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H]\�^`_�aIbc_�dcegf�hIijhIk`lnm�o`o=igeg_�l4p4_�fq^Khrk`egf�s�t+u8k`ewv$_�bcscewdyx'aIzM{yigi|egk`a$e|s
}G~r��� a$�=d�^���bceg�I^Xd � d�tKu�bc�KhIk`h=tK{]��� }G�I~=} t`u � m

[���a$s�m�i�hr��a$s���hrdcega$kKhriC�jhI�+a$b�hrdca$b�xItK��a$s�m�ighI�"a$s�tK��p �$�$�r�X�
_ ����hIe|i,H]s�^`a$b�d }�� �`e|�`fI��_�l`��t+[¡ ��`� � i�hIk=i¢���$aGv

£(¤P¥q¦�§�¨X©�¦
ªj«]¬G­¯®�°�®�±]²³¬�´�µ³®�¶3·�®�«]¸�¹º¸q«�²¼»G¸�¹(½g¬G«¿¾rÀ¯®G·]²ÂÁZ·y±y¸�®G¹ºÃGÄX´X¸�®�«yÁ¢Å�ÆºÄ$¶T¸�®�ÇIµ³Ã(ÈqÀº«�»G¸�¹U¹º¸q±y¬�´X®�Á

±]²³¬�´X·¿½g¬G«6®(È�É¯®G²³´$Á¡ÊX«�®G´¯È�ÉX²³´X°�«]¸�®GÈ�±]²¼¬�´SË�¬$¹º¸�µ+ÉX® »I²w´º°Ì±Z¶T¬UÈ�¬�Ë�­`¬�´º¸�´r±]·qÍÏÎ¿Éº¸�ÐX«�·y±Ï²w·3®
±]ÉX¸q«�ËÌ®Gµ³µ¼ÃÌ´X¸�Àº±y«�®Gµ=È�ÉX®G²³´ºÁ¡ÊX«�®G´XÈ�ÉX²³´º°�²³´X¹XÀXÈ�±]²³¬�´!·y±]®�°G¸�°G¬ »G¸q«�´º¸�¹UÊIÃ!®G´�ÑÏ«]«�Éº¸�´X²³ÀX·,«]¸�®GÈcÁ
±]²³¬�´'¶Ï²¼±]É�®"µ³®�«]°G¸!®GÈ�±]²¼»�®�±]²¼¬�´n¸�´º¸q«]°GÃGÄ�¶ÏÉX²³È�É'±y¸q«�ËÌ²³´¯®�±y¸�·�®�±�®"±y«�®G´X·]²¼±]²³¬�´'µ³®�ÃG¸q«8¶ÏÉº¸q«]¸
È�¬�´r»G¸q«�·]²³¬�´Ò¬G½�½�Àº¸�µ¿²³´r±y¬4®G´�²³´r±y¸q«�Ë�¸�¹X²³®�±y¸�·y­`¸�Èq²¼¸�·�Ó�È�ÉX®G²³´$Á¡«�®G¹¯²³Èq®Gµ|Ô�¬$ÈqÈqÀº«�·qÍÕÎ¿ÉX¸"·y¸�ÈcÁ
¬�´¯¹�²w·6®G´�¸�Ö$¬G±]Éº¸q«�ËÌ²wÈ�Ë!®G²³´"«�¸�®GÈ�±]²¼¬�´'µ³®�ÃG¸q«!Óg¬G«�È�ÉX®G²³´$Á¡«�¸�È�¬�Ë�Ê¯²w´X®�±]²¼¬�´�×q¬�´º¸�Ô3ÉX®�»$²³´º°U®
±y¸�ËÌ­=¸q«�®�±]Àº«]¸�ÁZ²³´X¹X¸q­=¸�´¯¹º¸�´?±T«]¸�®GÈ�±]²¼¬�´"«�®�±y¸GÍ

Øº¬G«�È�Ã$µ³²³´¯¹º«�²³Èq®Gµ³µ³Ã�¬G«�·y­¯ÉX¸q«�²³Èq®Gµ³µ¼Ã�¸�ÖI­Ù®G´X¹X²³´º°�¶)®�»G¸�·qÄ�®ÒË�ÀXµ¼±]²ÂÁ¡»�®Gµ³Àº¸�¹Õ¹X¸q±y¬�´X®�±]²¼¬�´
»G¸�µ³¬IÈq²¼±ÚÃ?ÁZÈqÀX«]»�®�±]ÀX«]¸,«]¸�µw®�±]²¼¬�´X·]ÉX²³­�²³·E½g¬�ÀX´X¹EÄ�·]²³Ë!²³µ³®�«E±y¬3±]ÉX®�±P½g¬�ÀX´X¹�­X«]¸q»$²¼¬�ÀX·]µ³ÃÏ½g¬G«�®3·y±]®�±y¸�Á
·]¸�´X·]²¼±]²¼»G¸�¬�´º¸�ÁZ·y±y¸q­n«]¸�®GÈ�±]²¼¬�´KÍ�Î¿Éº¸�È�ÉX®G´X°G¸Ì²³´"±]É¯²³·6«]¸�µ³®�±]²¼¬�´X·�ÉX²¼­S²³·�²³´?»G¸�·]±]²¼°�®�±y¸�¹'®G·�±]Éº¸
µ³¸�´º°G±]É!¬G½+±]Éº¸3ËÌ®G²w´!«]¸�®GÈ�±]²³¬�´(µw®�ÃG¸q«�²³·,È�ÉX®G´º°G¸�¹KÍ,Û'¸�®Gµw·y¬8¹X²w·]ÈqÀX·]·,±]Éº¸6²wË�­¯µ³²³Èq®�±]²³¬�´X·C±]ÉX®�±
È�ÉX®G²³´$Á¡Ê¯«�®G´XÈ�É¯²³´º°U«]¸�®GÈ�±]²¼¬�´/Ç$²³´º¸q±]²³Èq·8ÉX®G·�¬�´4­X«]¸�¹¯²³È�±]²¼¬�´X·�¬G½3È�«�²¼±]²³Èq®Gµj¹X¸q±y¬�´X®�±]²¼¬�´�²³´X²¼±]²w®�Á
±]²³¬�´
¸�´X¸q«]°GÃÌÊ¯®G·y¸�¹(¬�´�¹º¸q±y¬�´X®�±]²³¬�´$Á¡»G¸�µ¼¬$Èq²¼±ZÃ�ÈqÀº«]»�®�±]Àº«]¸�µ³®�¶3·qÍ�Ø�²w´X®Gµ³µ¼Ã-¶T¸�È�¬�´¯¹XÀXÈ�±)·y¬�Ë�¸
Èq®GµwÈqÀXµ³®�±]²¼¬�´X·C±]É¯®�±,²³µ³µ³À¯·y±y«�®�±y¸)±]Éº¸¿²³Ë�­`¬G«]±]®G´r±�¸�Ü`¸�È�±,±]ÉX®�±j±y«�®G´X·y»G¸q«�·y¸ÏÝX¬ ¶Þ»�®�«�²³®�±]²³¬�´X·�ËÌ®�Ã
É¯®�»G¸�¬�´"±]Éº¸8¾IÀX®G·]²¼ÁZ·y±y¸�®G¹ºÃ�­X«]¬G­¯®�°�®�±]²³¬�´�¬G½�´º¬�´º­¯µw®G´X®�«¿¹º¸q±y¬�´X®�±]²¼¬�´�½g«]¬�´?±]·�Í�ß$À¯È�ÉU»�®�«�²³®�Á
±]²³¬�´X·�ËÌ®�Ã�Ê`¸�²³Ë�­`¬G«]±]®G´r±6½g¬G«�±]Éº¸�­X«�¬G­¯®�°�®�±]²¼¬�´S¬G½)È�¸�µ³µ³ÀXµ³®�«�°�®G·y¸q¬�À¯·�¹º¸q±y¬�´X®�±]²¼¬�´�½|«]¬�´r±]·
®G´¯¹�½|¬G«!±]Éº¸�®�Ö$²w®Gµ)­X«]¬G­¯®�°�®�±]²¼¬�´Ò¬G½6¹X¸q±y¬�´X®�±]²¼¬�´X·Ì²w´�®�È�ÃIµw²³´X¹º«�²wÈq®GµM·y±]²wÈ]Ç/¬G½6È�¬�´X¹X¸�´X·y¸�¹
­ÙÉX®G·y¸�¸�Ö$­¯µ¼¬�·]²¼»G¸GÍ
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á-_ d�a$k`hrd�e|a$k`s8hIbc_�^=eg�$^Ù��sco+_�_�lCt�s�^`aÙfqânl`b�e|v$_�kCtCb�_�hIf d�egaIk4ã6hGvI_�s��(ä�_�k=_�b�hrigi|x'dc^`_�x4o`b�a$oKhI�ºh?d�_�h?d
dc^`_�å6^`hIo`��hIkÙ��æIaI�`�$�`_ d�çÚå�æºè�v$_�iga¯f�ewdyxêé"ëEì�z¡a$b�ã�^`egfq^ídc^`_/b�_�hIf d�e|a$kïî�a$k`_4sca$i|�=d�e|a$kïo`hIscs�_�s
dc^`bcaI�`�$^�h"sca$k=egf(o+a$e|kXd�e|k�h"z¡bchI�"_!arz�bc_ z¡_�bc_�k`f�_�hrdcd�hIfq^`_�l4d�a�dc^`_!l`_�dca$kKhrdcega$k4sc^`a¯fqâ�çÚðTe|fqâI_�d�d
ñ á�h�v¯egs }�òº�Iò è��Þó¿ighIkKhIb�å6^KhIo`��hIkÙ�]æIa$�`�$�=_�d�l=_�d�aIkKhrd�e|a$kôã6h�v$_�s�hIb�_�sc_�igl`aI�õa$�=sc_�b�v$_�lCt6�`�Ùd
f��`b�vI_�lSz¡b�a$kºd�s3hIbc_r��öT÷`hr��o`i|_�sÏegk`f�ig�`l=_8l`_ d�a$k`hrd�e|a$k`s¿o`bcaIoKhI�ºhrdcegk`�!h?÷ÙeghIigiwx�egk"f�x¯i|egk`l`b�egf�hIiKs�dcegfqâXs
arz�^`e|�$^ø_ ÷Ùo`i|a$scewv$_�s/çÚù3l`î�e|i�ú ~$~$~ è�t¿l`_�dca$kKhrdcega$k`s�e|kês�x¯s�d�_���s�d�^`hrd��`k`l`_�bc�$aôhIkêhIbc_�hÒfq^`hIk`�$_rt
l=_�d�aIkKhrd�e|a$k`s�l`ewû�bchIf�dcegk`�Ìhrbca$�`k=l"f�a$bck=_�bcs3hIk`lUdc^`_�iga¯f�hIi¯z¡bca$kºd�s¿aIzPf�_�igi|�`i�hIbMl`_�dca$kKhrdcega$k=s�çÚü�ig_�egkCt
ü�b�a$â ñ � ^`_�o`^`_�bcl }Gò$òr� è �Oå6a$k`sc_�ýX�`_�kºd�iwxïdc^`_�b�_/e|s"s��`�`s�dqhIkºd�eghIi�egkºd�_�bc_�s�d�egkê�`k`l`_�bcs�d�hIk`l`e|k`�
^=a�ãþd�^=_Uo`bca$o`hI�ºhrdcega$k�s�oP_�_�lÞaIz3h'l`_�dca$kKhrdcega$k4vIhrbceg_�s�ã�e|dc^�d�^`_U�I_�a$�"_�dcb�x4aIz¿d�^`_Uk`aIkÙ�yo`ighIkKhIb



z¡b�a$kºd�t¯e¢��_I�)e|k"dc^`_�l=_�bcewvrhrd�e|a$k�aIz�egkºdcbcegk=scegf�s��`b�zZhIf�_8o=bca$oKhr�ºhrd�e|a$k"i�h�ã�sÏz¡aIbÏdc^`_8�"aIdcega$k�aIz�f��`b�vI_�l
l=_�d�aIkKhrd�e|a$k`s��

p4�=fq^�aIz)dc^`_!ã3a$b�â'a$k/l`_ d�a$k`hrd�e|a$k4s�^`a¯fqânlÙxÙk`hI��e|f�s�z¡a$b�sci|aGã�i|x�_�vIa$i|v¯e|k`��aIb�ýX�Khrscew��s�dc_�hIl=x
ã6h�v$_�s�^KhIs��+_�_�k4f�a$k`l`�`f d�_�l4z¡a$b�s�eg�"o`ig_-aIk`_ ��s�d�_�o/b�_�hIf d�egaIkn�"_�fq^`hIk`egs���s�arzMdc^`_�z¡a$bc���������� 	�
���
��������
\�^=_�b�hrdc_�s)��h�xÌ�P_6_�e|dc^`_�bMs�d�hrd�_��yegk=sc_�k=sce|dce|vI_6a$b,s�d�hrd�_��ysc_�k`scewd�ewv$_It$ã�ewd�^!d�^`_�s�_�k`s�e|dce|v¯e|dyx!f�aIkXdcbca$i|ig_�l
�ºx'dc^`_!hIf�dce|vrhrd�e|a$kS_�k`_�b��Ix�aIz,d�^`_Ìbc_�hIf�dcega$k��¿ðEaIb�_ ÷=hI�"o`ig_rt`z¡a$b�hUbc_�hIf�dcega$k�b�h?d�_
����Cç }���� è���� ç } è

ã�^=_�bc_ �Òegs
dc^`_�bchrd�_�f�a$k`s�dqhIkºd�t"!$# } e|s!dc^`_Sa$b�l`_�b
aIz�d�^=_Sbc_�hIf�dcega$kôhIk`l � egs
dc^`_�b�_�hIf d�e|a$k
o=bca$�$b�_�s�s�vrhIb�e�hI�=ig_It�ewd�egs�z¡a$�=k`l dc^Khrd'dc^`_�l`_�dca$kKhrdcega$kAvI_�iga¯f�ewdyxAé&%Õl`_�oP_�k`l`sna$kAd�^`_Þs�^`aÙfqâ
f��`b�vrhrdc�`bc_('�ç*) } è�e|k�hIkn_�scs�_�kºd�eghIigiwxSi|egk`_�hIb6zZhIs�^`ega$k�s��`fq^4dc^Khrd

é&%�� }��,+ '.-0/�ç1' H*2 � è�� ç¢úIè

ã�^=_�bc_ + ç43 ~ è)e|s6hÌf�a$k=s�dqhrkXd3d�^Kh?d3l=_�o+_�k`l`s6a$k�hrk�egkºdc_��$bchIi`d�^`b�a$�`�$^"d�^`_�_�kºdcegbc_�bc_�hIf�dcega$k"î�aIk`_
s�d�b��`f�dc�`bc_�ç � dc_�ã6hIb�d ñ ù3l`î�e|i }Gò$�$� è �5 k�d�^`_ÌaIdc^`_�b�^KhIk=lCt`z¡a$b�hU^`eg�I^`i|x�s�d�hrd�_��ysc_�k`scewd�ewv$_!bc_�hrf�d�e|a$k�b�hrdc_�aIz,d�^`_�z¡a$b��4t


6��7�ç }���� è � _ ÷Ùo98 } 7 : }� [; � }� [�<>= � ç*?$è
ã�^=_�bc_�� ; egsMd�^`_�aIk`_ ��l`eg�"_�k`s�ega$k`hIiXs�d�_�hIl=x(sca$�`k=l"s�oP_�_�l"hrd)dc^`_�s�^`aÙfqâEt¯hIk`l@7A) } egsMdc^`_�e|kXvI_�b�sc_
hrf�d�ewvrhrd�e|a$k'_�k`_�bc�IxIt`d�^`_Ìl`_ d�a$k`hrd�e|a$k'v$_�i|aÙf�e|dyxº�yf��`b�vrhrdc�`bc_Ìb�_�i�h?d�egaIk�dqhIâr_�s�d�^`_�z¡a$b��

é B H*C% - + [D + H i|kFE }�� D 'GB H*C _ ÷Ùo,çIH éJB H*C% èLKM� ~ � ç � è

ã�^=_�bc_�éN%@� } -O7�é B H*C% �P'Q�R7�' B H*C hIk`l D �PH�� + H hIk=l + [ hIbc_
f�a$k`s�dqhIkºdcs��TS�_�b�_(d�^`_
f��`b�vrhrd��`b�_
hrk`lÕl`_�dca$kKhrdcega$kôsco+_�_�lêhIb�_Sbc_�i�hrdc_�lÕ�ºxôdc^`_Ss�f�hIi|_'é&% � } �U/Sç*'+è.�V/SçI7qèW�,\�^`_'k`aIk`ige|k`_�hIb
b�_�ighrd�e|a$køç � è��$e|vI_�s!h'���`i|dcew�¢vIhrig�`_�l/bc_�sco+a$k`s�_�XMdc^`_�b�_�egsÌh'f�b�e|d�e|f�hIijvrhIig�=_UaIz6f��`b�vrhrdc�`bc_��+_�xIa$k`l
ã�^=egfq^nk`a�s�a$ig�Ùd�egaIk`s�_ ÷Ùe|s�d�ã�^`egfq^noKhIs�s8s���a¯aIdc^`i|x"d�^`b�a$�`�$^nh�sca$k=egf�o+a$egkºd��

\�^X�`s�zZhIb�tKi|e|dcdcig_�ã3a$b�â'^KhIs��P_�_�k/f�a$k`l`�=f�d�_�l�a$kno`bcaIoKhI�ºhrdcega$k�ighGã�s�z¡a$b�k`aIk`o`i�hrkKhIb�l`_ d�a$kKh��
dcega$k=s-ã�e|d�^Ò�"a$bc_Ub�_�hIi|egs�dcegf
fq^`_��"egf�hIi�bc_�hIf�dcega$kÞoKhrdc^ºã�h�x¯s���{ykÒdc^`_�o`bc_�sc_�kºd!ã6aIbcâEt,ã3_"s�d��=l=xÒh
dyã3ar��s�d�_�o4fq^`hIegkÙ���`b�hrk`fq^`egk=�Ubc_�hrf�d�e|a$k'sc_�ýX�`_�k`f�_It+h��"aÙl`_�i��"aId�ewvrhrd�_�lS�ºxSd�^`_-dc^`bc_�_ ��s�d�_�o�fq^KhIegk¯�
�=b�hIk`fq^=egk`�!��a¯l`_�iKo`bc_ vÙe|a$�`s�i|x�s�dc�`l`e|_�l��ºx � ^=a$b�d ñRY �`egb�â�ç }�ò$òº� è)hIk=l � ^`aIb�d�t¯üÌhIo`e|i�h ñZY �`e|bcâ
ç }Gò$ò$ò è ��m scfq^=_���hrd�e|f!arzMdc^`_Ìbc_�hrf�d�e|a$k���a¯l`_�iCegs�s�^`aGã�k/egkF[K�I�`bc_ } �

\�^`_��"a¯l`_�i+^KhIsÏdyã6a�f�aI��o+a$k`_�kXdcs]\�h(dc^`_�b���hrigi|x�k`_��=dcb�hIiPfq^KhIe|kÙ�y�`bchIk`fq^`e|k`��e|k`l`�`f d�egaIk�î�aIk`_
hrk`l�hIk'_ ÷ÙaIdc^`_�b���e|f���hIegk�bc_�hrf�d�e|a$kSighGxI_�b�aIb6fq^KhIe|kÙ�yb�_�f�a$���`e|kKhrd�e|a$k�igh�x$_�b6aIz^[Kk`ewd�_-_�÷Ùdc_�kºd�����_
k=aId�_�dc^Khrd)dc^`egs)�"eg�"egf�s,dc^`_�hIf d��KhIiÙs�dcbc�`f d��`b�_�arzPl=_�d�aIkKhrd�e|a$k`s)k=aId�a$k`iwx(e|kU�ºhIs�_�a$�`s�s�x¯s�d�_���s¿�`�Ùd
hrigsca�egk4f�a$k`l=_�k`s�_�lÞo`^KhIs�_(_�÷=o=iga$s�e|v$_�s��8\�^`_�_ ÷¯dc_�kºd�aIz)dc^`_(e|k`l`�`f d�e|a$k/î�a$k`_�e|s8f�a$kºd�bcaIigig_�l4�ºx/h
b�_�hIf d�e|a$k�bchrd�_�aIzCm�bcb�^`_�k=eg�`s�z¡a$b��4tX�`�=dÏk`a
^`_�h?d6e|sÏb�_�i|_�hIs�_�l�l=�`_�dca
b�_�hIf d�e|a$kC�)\�^`e|s¿��e|��e|f�sTdc^`_
zZhrf�d(dc^Khrd(fq^KhIegk¯�yegk=e|d�eghrd�e|a$k�hIk=l�fq^KhIe|kÙ�y�`bchIk`fq^`e|k`��b�_�hIf d�egaIk`s
dyx¯o`e|f�hIi|i|x�i|eg�+_�b�h?d�_"a$k`i|xÒh4sc��hIigi
hr��a$�=kXd)aIz�^=_�hrd�t$ã�^`egi|_6d�^`_�i|_�k`�rd�^UaIzEd�^=_�e|k`l`�`f d�e|a$k�î�aIk`_�egs�h-s�_�k`s�e|d�ewv$_�z¡�`k`f d�e|a$kUaIzEd�^`_�s�^`aÙfqâ
s�dqhrdc_I�3\�^`_
_�k`lnaIzTdc^`_
e|k`l`�`f d�e|a$k�î�a$k`_Ìf�a$bcb�_�sco+a$k`l=s8d�aUdc^`_
o+a$e|kXd�ã�^=_�bc_(hUb�hIo`e|l4f�a$kºv$_�bcsce|a$k
arz�z¡�`_�iMegkºd�a�b�hIl`e|f�hIi,sco+_�f�eg_�s-aÙf�f��`b�s�hIs8egk � ^=a$b�d ñ_Y �`e|bcâ�ç }�ò$òº� è���\�^`_�b�_�hIf d�e|a$k�b�h?d�_(e|k4dc^`_



Temperature

Sonic flow

Zone
Induction

release

Shock

n=1

profile

to radical
Fuel converted 

begins
Chain-termination 

n>>1

layer
Main reactionZero heat 
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