ìA;1íBì�
¾îD�:>ketìk=?�
ðnñ:=D; �tìAëÅ�:>Ad"efìÉ;:< ~BC =Dë�ì%/#=?í5ïrdEë�=?�¾ìA;5d(;
��y´õ�î?z#;(ef=�/#epd(C ì��f=?�¸{ÃC�z:ë�e�ñ:=»{_d"î?e8e�ñBd"e¸e�cÙ~:ìkîDd">�ïrdEë�=pe�ñ:ìkî?ö#;:=?�f�t=?�Åd(C =ÅzZ{
e�ñ:=Äz#C�íB=DC»z"{08B7Aÿ�ë�ë-û�ì�7£=(7�z"{nesñ:=¾z#C íB=DCpz:Cp�së�d">k>k=DC�e�ñBd(; e�ñ:=��:���Bd"> ��y´õ
ë�=?�sñÂ�tì%1?=?�D7 ú ñ:ìk��ìAë�~:>kì�=?�-esñBd"epe�ñ:=�C =Dd"î?etìkz#;�~BC�z(<#C�=?�f�Åò"d(C�ìAd(@:>k=�ìk�¾d��tefìVü
ò"d(C�ìAd(@:>k=pd(;:í-e�ñ:=ºïrd(ë�=¸{_C�z#;Ee�îDd(;Ä;:z(e�@B=pC =?�tz(>kò(=?í-z#;Èe�ñ:= ��y�õ-ë�=?�sñ¨7 x z#C
e�ñ:=-~BC�=?�t=D;Eepî?z:ë�~B�:e�d"etìkz#;:��ðM=�î?ñ:z(�t=ÄetzÎ�:�f=¾e�ñ:= ú ñ:ìkîLö"=D;:=?í x >Ad(ë¼= ��y´õ
÷ úÊx ��y�õBùMd(~B~BC�z:d"îLñÂ÷}9ø;:<(=?>A@�=DC�<(=DCº=?end">�ÿ������(ù?7
ú ñ:=8@Bd"�tìkî8ìkíB=Dd»ìk��etzÅdEC�etì 
�î?ìAd">k>�c-esñ:ì�î?ö"=D;Äe�ñ:=ºïrd(ë�=º{_C�z#;Ee&@Ec¾d¸{_d"î?etz#C��3�tz
e�ñBdZe�e�ñ:=&~BC z(<#C�=?�t�Jò�d(C�ìAd(@:>k=MîDd(;»@B=�C�=?�tz(>kò(=?í»z#;8esñ:=0��y´õpë�=?��ñ¨û�ðnñ:ìk>k=�ë�d"ìA;��
e�dZìÉ;:ìA;:<»e�ñ:=�>Ad(ë�ìA;Bd(C ïrd(ë�=M��~B=?=?í-d"e�ìket��z#C ì�<EìÉ;BdZ>�ò�dZ>É�:=�� 5 � 7���C =Dë�ì%/#=?íÈïrd(ë�=e�ñ:=?z:C�c8��ñ:z"ð��be�ñBd"e�e�ñ:ìk��ìk�b=Dd"�f=?>�c�d"î?ñ:ìk=?ò(=?í¾@Ecpë��:>�efìÉ~:>kc:ìA;:<�e�ñ:=M��~B=?î?ìk=?�Md(;:í
et=DëÈ~B=DCtd"es�BC�=�íBì|üQ�:�tìkò#ìketìk=?�8@(c��%ðnñ:ìk>k=8íBìkò#ìkíBìA;:<¾esñ:=n~BC�=?=�/B~Bz#;:=D;EetìAd">¨{_d"î?etz#C
@Ec
e�ñ:=¾�sd(ë�=�{_d"î?etz#CU7 ú ñ:=¾ò"d">A�:=¾zZ{�� ìk��e cB~:ìkîDd">k>kcýî?ñ:z(�t=D; ���:î?ñÂe�ñBdZe8e�ñ:=
e�ñ:ìkî?ö"=D;:=?íÄïrd(ë�=¸ìk�nC�=?�tzE>�òE=?í-z#;�ÿ%8p<:C�ìkíÀ~�z(ìA;(et��ûBì�7£=(7���� 5��� ÿ#8��� ðnñ:=DC�=���
ìk�¸e�ñ:=pë�=?��ñÄ�tì%1?=(7
9¸��íBìk�tîD�:�t�t=?í5ìA;Ñ÷\98;:<(=?>A@B=DC�<E=DC�=?e¾dZ>pÿ������Eùpd(;:í ÷�6Mz(>kìA;�=?e¾d">pÿ������(ù e�ñ:=
e�ñ:ìkî?ö"=D;:ìA;:<Ñz"{�e�ñ:=
ïrdEë�=ýìAë�~:>kìk=?��e�ñBd"e-ïrdEë�=��_e��BCt@B�:>k=D;:î?=1ìA;(ef=DCtd"î?etìkz#;%ìk�
ë�z:íBì 
�=?í¾d"��e�ñ:= ` d(ë�ö��z#ñ:>k=DCb;#�Bë�@�=DC�� M î?z#ë�~Bd(C�ìA;:<8e��BCf@B�:>�=D;Ee�d(;:í�î?ñ:=Dë �
ìkîDd">�efìÉë¼=p�tîDd">k=?���

� M 2! #"
 %$
2'&("
)+*
� 5 �
� 5�

ìk�
íB=?îDC�=Dd"�t=?í @Ec5e�ñ:= {Ãd"î?efz#C,� ðnñ:=D;%e�ñ:ìkîLö"=D;:ìA;:<Ñesñ:=Âïrd(ë¼=(7 ú ñ#�:��e�ñ:=
C�=?�s~Bz#;:�t=
z"{pesñ:=Îesñ:ì�î?ö"=D;:=?íæïrd(ë�=
etz�e�ñ:=
��~�=?î?e�Ct�Bë z"{p=?íBíBìk=?�-{�z#�B;:í5ìA;
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Symmetry axis

Symmetry axis

AIR

PROPANE

Computational domain

Flame front

Inlet plane
(where ma and φφφφ are pulsated)

Outlet
(non 
reflecting)

Flame holder
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