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DFE:G	HIEKJMLNE:OPG	Q ∗RTSKU J�VXWZY&Q[J�\�Q[]_^,`aGb^ (1)∗∗cdEK`e`e^,Jgf�^,]ihK^,j † R L U `&EKk[lnmporq&Q[s&k ‡

td^,]_^uoXq-^ujwv)x�y{z|za}

~��|�����C�_�b��3�����������������P���������������P�����X���������b�������i���������)�M ¡�£¢¤�P���
NO ¥ NH3

����¦����P�����r���r¦�3���¨§�©b©	 &�P�ª�_«b���;���P�¬�P�­¦£�®��¯_�¨¢°¦����Z¯_��±_���-²B³B´µ������±¬�ª�P�������-����¶	��¦£���-�������_�ª����¦£����±6±¬���,¦£������¦£�· ���,¦�¶i������¸�¹B��¦º�­¦£�P�����,¦£�ª�ª»�¦£�P�����r¢������P����� · �����P¶	��±r�P�,¦£�P���£¼½�������:���­¦£�Z��¶	���ª¯_�P�����¾�£¢¿�P����P¯_�¨¢½¦����À¦����£¼[��¦£�ª����±NÁ½���P�Â¦£��±d«b����Ã-�P�º�1���­�,¦£�_���P�AÁAÃ&¦��;�_�����:�b����±{¸¿³B�����bÄ®Ã&�A�_���������Å�;�P��������P¯_�ª�����£¢9§�Ær���ª��¯_�Â¦£�P�������eÃ-�ª�P�¡¦Z����¦£�ª���P�P���BÇ�¼½¶b¦£�P�Â¦ · ���-�1�i±_���½¸9Æ;���:����±¬�ª�_«�����Ã-�����P�����)��������ÈÃ&���������P��±_���Z�P�ª���p¼ · ���i�­Éi�ª�_«��pÊ:�������B�£¢����	¦�±_����� · ¦£�����B���d±¬�ËÊ®¯����ª�_«¡�P�:����������Ä�Ã&��� · �­¦£�ª�±¬�ËÊ:�������i���,¦£�P�����P����¸TÌÍ���1�pÎ¬�:���P�ª�1���Å�­¦£�Í�������Ï±�¦£�­¦���¦£� · �¡ÐÅ¯,¦£�ª�ª�­¦£�P�ª¶	���ª�º�����_����±¬¯�����±�ª�6�P�_����ÃÍ¦��	¸
Ñ Ò|Ó6Ô3Õ&Ö�×gØgÙBÔ�Ú�Ö�Ó
ÛÀÜ�Ý=ÞCß¬à:ÜpáCâ�ã:á£à:ÞCá�ß�ä�å�æ®áºç:á£èéáCå�áCêpëéß¬ã:Ü6áCì|á£Þ�å�Üwß¬à¾å�æ®áºá£à_í,ëîêpß�ïNáCà�å6åpæ:ágÞ�Ýiå�Ý�èéð�åpëîÞdêñá£ï�ßbí�Ýiè;ß�ä
NO
æ{ÝiÜ6ò|áCá£à¾å�æ:ádÜpã:ò,óñáCÞCå�ß�ä�ëîà_åpá£à:Üñáºêpá£Üñá�Ý�êñÞ�æµëîà¾êpáCÞ£áCà�å6ð�á�Ý�êñÜ�ôöõÅ÷IøúùZá£Üñëîç:áCÜTå�æ:ëéÜTû:êpÝ�ÞCåpëîÞ�ÝièÝ�Üñû|áCÞCåNÞ�Ýiå�Ý�èéð�å�ëéÞ

NO
êñá£ç:ã:Þ�å�ëéß¬àüÝièîÜpßúç:ëéÜpû:èîÝbð,Ü�ëîà_å�áCêpáCÜñå�ëéà:ýúç®ð,à{Ý�ï�ëîÞ�Ýiè¿ò|áCæ{Ý�íuëéß¬ê�ß¬àüþÍådÝ�à:çÿ æ Üpã:ê­ä[Ý�Þ£áCÜ � Üpã:Þ�æFÝ�Ü��,ëéà:áCåpëîÞ�ß¬ÜpÞCëîèîèîÝiå�ëéß¬à:Ü�Ý�à:ç Þ�æ®á£ï�ëîÞ�Ýiè��ZÝ�í¬á û{Ýiåñå�áCêpà:Ü ô�� �	��
��	� õÅ÷Iø�
Aà:áê�ÝÅå�æ:áCê��ZáCèîè¿á��uû:èéß¬êpáCç�Ü­ð,Üñå�áCï ëîÜTåpæ:áºêpá£Ý�ÞCåpëîß¬àµß�ä

NO
�¤ëéåpæ��	�

3

Ý�Ü�Ý*êñá£ç:ã®Þ£ëîà®ýXÝiý¬á£à_å�ß¬à�ÝþÍå�� ��
�
�� Üñëîà:ý�èîá�ÞCêñð,Üñå�Ý�èAÜñã:êñä[Ý�ÞCá=å�ßråpæ:á ïNÝ�ëîà�û:êpß,ç:ã:Þ�å�Ü��
2


 Ý�à:ç��
2

ø��¿æ:á êpáCÜpã:èÂå�ÜMß�ä1åpæ:áÜñåpã:ç:ëéá£Ü¤Þ£ß¬à®ç:ã:ÞCåpá£ç�ëîà�Ý�à����! Üñð,Üñåpá£ï"�¤ëÂå�æ�þ-æ:ß�å�ß,á£ï�ëîÜñÜpëéß¬à$#-èîáCÞCå�êñß¬à&%�ëîÞCêpß¬ÜñÞ£ß¬û_ð'�[þ(#)#)% �*�+ ß��,#�à®á£êpýið-#-èéá£ÞCåpêpß¬à-.Àëéì|ê�ÝiÞCå�ëéß¬à/� + #(#). ��� Ý�à:ç-0Xß¬ê1��2{ã:à®ÞCå�ëéß¬à�ï�á�ÝiÜpã:êñá£ï�á£à_å�Ü�ô ���3�54 ÷eÞ£Ý�àòKá¡Üñã:ï�ïdÝ�êñë76Cá£çgÝ�Ü¿ä½ß¬èéèîß��¤Ü98
• : ã:Üñå�Ý�ëîà:áCç�åpá£ï�û|ß�ê�Ý�èuß¬ÜpÞCëîèîèîÝiå�ëéß¬à:Ü)ëîà6å�æ®á�êñá�Ý�Þ�å�ëéß¬à6ê�Ýiåpá£Ü�ß�ä N2

Ý�à:ç
H2O
ä½ß¬êpïNÝiåpëîß¬àTß,Þ£ÞCã:êÝ�ÜñÜpÞCßuÞCë�Ýiåpá£ç��¤ëéå�ægÞCß¬êpêñá£ÜpûKß¬à:ç®ëîà:ýwß¬ÜñÞ£ëîèéè�Ýiåpß¬êñðwíiÝ�êñë�Ýiåpëîß¬à:ÜZëîàgÜpã:ê­ä[Ý�Þ£á1ÞCß	í�á£êpÝ�ý¬á£Ü

∗ ;=<>;=?A@CB(DFEHGJIFKML�NPORQ�SUTWVUXZY�D�?[Y\X*K]L�NP^5_ZK]`]a�Y�XbGcY�_ZD�d>e[Vgf\Nihj_kVlL�Y�L	<HY\XbVUI�e[Y�mnL�N(opYrqMmlYsGjY�D�ERVUY�t[Kvu�u1w)x	y*z[D
^v^{uZyr_kQ[X�K]z[Dn|kuZ}�~\~\��opYrqMmlYsGjY�D[�vNZ������mUVlXiYWB>hct�NZe\GcVgeFY�K (1) f9VlXbNZe9GJN��RVUe�Vg��GcY[K Q�e[mg�nK NZL�QnK Y�h

† ��YsGc��NiT�Y*GJVl_JXj��N1_�;�e[_kGJVgGJQ�GH;�D�dHe�VUf�Nihj_JV�Gj�sG>��Y*hcmU_JhcQ���N�D�EH�=�*y�u��*�)��Y�hJml_JhJQ��[N�D���NihcT�Y*e�x�K
‡ ;�e[_kGJVgGJQ�GM���[h]qM��x�_JVU��Y�mgVl_cXj��NH^���NiTWVUN5Q[e[Lr`MmgNZ�9GJhcI�Xj�[NiTWVgN\D�d>e[Vgf\Nihj_kVgGc�*G]�RY*e�e[Isf�Nih1D\^5Y*mUmUVge[_kGJh1K�w*��w\Y�D*EH��w\~�u1y9�

�HY�e�e�Isf\Nih1D���NZhJT�Y�e9x\K

�



•
+ #(#(. ç{Ýiå�Ý�Üpæ:ß���å�æ:ÝiåZåpæ:áÀêpÝiå�á5ß¬ÜpÞCëîèîèîÝiå�ëéß¬à:Ü�Ý�êñáAÝ�ÜñÜpß,Þ£ëîÝiå�áCç �¤ëéåpæºÝ�ûKá£êñëîß,ç:ëîÞ�Üñåpêpã:Þ�å�ã:êpÝ�èÞ�æ{Ýià:ý¬á�ßiäAå�æ:á�Üpã:ê­ä[Ý�Þ£á�ò|á�å��ZáCá£à�Ýúâ,ã:Ý�Üpë � æ:á*�:Ýiý¬ß¬à{Ý�è¤êñá£Þ£ß�à:Üñåpêpã:Þ�å�ëîß�à����Cæ®á���� � Ýià:ç�åpæ:áò:ã®è7� � èéë7��á 1×1

û®æ{Ý�Üpá
•
þ(#(#)% Üñæ:ß�� Ý=í�Ýiêpëîá�åPð¾ß�ä5Þ�æ:á£ï�ëîÞ£Ý�èr�ZÝ�í¬á�û:Ýiåpåpá£êpà®Ü �¤æ®ëîÞ�æ�ëîà:ÞCèîã:ç:áºÜñû:ëîêpÝ�èr�ZÝ�í¬á£ÜdÝ�à:çå�Ý�êpý¬á�åTû{ÝÅåpå�áCêpà:ÜwÝiÜ �ZáCèîèZÝ�Ü6Ý=ÞCð,ÞCèîëîÞ�å�êpÝ�à:Üñä½ß�êpïNÝiå�ëéß¬àrß�ä¤åpæ:áMÜpã®êñä[Ý�ÞCáMíuëîÝ�å��Bß ç:ëéì|á£êñá£à_åêñá�Ý�Þ�å�ëîß�àgä½êñß¬à_å�Ü¡ô ��� ÷Iø

�¿æ:á�åpß¬û:ï�ß¬Üñå5è�Ý�ð¬áCêÀß�äÈÝNÞ£èîá£Ý�à=þÍå�� ��
�
�� Ü�ÝiïNû:èéá�êñá£ÞCß¬à:Üñåpêpã:Þ�å�ÜAëéà_å�ßºÝ�â,ã:Ý�Üpë � æ:á*�:Ýiý¬ß¬à{Ý�è)ý¬á �ß¬ï�áCåpêñð ���Cæ:á���� � ò:ãuå�ã®û|ß¬àXÝ�ç:Üñß¬êpûuå�ëîß�àúßiä NO
Ý�à:çúß�å�æ®á£ê1ý_Ý�Üñá£Ü1å�æ:áwêpáCÞ£ß¬à®Üñå�êñã:ÞCåpëîß¬àXëîÜ�èéëéä°å�áCçÝ�à:çgå�æ®á¡Üñã:êñä[ÝiÞ£á�þ-å5Ýiåpß¬ï�Ü¿ïNßbí¬á1ò{ÝiÞs�ºëîà_å�ß6å�æ®á¡ûKß¬Üñëéå�ëéß¬à:Ü;ßiä&å�æ®á¡ò®ã:è7� � èéë7�iá 1×1

å�á£êñïNëéà{Ýiåpëîß¬à9ø
�¿æ:êñá£á�ç®ëéì|á£êpáCà_ådý¬êñáCðµèéáCí¬áCèîÜ �Bá£êpá�ëîç:áCà_å�ë��:á£çüëéà�þ)#(#)% á*�®ûKá£êñëîï�á£à_å�Ü � �¤æ:ëéÞ�æ��Bá£êpá�Ý�ÜpÜñëîý¬à®á£çå�ßMåpæ:êpáCá6ç:ëéì|á£êñá£à_å1Ý�ç®Üpß¬êñò{Ýiå�á�û:æ{Ý�Üñá£Ü£ø�ÛÀà á*�®û®è�Ý�à{ÝÅå�ëîß�à�ä½ß¬ê5åpæ:á6ÞCð,ÞCèîëîÞ�å�ê�Ýià:Üñä½ß¬êñïdÝÅå�ëîß�à�ß�ä�åpæ:áÜpã®êñä[Ý�ÞCá��ZÝ�Ü�û:êpß�û|ß¬Üñá£ç�ò_ð  �á£Üñá£ê�áCå5Ý�è øñëîà*ô ��� ÷ � å�æ®á¡ÜñßNÞ£Ý�èîèéá£ç
	 ëîÜñè�Ý�à:çºý�êpß��¿å�æ�ïNáCÞ�æ{Ý�à:ëéÜpï�	éø

�H�Bß=û:êñßuÞCá£ÜñÜpá£Ü �ZáCêpáNä½ß�ã:à:çXåpß�òKáNÞCêpã:ÞCë�Ý�èÍä½ß�ê¡åpæ:áNß,Þ£ÞCã:êpáCà:Þ£áNß�ä¿êpÝiå�á�ß¬ÜpÞCëîèéè�Ýiåpëîß¬à:ÜÀëîà*å�æ:ëéÜÜñð,Ü­å�á£ï�ø 2eëîêpÜ­å�èÂð � ëÂå6ëîÜ�åpæ:áºÝ�ãuå�ß,Þ�Ýiå�Ý�èéð�å�ëéÞ ��ëîà®áCå�ëéÞ£ÜTßiä NO
ç®ëîÜpÜñßuÞCë�Ýiåpëîß¬àrÝ�Ü6áCí,ëéç:á£à:ÞCá£çµëîà�åpæ:áá��uûKá£êñëîï�á£à_å�Ü¿ò_ðdåpæ:á1Ý�û:ûKá�Ýiê�Ý�à:ÞCá�ß�äeÝTÜpû:ë ��á � èîë ��áAêñëîÜñáAëîàMêñá�Ý�Þ�å�ëéß¬àºê�Ýiåpá£Ü � å�æ:á�Üñß6Þ�Ý�èéèîáCç
	 Üñã:êñä[Ý�ÞCáá��uû:èéß¬Üpëéß¬à�	&ô
�Å÷ ø �¿æ:á�	 á��uû:èîß�Üpëéí�á�	9òKá£æ:Ýbí,ëéß¬êAëîÜÀç:ã:áTå�ßNå�æ:áwÝ�ãuå�ß,Þ�Ýiå�Ý�èéð�å�ëéÞ�ëéà:Þ£êñá�Ý�Üñá6ëîà�åpæ:á6à�ã:ï �òKá£ê¡ß�äZíiÝ�Þ£Ý�à_å�Üñëéå�áCÜ�êñá£â�ã:ëéêpá£çúä½ß¬ê

NO
ç®ëîÜpÜñßuÞCë�Ýiåpëîß¬à åpß�ß,Þ£ÞCã:ê£ø$�¿æ:á�ÜpáCÞ£ß¬à®ç ��á�ðXä[Ý�Þ�å�ß¬ê1ëéÜ1åpæ:áÝ�ç:Üñß¬êpò:Ýiå�á � ç®êpëéí�á£à��

1×1 � 


æ:á��=û:æ{Ý�Üñáwåpê�Ý�à®Üpëéåpëîß¬à�ò|á�å��ZáCá£àXåpæ:á6Þ�ÝÅå�Ý�èÂð,åpëîÞ£Ý�èîèÂðºëîà{ÝiÞCå�ëÂí¬á6æ:á*�êpáCÞ£ß¬à®Üñå�êñã:ÞCåpá£ç�Üpã:ê­ä[Ý�Þ£á�Ý�à:çºå�æ®á�ÝiÞCå�ëÂí¬á1ò:ã:è � � èîë ��á � 1×1 � � å�áCêpï�ëîà{ÝÅå�ëîß�àMß�ä)å�æ:á1Üpã®êñä[Ý�ÞCá�øÛ êpá£Ý�èîëéÜñå�ëéÞZïNÝiå�æ®á£ïNÝiå�ëéÞ�Ý�è,ïNß,ç:áCè � ÞCß¬à:ÜñëîÜñåpëîà:ý�ßiä|ÜñáCí�á£àdÞCß¬ã:û:èéá£çwß¬êñç:ëîà{Ýiêñð�ç:ëéì|á£êñá£à_å�ëîÝ�è®áCâ,ã:Ý �å�ëéß¬à:Ü �c
 . #-Ü ��� æ{Ý�Ü�ò|áCá£à�û®êpß¬ûKß¬ÜpáCç=ò_ð + ß¬ïTò{Ý�êñç:ß�áCåÀÝ�è ø­å�ßwá��uû:èîÝ�ëîàgå�æ:á¡ê�ÝÅå�á¡ß¬ÜpÞCëîèîèîÝiå�ëéß¬à:ÜZÝ�à:çå�æ®á�æ�ð,Ü­å�á£êñá£ÜñëîÜ�ëîàMå�æ®á�êpá�ÝiÞCå�ëéß¬àºê�ÝÅå�áÀåpæ{Ýiå¤ëîÜ;Ý�ÜpÜñßuÞCë�Ýiåpá£ç �¤ëéåpæºå�æ:á �
1×1 � 


æ:á*�gÜpã:ê­ä[Ý�Þ£á1û:æ:Ý�Üpáå�êpÝ�à:Üñëéå�ëéß¬à�ô 4 ÷ ø��¿æ:á 
 . #-ÜZç:áCÜpÞ£êñëîòKá�åpæ:áÀá�í¬ß¬èéã®å�ëéß¬à�ß�ä9å�æ®á5èéßuÞ£Ý�è{Þ£ßbí¬áCê�Ý�ý�á£Ü;ß�ä|å�æ:á5Üpë���û:êpß¬ûKß¬Üñá£çëîà_åpá£êpï�á£ç®ë�Ýiåpá£Ü � à{Ý�ï�á£èéð NO
ß¬à*æ:á*�úÝ�à:ç ß�à �

1×1 � û:æ:Ý�Üpá��
θhex

NO

Ý�à:ç
θ1×1

NO
�*� NH3

� N � H � Ý�à:ç
O
ß¬à �

1×1 � û:æ{ÝiÜpá��
θ1×1

NH3

� θ1×1

N
� θ1×1

H

Ý�à:ç
θ1×1

O
�*� Ý�à®ç ß�ä-å�æ:á�ä½ê�Ý�Þ�å�ëîß�à=ß�ä�Üpã®êñä[Ý�ÞCáTëîà�åpæ:á 1×1û:æ{ÝiÜpá��

θ1×1
� ø)�¿æ®á 
 . #�Üñð,Üñåpá£ï Þ�Ý�à�òKá �¤êpëéåñå�áCà�ëéà�Ýiò:Üñåpê�Ý�Þ�å¿ä½ß¬êpï.ÝiÜ98

d � (t)

dt
= � ( � (t); p, T ), � ∈ R

7, � = (� 1, � 2, . . . , � 7),
� ���

�¤æ:áCêpá � �°å � ëîÜBÝ�� � .Fí¬á£Þ�å�ß¬ê)�¤æ:ëîÞ�æºêñá£û:êñá£Üñá£à_å�Ü;åpæ:áÀÞCß	í�á£êpÝ�ý¬á£Ü � T ëîÜÈå�æ:áÀÝ�ò:Üpß�èîã®åpá5å�áCïNûKá£êpÝiå�ã®êpá �Ý�à:ç
p ∈ R

11
ëîÜwÝ=í�á£ÞCåpß¬êwß�ä ���C�uáCç � T

ëîà®ç:á£ûKá£à:ç®á£à_å�û{Ý�ê�ÝiïNá�å�á£êñÜ£ø : á£á*ô 4 ÷¿ß¬êgô ��
����C��� ÷;ä½ß�êç:á�å�Ý�ëéèîÜ£ø��Pà�û:Ý�êñåpëîÞ£ã®è�Ý�ê;Üñá£ádô ��
 ÷�ä½ß¬ê¤ÝNç:á�å�Ý�ëéèîáCç�à�ã:ï�á£êñëîÞ£Ý�è3Üñåpã:ç®ðgß�äeå�æ:áCÜpá 
 . #�	 Ü£ø�#-ÜñÜpá£à_åpë�Ý�èéèéð �êpáCè�Ý[�®Ýiåpëîß¬àºß�ÜpÞ£ëéèîèîÝiå�ëéß¬à:Ü(�ZáCêpá¡ß¬ò®å�Ýiëîà:áCç9ø
0�ëéåpæ 2&ëéÞs��ë�Ý�àwç:ëÂìaã:Üñëîß¬àwå�æ®á�çuðuà:Ý�ïNëéÞ£ÜÈß�äaåpæ:á£Üñá 
 . #�ß�ÜpÞ£ëéèîèîÝiå�ß¬êñÜ��ZÝ�ÜZÜ­å�ã:ç:ëéá£ç�à�ã:ïNáCêpëéÞ�Ý�èéèéðëîà � . Ý�à:ç�õ3. ëîàúô � ÷�Ý�à®çrô � ÷ � ëîà_å�áCý¬ê�ÝÅå�ëîà®ýwÝwêñá�Ý�Þ�å�ëéß¬à � ç®ëéì|ã:Üpëéß¬àºÜñð,Üñåpá£ï.ß�ä)å�æ®á1ä½ß�êpï

∂ � (t, � )

∂t
= � ( � (t, � ); p, T ) + � (T )∇2 � (t, � )

�Iõ �
�¤æ:áCêpá � ëéÜ�åpæ:á�Üñû{Ýiåpë�Ý�è3íiÝ�êpëîÝ�ò:èéá�Ýià:ç M(T )

ëîÜÀÝ�åpá£ï�û|áCê�Ýiåpã:êpá�ç:á£ûKá£à:ç®á£à_å�ç:ëîÝ�ý¬ß¬à{Ýiè)ç®ëéì|ã:Üpëéß¬àïNÝiå�êñë �|ø ��ß��BáCí�á£ê � Ý�èéåpæ:ß¬ã:ý¬æ�åpæ:á£Üñá�ÜñëîïTã®è�Ýiåpëîß¬à:Ü�Üpæ:ß��Bá£çüÝ*êñëîÞ�æ¾íiÝ�êpëéáCåPðrß�äÀû:Ýiåpåpá£êpà®Ü � �¤æ®ëîÞ�æ�Bá£êpá�ëéàMû{Ý�ê­å¿ÜpëéïNëéè�Ý�êÍåpßTå�æ:áÀá��uû|áCêpëéïNáCà�å � åpæ:á�ßbí¬á£êpÝ�èîè|Ý�ý¬êñá£áCïNáCà�år�¤ëéå�æMåpæ:áAá*�®ûKá£êñëîï�á£à_å�Ýièaç{Ýiå�Ý�ZÝ�Ü¤ê�Ýiåpæ:á£ê¤ûKßuß¬ê1ô � ÷Iø
õ



�¿æ:ádä½ß¬èéèîß��¤ëîà®ý�ï�ß,ç:ë��{Þ£Ýiå�ëéß¬à:Ü �Bá£êñáMëîï�û:èîáCïNáCà_å�á£çaø�2&ëîêñÜñå � ëîàXß¬êpç®á£ê1å�ß�å�Ý3��áNëîà_å�ß�Ý�Þ£ÞCß¬ã:à_åå�æ:Ýiå�åpæ:á�Üpã:ê­ä[Ý�Þ£áNÞ£ß¬à:ÞCá£à_å�êpÝiå�ëéß¬à:Ü¡ç:á£ûKá£à®ç�ß¬àXíiÝ�êñë�Ý�ò®èîá6Üpë 6£áCÜ�ß�äBå�æ:á-�
1×1 � Ý�à®çræ:á*�rû:Ýiå�Þ�æ:áCÜ ��Bá�ã:Üñá1èîß,Þ�Ý�è|Þ£ßbí¬áCê�Ý�ý¬áCÜ

X = (θ1×1, Θ
hex
NO , Θ1×1

NO
, Θ1×1

NH3
, Θ1×1

O
, Θ1×1

N
, Θ1×1

H
)

= (θ1×1, θ
hex

NO
/θhex, θ

1×1

NO
/θ1×1, θ

1×1

NH3
/θ1×1, θ

1×1

O
/θ1×1, θ

1×1

N
/θ1×1, θ

1×1

H
/θ1×1).

: ëéà:Þ£á å�æ®áXç:ëÂìaã®Üpëîß�à{Ý�è��{ß��ÏëéÜgý¬ßbí¬á£êñà:á£çnò�ð åpæ:á*ç:ëéì|á£êñá£à:ÞCáXëéà"ÞCß¬à:ÞCá£à_å�êpÝiå�ëéß¬à �Bárã®Üpáúèîß,Þ�Ý�èÞ£ßbí�á£ê�Ýiý¬á£Ü�ëîàºå�æ®á¡ç®ëéì|ã:Üpëéß¬àºû{Ý�ê­å5ßiäeåpæ:á1á£â�ã{Ýiåpëîß¬à:Ü � ë ø á�ø
∂ � (t, � )

∂t
= � ( � (t, � ); p, T ) + � (T )∇2 � (t, � )

�k� �

: áCÞ£ß¬à:ç®èéð � �BáNå�ÝF��á�ëîà_å�ß�Ý�Þ£ÞCß¬ã:à_å¡å�æ{Ýiå¡ç:ëÂìaã®Üpëîß�àúß�àXÜñã:êñä[Ý�ÞCá£Ü�ëîÜ1à:ß�å 2&ëéÞs�,ëîÝ�à*ò|áCÞ�Ý�ã®ÜpáNíiÝ�Þ£Ý�à_åÜpëÂå�áCÜBÝiêpá¤êpáCâ,ã®ëîêpáCç � ë ø á�øñÜpëéåpá£Ü�à:ß�å�ÞCßbí¬á£êñá£çMò_ðwÝiç:Üpß¬êñò{Ýiåpá�ø�0Xá¿å�æ:áCêpáCä½ß�êpá�ëîà_å�êñßuç:ã®Þ£á¿ÜpëÂå�á¤ò:èéßuÞs��ëîà®ýô �Å÷ � �¤æ®ëîÞ�ægðuëéá£èéç:Ü¤Ýwþ).�# ß�äeåpæ:á�ä½ß¬êpï
∂ � (t, � )

∂t
= � ( � (t, � ); p, T ) + � (T )

[
g( � ) · ∇2 � (t, � ) − � · ∇2g( � )

]
.

� � �
�5áCêpá

g : R
7 → R

7 � �¤æ:áCêpá gi(X)
ï�ßuç®á£èîÜ�å�æ:á�áCì|á£ÞCå¡ß�ä�ÞCß_Ý�ç:Üñß¬êpò:Ýiå�áCÜ�ß¬à*ç:ëéì|ã:Üpëéß¬à=ß�ä-åpæ:á
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� ���	�	
 �
�����;Õ&Ú�� �¤Ó6Ô�����Óg× Ú�������Óg× �1Õ&Ö�� Ô��
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AàúÝMý¬êpá�ð ò{Ý�Þs��ý¬êñß¬ã:à:çúÝºç{Ý�êZ��ëîÜñè�Ý�à®ç=à�ã:Þ£èéá�Ýiåpá£Ü¡Ý�à:ç*Üñå�Ý�êñåpÜAå�ßºý¬êñß��1ø
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ï�á£ç:ëéã:ï ý¬êñáCð 8 Þ£èîá£Ý�àgæ:á���êñá£ÞCß¬à:Üñåpêpã:Þ�å�áCç�Üpã®êñä[Ý�ÞCáç{Ý�êZ�ºÝ�êñá�ÝC8 �
1×1 � � ��
 ad � 
 adò:êñëîý¬æ_å�Ý�êñá�ÝC8 �
1×1 � � �	� x,ad

�
x = 1 − 3 � ø�¿æ:á1ÞCð,ÞCèîëîÞ�åpê�Ý�à:Ü­ä½ß¬êpïNÝiåpëîß¬àMßiäeåpæ:á1Üpã:ê­ä[Ý�Þ£á1Þ£ß�ïNû:êñëîÜñá£Ü¿å�æ:á�ä½ß¬èéèîß��¤ëîà®ý�Üñåpá£û:Ü\8

�[ë � : å�Ý�ê­å�ëéà:ýºä½êpß¬ï$å�æ:áwÞ£èéá�Ý�àúæ:á*�úêpá£ÞCß¬à:Ü­å�êpã®ÞCå�áCç�Üpã®êñä[Ý�ÞCá-�½ïNáCç:ëîã®ï ý¬êñáCð � NO
Ýiç:Üpß¬êñû®å�ëéß¬àèîëÂä°å�Ü¤å�æ:á�æ:á���êpáCÞ£ß¬à:Ü­å�êñã:ÞCåpëîß¬à9ø 
Aà�åpæ:á

1×1
åpæ�ã:ÜÀä½ß¬êñïNáCç�å�æ:á

NO
û{Ý�ê­å�ëîÝ�èîèÂðºç:ëîÜñÜpß,Þ£ëîÝiå�áCÜ£ø �¿æ:áç{Ý�êZ�dä½êpß�à�å�ÝiÞ£Þ£ß�êpç:ëéà:ý¬èéðdêpáCû:êpáCÜpá£à_åpÜ5å�æ®á¡û®æ{Ý�Üpá�åpê�Ý�à:Üñëéåpëîß¬àºæ:á*�

→ 1×1 � NOad � 
 ad

ø
�[ëéë � 
AàNåpæ:á � 1×1 � � NOad � 
 ad

û:æ:Ý�Üpá
NH3

Þ�Ý�àNÜñå�ëéèîè Ý�ç®Üpß¬êñòMÝ�à:çNêpá£Ý�ÞCå£ø��¿æ:êpß¬ã®ý¬ædêñá�Ý�Þ�å�ëéí�áêpáCïNßbíiÝ�è,ß�ä ß��,ðuý�á£à��{à{Ý�èéèéð�Ý�à �	�
x,ad

�
x = 1−3 � è�Ý�ð�á£ê&ëéÜ&ä½ß¬êñïNáCç9øR�¿æ®á¿Üpá£ÞCß¬à:çTä½êñß¬à_åÍå�æ:áCêpá�ä½ß¬êpáÞ£ß�êpêpáCÜpûKß¬à:ç:Ü¤å�ß6åpæ:á�å�ê�Ýià:ÜpëÂå�ëîß�à'�

1×1 � � NOad � 
 ad →
�
1×1 � � ��� x,ad

�
x = 1 − 3 � ø�[ëéëîë � �¿æ:á � 1×1 � � ��� x,ad

è�Ý�ð¬áCê¿ëîÜZà®ß�å¿Üñå�Ý�ò:èéáAá£à:ß�ã:ý¬æMå�ß6ïNÝ�ëéà�å�Ý�ëîàdÝ
1×1
Üñã:êñä[Ý�ÞCá�ø��Zß¬à_å�ëéà �ã:ß¬ã®Ü;êpá£Ý�ÞCåpëîß¬àgÝ�à®çMç:á£Üñß¬êpûuå�ëîß�àºß�äH�

2

ý¬áCà:á£êpÝiå�áCÜ;í�ÝiÞ�Ý�à_å
1×1
Üñëéåpá£Ür�¤æ:ëéÞ�æMå�æ:áCàMå�êpÝ�à:Üñä½ß�êpï ëîà_å�ßå�æ®á¡æ®á��gû:æ:Ý�Üpáiø)�¿æ®á¡ý�ê�Ý�ç:ã:Ý�è9Üpã®êñä[Ý�ÞCá¡Þ�æ:Ý�à:ý¬á1ò:êñëîý¬æ_å

→
ïNáCç:ëîã®ï ý¬êñáCðMåpæ:á£êñáCä½ß¬êñá�Þ£ß¬êñêpáCÜpûKß¬à:ç:Üå�ß6åpæ:á�å�ê�Ýià:ÜpëÂå�ëîß�à'�

1×1 � � �	� x,ad →
æ:á*�9ø

�¿æ:áwæ:á�� û:æ{Ý�Üñá �
1×1
û:æ{Ý�Üñá � ëîÜAÞCß¬à:Üñëîç:áCêpá£ç*å�ßgòKá6Þ�Ýiå�Ý�èéð�åpëîÞ�Ýièîèéðgëéà{Ý�Þ�å�ëéí�á��IÝ�Þ�å�ëÂí¬á � ø : ëéà:Þ£áå�æ®áúç®ëéì|á£êpáCà_å�ëéÜpèîÝ�à:ç:Üºý¬êñß�� ã:à:Ü­ð,à:Þ�æ:êpß�à:ë76Cá£ç ß¬à�å�æ®árþÍå�� ��
�
�� Üñã:êñä[ÝiÞ£á*å�æ:á*ïNÝ�Þ£êñß¬ÜpÞCß¬û:ëîÞ£Ý�èîèÂðï�á�Ý�Üñã:êpáCçrêpá£Ý�ÞCåpëîß¬à*êpÝiå�áwëîÜ1Ü­å�Ýiåpëîß¬à{Ýiêñð � ç®á£Üpû®ëéå�áwå�æ®á�ä[Ý�Þ�å1å�æ{Ýiå¡ÝiàXëéà:ç:ëéí,ëéç:ã{Ý�èÍèéëéä½áTÞ�ð,Þ£èîá�ß�ä;Ý�àëîÜñè�Ý�à®çºëîÜ¿á£â�ã:ëÂíiÝ�èîáCà�å¤åpßNÝià�ß�ÜpÞ£ëéèîèîÝiå�ëéß¬àdÞ�ðuÞCèîáiø

2&ëéý¬ã:êpá � 8 q `M` � VgT�Y*t\N _J��I��vVUe�t Y Xix�XbmUVUX�GJhjY*e[_k��I�hcT�YsGJVUI�e$I���GJ��N q]G�|=uZ~\~\��_kQ�hJ� Y�XiN L�Q[hJVUe�t Gc��N NO �
NH3

hJN1Y�X�GcVgI\enK @���Nr_kGJhcQ[XbGJQ�hjY*m�GJhjY*e[_k��I�hcT�YsGcVgI\e[_v��hcI�XbNiN1L f�VUY�G��5I!G=x��FN1_HI�� hcNZY�XbGJVUI�e ��hcI�e9Gj_iD�t�hcNix��s��mUY\Xj�	Y�e[L
��mlY�Xj�����[hJVUt��9G��vV�Gc� GJ��NP_kQ�hJ� Y�XiN�hJNiGJQ�hce�VUe�t!XbI\e9GJVUe9Q[I�Q[_Jmgx!��hJI\T���hcVUt��9G>�[Y�Xj��GJI�t\hJNZx�Kv��hJNZx	XbI\hJhcNZ_J�3I�e[L�_5GcIWGJ��N
XbmUNZY�e ��Nba hcNZXiI�e[_kGJhcQ[X�GcNZL _JQ�hJ� Y�XbN\D[��mlY�Xj�	GJI�Y 1×1 � NOad

�	�
ad
D3Y�e[L ��hcVgt\�9G>GJI�Y!<H�

x,ad
| x = 1 − 3 ��mlY�x�NZhZK

T = 438K D PNO = 1.3x10−6 T)�[Y�h>Y*e[L PNH3
= 2.1x10−6 TP�[Y*h1KA;�T�Y*t�N
�vVlL�GJ� Vl_�z���~ µ T K�
Uu�u��

� � �;Ô Ø � �ÅÖ¡Õ Ô�� � ��� �9Ô � �
����� ����� �"!#��$&%
.ÀëÂìaã:Üñëîß¬àdÞ£ß¬à:Ü­å�Ý�à_åpÜ¿ß�ä3å�æ:áAÝ�ç:Üpß�êpò{Ýiåpá£Ü��

Di � �Bá£êñáAÞ�Ý�èéÞ£ã:èîÝiå�áCçMã:Üñëîà:ý�åpæ:áAÛ5êpêpæ®á£à:ëéã:Ü;è�Ý�� � Di =

ν
á
Ei/RT � �¤æ:á£êñá ν = 0.0001

Þ£ï
2
Ü
−1
ëéÜ�Ý¿Þ£ß¬ï�ïNß�àAû:êpá�ä[Ý�ÞCåpß¬ê � Ý�à:ç Ei

Ý�êpáÍåpæ:áÈÝ�ÞCåpëéíiÝiåpëîß¬àAáCà:á£êñý¬ëîáCÜ
�



�eÝ�ò:èîá � 8 ` _=GcVgT�Y*GJNZL�Y�X�GcVgfsY*GJVUI�e!NZe�Nihct�VUNZ_M��I�h�_JQ�hJ� Y�XiNHL�V��3Q[_JVUI�e Ẽi
Y*eFL!L�V��3Q[_JVUI�e�XiI�e[_kGcY�e\Gj_ Di

YsG T = 420 �WDXiY�mUXiQ�mlYsGJN1L�QF_kVUe�t�B>hchJ�[Nie�VUQ[_�mlY ��K Di = ν N −Ei/RT �vV�Gc� YrXiI�TWTWI�e���hcNb� Y�XbGJI\h ν = 10−4cm2s−1 K
Û¿ç:Üñß¬êpò{ÝÅå�á ÿ áCä½áCêpáCà:Þ£á

Ẽi

�=��� � ïNß¬è � Di

�[ÞCï
2 � Ü −1 �

NO � � � � ô 4 ÷ õ � �®øU��� ��
 −7

NO � æ:á�� ô 4 ÷ õ¬õ � ø � � ��
 −6

NH3 � � � � ô 4 ÷ ��4 � ø �F� ��
 −5

� � � � � ô � ÷ � � � ø 4 � ��
 −14


 � � � � ô � ÷ ��43
 õuøöõ�� ��
 −22

� � � � � ô � ÷ � � 4 ø � � ��
 −6

ä½ß¬ê-Üñã:êñä[Ý�ÞCá5ç®ëéì|ã:Üpëéß¬à6ß�ä9á£Ý�Þ�æ�ÜpûKá£Þ£ëéá£ÜCø(.Àã:á¤å�ß�å�æ:á¤èîÝ�Þs�Tß�ä|á��uûKá£êpëéïNáCà_å�Ý�è{ç{ÝÅå�ÝAä½ß¬ê-å�æ:á¤ç:ëÂìaã®Üpëîß�àá£à®á£êpý�ëîá£Ü¤ß�äÍÝ�ç:Üñß¬êpò{ÝÅå�á£Ü¤ß¬à�Ý�þ-å�� ��
3
�� Üpã:ê­ä[Ý�Þ£á � �Zá¡ïdÝF��á�å�æ:á�ä½ß¬èéèîß��¤ëîà®ý6Ý�ÜpÜñã:ï�û®å�ëéß¬à:Ü£ø)2{ß¬ê;åpæ:áÝ�Þ�å�ëéíiÝiåpëîß¬à�ò{Ý�êñêpëîáCêpÜAßiäBç®ëéì|ã:Üpëéà:ý
NO

�[ß�à ò|ß�åpæ � æ:á*�*Ý�à®ç 1×1
û:æ{Ý�Üñá � Ý�à:ç NH3

�Bá6á£Ü­å�ëîïNÝiåpáõ 4�� ßiä:å�æ:áCëîêeÝ�ç:Üñß¬êpû®åpëîß¬à�á£à:áCêpý¬ëéá£ÜZô � õ	÷ ø�2 ß�ê�� � ��Ý�à:ç 
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.Ý�ÜòKá£ëîà®ý�ëéïNï�ß¬ò:ëéèîá � Üñëîà:ÞCáúåpæ:á£ëéê�ç®ëéì|ã:Üpëéß¬à�Þ£ß¬à:Ü­å�Ý�à_å�í�Ýièîã:áCÜ�ÝiêpáúÜpáCí�á£êpÝ�è�ß�êpç:áCêpÜ�ßiäTïNÝ�ý¬à:ëÂå�ã:ç:áÜpïNÝ�èéèîá£êNå�æ{Ý�à�å�æ®ß¬Üpá*ß�ä�å�æ:á*êpáCÜñå�ß�ä¡å�æ:áúÝ�ç:Üñß¬êpò:Ýiå�áCÜ£ø Û5èîÜñß � Üñëîà:ÞCá*åpæ:á*æ:á�� ↔ 1×1
û:æ:Ý�Üpáå�êpÝ�à:Üñëéå�ëéß¬àºëîÜ¿à®ß�å¤ç:ëéì|ã:Üñëéí¬á � D1x1 = 0

ø
����� 	 ��

����� $��
� ��%�����������
#!
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∂θi

∂t
= fi + Di(Θdiff,i∇

2Θi − Θi∇
2Θdiff,i).

� 43�
�5áCêpá �Bá�ã®Üpá6å�æ:áwã:Üñã{Ý�è-à:ß�ïNáCà:Þ£èîÝiå�ã:êñá�ä½ß¬ê�ÞCß	í�á£êpÝ�ý¬á£Ü\8

Θdiff,i

ëéÜAå�æ:á6ÞCß¬à:ÞCá£à_å�êpÝiå�ëéß¬àXßiäÈíiÝ�Þ£Ý�à_åÜpëÂå�áCÜ5Ý�íiÝ�ëéè�Ý�ò:èéá5ä½ß¬ê¿ç®ëéì|ã:Üpëéß¬àºß�ä)å�æ:á1ï�ß¬ò:ëîèéáAÝ�ç®Üpß¬êñò{Ýiå�á
i � à{Ý�ï�á£èéð

Θdiff,NO = max{1 − βNO
NOΘ1×1

NO
− βNH3

NO Θ1x1

NH3
, 0},

Θdiff ,NH3
= max{1 − βNO

NH3
Θ1x1

NO − βNH3

NH3
Θ1x1

NH3
, 0},

Θdiff,H = max{1 − αO
HΘ1x1

O − αN
HΘ1x1

N − αH
HΘ1x1

H , 0}.
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�¿æ:áÀÜñáCí�á£àMû{Ýiê�Ý�ï�áCåpá£êpÜ
βj

i

Ý�à:ç
αj

i

Þ£ß¬à_å�êñß¬è ÜpëÂå�á � ò:èîß,Þs��ëîà:ý�á�ìaáCÞCåpÜZß�ä|å�æ:á�Þ£ß_Ýiç:Üpß¬êñò|áCçdÜñû|áCÞ£ëîáCÜß¬à�åpæ:áZêpÝiå�áBß�ä ç:ëÂìaã:Üñëîß¬à � Ý�à®ç6à{Ýiå�ã®ê�Ý�èéèéð � 4�� êñá£ç:ã:ÞCá£Ü&åpß �J� � �¤æ:áCà βj
i = αj

i = 0
ø �Pà���� �*� ÞCß¬à:Þ£áCà �å�êpÝiå�ëéß¬à=ß�ä-íiÝ�Þ£Ý�à_å�ÜpëÂå�áCÜ�ëîÜAÝiÜpÜpã®ïNáCç*åpßMç:áCû|áCà:ç*èîëîà®á�Ý�êñèéðgß¬à*Ý�ç®Üpß¬êñò{Ýiå�á�Þ£ßbí¬áCê�Ý�ý¬áCÜ£ø�%�ß¬êpáCßbí¬á£ê �

Θdiff,H
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


βNO
NO βNH3

NO −

βNO
NH3

βNH3

NH3
−

αO
H αN

H αH
H


 .

� � �

ÛÀÜ1ëéàµô ��
p� ����� ÷ �Zá��C� û{Ý�êñåpë�Ý�èeû:êpáCÜpÜñã:êpáCÜ�ß�ä NO
Ý�à:ç

NH3

å�ß � ø � � ��
 −6
Ý�à:ç �:ø ��� ��
 −6

ïTò{ÝiêêpáCÜpûKá£Þ�å�ëéí�á£èÂð � Ý�à:çgå�áCïNûKá£êpÝiå�ã®êpáAå�ß ��õ 
�� ø�eßNëîà_å�áCý¬ê�ÝÅå�á�� 4�� �Bá�Þ�æ:ß,ß¬ÜñáTÝNÜ­ð,Üñå�áCï ß�äÍÜñë76£á L
ëîàgÞ£ï$Ý�à®ç�Þ£ß�à:Üpëéç:á£ê

n
ß�ÜpÞ£ëéèîèîÝiå�ß¬êñÜ;ß�ä&Üpë76Cá

L/n
ø�0rá�Þ�æ:ß,ß¬Üpá6ûKá£êñëîß,ç:ëîÞ1òKß¬ã:à:ç{Ýiêñð�Þ£ß¬à:ç®ëéå�ëéß¬à:Ü � ç:ëéÜpÞCêpáCåpë76Cá�ëîà�Üpû{ÝiÞ£á��¤ëéåpæ �{à®ëéå�á�ç:ëéì|á£êñá£à:ÞCá£ÜÝ�à:ç�ã:Üñá1åpæ:á �5Û�� êñß¬ã®å�ëéà:á�. 
 õF��. 2�ä½ß¬ê;åpëîï�áAëîà_å�áCý¬ê�ÝÅå�ëîß�à9ø
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�� $
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1×1
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: ëéïTã:è�ÝÅå�ëîß�à:ÜZã:Üñëîà:ý6åpæ:ëîÜ¿Üñá£Þ£ß�à:ç=Ý�û®û:êpß_ÝiÞ�æ�Ý�êñá�û:êpáCÜpáCà�åpá£ç=ëéàgÜpá£Þiø��:ø
�:ø
� ��� � ����� $��
� ������� 
#������� 
 ��$&% !�� 
��
�&% ! ��
 ��$&% ��� 
�� ����% 
�� $ � ���&�!� ��!
0Xá �{êñÜñå6Ýià{Ý�èéðp6CáNå�æ®ádòKá£æ{Ý�í,ëîß¬ã®ê�ß�ä ��� � ã:Üpëéà:ý�èéßuÞ£Ý�èîë 6£á£çúûKá£êñåpã:êpò:Ýiå�ëéß¬à:Ü¡ß�ä¤Ý�Ü­å�Ý�ò:èéáNûKá£êñëîß,ç:ëîÞß¬êñò:ëéå)�¤ëéåpæMèîß��

θ1×1
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↔ 1×1

û:æ{ÝiÜpá�å�êpÝ�à:ÜpëÂå�ëéß¬à{� 
 øËõ � 
 øg� % + ô ��
 ÷ ��� Þ£èîã®Üñå�áCêpëéà:ýwß�ä�å�æ:áÜpã®êñä[Ý�ÞCáºëîÜ�ß�ò®å�Ý�ëéà:á£ç�ô � ÷Iø{�¿æ:ëîÜ�ëîÜ � åpæ:áMÜñã:êñä[Ý�ÞCáºß¬êpý¬Ý�à:ë76Cá£Ü�ëîà_å�ß ïNÝ�Þ£êñß¬ÜpÞCß¬û:ëéÞMÝ�êñá�Ý�Ü��½Þ£èéã:Üñåpá£êpÜ �ß�ä�êpß�ã:ý¬æ:èÂðXåpæ:ágÜ�Ý�ï�áMÜpë 6£áºëéà¾Üpã:Þ�æ�Ý �;Ý�ð�åpæ{ÝiåTåpæ:áºû:æ{Ý�ÜñágëîÜTÞCß¬à:Üñå�Ý�à_å�ëîà¾á�ÝiÞ�æ�ÞCèîã:Ü­å�áCêwÝ�à:çóñã:ï�û:Ü�ò�ð�æ{Ýièéä�Ýúû|áCêpëéßuçµä½êpß¬ï<ß¬à:á�ÞCèîã:Ü­å�áCê�åpßXå�æ®á�à:á*�,åMß,Þ£Þ£ã®ê£ø��5ßúä½êpß¬à_åpèîë7�iá�åpê�Ý�à®Üpëéåpëîß¬àµëéÜ
�



ß¬ò:Üñá£ê­í¬á£ç �¤æ:Ýiå�Üñßuá�í¬á£êCø(�¿æ:áAÜ�ÝiïNá�æ{Ý�û:ûKá£à®ÜZä½ß¬ê-å�æ:á5ïNß,ç:áCè��k� � �¤æ:ëîÞ�æMÞCß¬êpêñá£Üñû|ß¬à®ç:ÜZå�ß � � � �¤ëéåpæå�æ®á�Ýiç:ç:ëéåpëîß¬à:Ý�èaò:èéßuÞs��ëéà:ý6û{Ý�êpÝ�ïNá�å�áCêpÜ



0 0 −

0 0 −

0 0 0


 ,

� ���

ÜpáCá 2&ëéý:ø�õ,ø��5á£êñá=Ý�à®çüëîàµå�æ®á�ä½ß¬èéèîß��¤ëîà:ý � êñá£Üpã®èéå�ÜNÝ�êñá�û:êñá£ÜpáCà_å�á£ç ëéàüý¬êñáCðµÜñÞ�Ý�èéá�û:èéß�å�Ü � �¤æ:áCêpáæ:ß¬êñë76Cß¬à_å�Ý�è|Ý�à:çdí�á£ê­å�ëîÞ£Ý�è9Ý��®ëéÜ;Ý�êñá5åpëîï�á��
t � Ý�à:çMÜñû{Ý�ÞCá � x ��� êpáCÜpûKá£ÞCåpëéí�á£èéð�ø �1êñáCð,ÜpÞ£Ý�èîáCÜ¿Ý�êpá5èîëéà:á�Ý�êëîà_åpá£êpûKß¬èîÝiå�ëéß¬à:Ü-òKáCå��Bá£á£à

zmin = black
Ý�à:ç

zmax = white � �¤æ®á£êpá z Ü­å�Ý�à:ç®ÜBä½ß¬ê-å�æ®áÀÞ£ßbí�á£ê�Ýiý¬áÀß�äÝ6ý¬ëéí�á£à�Üpã:ê­ä[Ý�Þ£á1ëéà�åpá£êñïNáCç:ë�Ýiåpá � θi

�[ëîàMåpæ:ëîÜ¤Þ£Ý�Üpá�å�æ®á1ä½êpÝ�ÞCåpëîß¬àgß�ä)å�æ®á¡Üñã:êñä[ÝiÞ£á1ëîàºå�æ®á
1×1
û:æ:Ý�Üpá

�
θ1×1

�Z� ø

2&ëéý¬ã:êpáMõ�8 ui��E _JVgTPQ�mUY*GJVUI�e _J��I��vVUe�t XbmUQ[_kGJNZhJVUe�t�VUe GJ�[N	I9_JXiVgmUmUY*GJI\hJx��FY*hjY*TWNbGcNih)hjY*e[t�N�I*�vGc��N�hcNZY\X�GcVgI\e �vV�Gc�
_JVgTW��mUN ?CVUXj��VlY*e$L�V��3QF_kVUI�enK ` � QFYsGJVUI�e | z9� ��Y�_!Vge9GJNZt�hjYsGcNZL-|�z9� �vV�Gc� n=80 I\_cXbVUmgmlYsGcI�hj_�Y*e[L dx=0.00025 XbT D��NZe[XbN L=0.02 XbT K]�>NihcN z _=GjY*e[L[_5��I�h θ1×1

D �vV�Gc� zmax = 0.70 Y�e[L zmin = 0.20 ��o XbI\hJhcNZ_J�3I�e[L�VUe�t)GJI �v��VgGJNY*eFL �[mUY\Xj��hJN1_k�3NZXbGJVUf�NZmgx\KWERV��3Q[_JVUI�e XbI\e[_kGcY*e9Gj_�Y\_(_J��I��ve VUe @�Y���mUN�u\DpVUe�VgGJVlY*m XiI�e[L�VgGJVUI�eF_�Y�XiXiI�hjL�VUe�t�GcI�_kN1X*K z[K �
Y*eFL	_JV�GcN���mUI�Xj��VUe�t�XbI\e[_=GjY*e9Gc_�Y�mgmp_JNbG�GcI��iNihcI[KCqANihcVgI�L�VlX��FI\Q�e[L�Y�hJx	XbI�eFL�V�GcVgI\e[_�|�q��v^�����NZhJN Y*���[mgVUNZL�K

�¿æ:á�á��uû|áCêpëéïNáCà�å�Ý�è¿ç{Ýiå�ÝúëéàFô ��� ÷¤êpá£ûKß¬ê­å�á£ç�Üpû:Ýiå�ëîÝ�è;Üñåpêpã:Þ�å�ã:êñá£ÜNß�ä�Ý=åPð,û:ëîÞ£Ý�è¤Üpë 6£ágß�ä 
 ø 
3
C�
� 
 ø 
�
�4 ÞCï���êñá£ý_Ýiêpç:ëéà:ý�å�æ:ëéÜ �Bá ã:Üpá*ëîà ß�ã:êMÜpëéïTã:èîÝiå�ëéß¬à:Ü n = 80


�.�# ß¬ÜñÞ£ëîèéè�Ýiåpß¬êpÜ�ß�ä¡Üpë 6£á
dx = 0.00025

Þ£ï � å�ß�å�Ý�è&Üñû{Ýiåpë�Ý�èeèîá£à®ý�å�æ ëéÜÀå�æ:áCêpá�ä½ß¬êpá L = 0.02
Þ£ï�ø �Zß�à�í�á£êñý¬á£à:ÞCáNëéà

dx
�ZÝ�ÜÞ�æ:áCÞs��á£çµò_ðXêpá£ç®ã:Þ£ëéà:ý

dx
ò_ðXÝ�ä[ÝiÞCå�ß�ê�ß�äZå��Zß:ø��¿æ:áNà�ã:ïTòKá£ê�ßiä¿ß¬ÜpÞCëîèéè�Ýiåpß¬êpÜ�ëéÜ�ÜñáCå�åpß

n = 80å�ßgß¬òuå�Ý�ëéàXÝºÜ­ðuÜ­å�áCï Üñë76Cá �¤æ®ëîÞ�æXÝ�èîèéß��¤Ü�ã®Ü1åpß�ÞCß¬ï�û{Ý�êpá6ÜñëîïTã®è�Ýiåpëîß¬à-�¤ëÂå�æ*á��uûKá£êñëîï�á£à_å�Ý�è-ç:Ýiå�Ý®øÛÀèéÜpß � ã:Üpëéà:ý n = 80
ý¬ëÂí¬á£Ü¿ä[Ý�Ü­å¤êpáCÜpã:èÂå�Ü�Ý�à:ç�Üpæ:ß�êñå¿å�êpÝ�à:Üñëîá£à_å�òKá£æ{Ý�í,ëîß¬ã®ê£ø

0rá1áCÜñå�ëéïdÝÅå�áAå�æ®á1íiÝ�èéã:á£Ü;ä½ß�ê;å�æ:á1ÜpëÂå�á � ò:èéßuÞs��ëîà®ý6û{Ý�ê�ÝiïNá�å�á£êñÜ¿ß�äeß¬ã:ê¤Üñð,Üñåpá£ï Ý�Ü



1.0 1.7 −

1.5 1.0 −

2.0 2.0 1.0


 .

� ���

�¿æ:á�ç:ë�Ýiý¬ß¬à{Ý�èeá£èéá£ï�á£à_å�Ü��
βNO

NO
� βNH3

NH3

Ý�à:ç
αH

H
� Ý�êpáwÜñáCå¡á£â�ã{Ý�è-åpß�ã®à:ëéåPð Üñëîà:ÞCá6å�æ:á�ð*Üñå�Ýià:çúä½ß�êÜpëÂå�á � ò:èéßuÞs��ëîà®ý�ß�ä5Ý�àµÝ�ç®Üpß¬êñò{Ýiå�ádò�ðrëéåpÜpá£èÂä�ø 0rádÜpã:û:ûKß¬Üñágåpæ{Ýiå��

ads

Ý�à:ç 

ads

æ:Ýbí�áMå�æ:áºÜpÝ�ï�áò:èéßuÞs��ëîà®ýTáCì|á£Þ�å5ß�àºç:ëéì|ã:Üpëéà:ý �
ads � Ý�à:ç �Bá¡ÜñáCå αO

H = αN
H = 2.0

ã:Üñëîà:ýwÝiÜ¿ý¬ã:ëîç®á£èîëéà:á5åpæ:áAíiÝ�èîã®á£Üã:Üñá£ç=ëéàrô �i÷Iø �Pà=Ý�Þ�æ:á£ï�ëîÞ£Ý�èîèÂðMÜpëéïNëéè�Ý�êZêpá�ÝiÞCå�ëéß¬à�Üñð,Üñåpá£ï � ÿ æ>� �3��
�� � NO � � 2
� åpæ:á£Üñá�íiÝ�èîã®á£Ü!�ZáCêpáã:Üñá£çrä½ß¬ê 


ads

Üñëéå�á � ò:èéßuÞs��ëéà:ýgáCì|á£ÞCå�ß¬àúç:ëéì|ã:Üñëîà:ý&�
ads

ø 2eëîà{Ý�èéèéð � å�æ:áwíiÝ�èîã:áCÜ βNH3

NO = 1.7
Ý�à:ç

βNO
NH3

= 1.5 � �ZáCêpá�ß¬ò®å�Ý�ëîà:áCçµò�ð �®åpå�ëéà:ý=å�æ®á�ÜñëîïTã®è�Ýiåpëîß¬à�êñá£Üñã:èéåpÜwåpßXá*�uû|áCêpëîï�á£à_å�Ý�è;ç{Ýiå�Ý®øµÛÀÜ�Bá �¤ëîèéèÈç®ëîÜpÞCã:ÜpÜ�è�Ýiåpá£ê � �ZáNä½ß¬ã:à:ç¾Ý�ïTã:Þ�æ¾Ü­å�êpß�à:ý¬á£ê�ç:á£ûKá£à®ç:á£à:ÞCáºß�ä¿å�æ®ádÜñð,Ü­å�á£ï ò|áCæ{Ý�í,ëîß¬ê�ß¬àå�æ®á�íiÝ�èîã:á�ß�ä
βNH3

NO

å�æ{Ýià=ß¬à=å�æ®á�û{Ý�êpÝ�ï�áCå�áCê
βNO

NH3

ø 2{ã:ê­å�æ:áCêAëîà®Þ£êpá£Ý�Üpá�ß�ä
βNH3

NO

�IÝ�à:ç�æ:á£à:ÞCá6ß�ä
�



å�æ®á�Üñëéåpá � ò®èîß,Þs�,ëéà:ýMá�ìaáCÞCå¡ß�ä NH3ads

ß¬à
NOads � ð,ëîá£èéç:ÜAà:ß�Üpëéý¬à:ë �{Þ�Ý�à_å�Þ�æ:Ý�à:ý¬áCÜ�ëéà=å�æ:áwêpáCÜpã:èÂå�ÜCø�5Üñëîà:ý � ��� Ý�Ü¡û{Ý�êpÝ�ïNá�å�áCêpÜ¡Üpæ{Ý�êñûrä½êpß�à�å � èéë7��á6åpê�Ý�à:Üñëéåpëîß¬à:Ü¡Ý�êñáNß�ò:ÜpáCêñí¬áCç¾û:êpß�û{Ý�ý_Ýiåpëîà:ýgß¬ãuå��;Ý�êñç:Üä½êpß�ï$åpæ:á6û|áCêñåpã:êpòKá£çúÝ�êñá�ÝgÝ�ÜAç:ëéÜpû:èîÝ�ð¬á£ç*ëéà{2&ëîý:ø1�]�IÝ � ø��¿æ:á£Üñá6ä½êpß¬à_å�Ü � æ:ß��Zá�í¬áCê � í�Ýià:ëîÜñæ*Ý�èîï�ß¬ÜñåÞ£ß�ïNû:èéáCåpá£èéð �¤ëéåpæ:ëîàMå��Bß�ß¬ê¿å�æ:êñá£á1û|áCêpëéßuç:ÜZëîàgÜpã:ê­ä[Ý�Þ£á1ß¬ÜñÞ£ëéèîè�ÝÅå�ëîß�àMÝ�à:çºåpæ:á1Üpã:ê­ä[Ý�Þ£á1êpá�å�ã:êñà:Ü¤å�ß�Ýæ:ß¬ï�ß¬ý¬áCà:á£ß�ã:ÜpèÂðºß¬ÜpÞCëîèéè�Ýiåpëîà:ý�Üñå�ÝÅå�á�øBÛ ä½ã:èîè9Þ�æ:Ý�ê�Ý�Þ�å�áCêpë76£Ýiå�ëéß¬àgß�ä&åpæ:á1ç®ð,à{Ý�ï�ëîÞ1òKá£æ{Ý�í,ëîß¬ã®ê¿ß�ä&åpæ:áÜñð,Ü­å�á£ï ä½ß¬ê-ç®ëéì|á£êpáCà_å�Üpëéåpá � ò:èîß,Þs��ëîà:ý�û{Ýiê�Ý�ï�áCåpá£êpÜ�ëéÜ-û:ê�Ý�Þ�å�ëéÞ�Ý�èéèéð¡ëîï�û|ß�ÜpÜpëéò:èîáiø : ëîà:ÞCá;å�æ:á¤Üñð,Ü­å�á£ï ëéÜá��,åpêpá£ï�á£èÂðºÜpáCà:ÜpëÂå�ëÂí¬á1å�ß�Þ�æ{Ý�à:ý¬áCÜ5ëéà

θ1×1

NO

�Bá¡û|áCêñä½ß¬êñïNáCç�ÝwÜpèéß��níiÝ�êpëîÝiå�ëéß¬àºß�ä)å�æ:á¡ÜpëÂå�á1ò:èéßuÞs��ëîà®ýß�ä
NO
ç®ëéì|ã:Üpëéß¬à�ò_ðgÞCß_Ý�ç:Üñß¬êpòKá£ç

NH3

êpá£û®êpá£Üñá£à_å�áCç ò_ð �
βNH3

NO
� ø)0rá¡ß¬ò®å�Ý�ëîà®á£ç�û{Ýiåpåpá£êñà:Ü��¤æ®ëîÞ�æèîëéá5ëéàdòKáCå��Bá£áCà�åpæ:áÀå��Bß6á��,å�êñá£ïNÝ � ÞCèîã:Ü­å�á£êñëîà:ý�Ý�à:çMä½êñß¬à_å;èîë ��á¤å�êpÝ�à:ÜpëÂå�ëéß¬à:ÜZç®á£û:ëéÞCå�áCçMëîà 2&ëîý¬ã®êpá£Ü;õÝ�à:ç&�]�[Ý � ø ÿ á£Üñã:èéåpÜ¤Þ�Ý�à�ò|á1Üñá£á£à�ëîà�2&ëéý:ø��A�[ò � � �[ç � ø�°¦	 &�,¦£�­¦£�1����������¢î����� ���	  � ·  

βNH3

NO = 1.55

���� 
βNH3

NO = 1.58
��±, 

βNH3

NO = 1.61

2&ëéý¬ã:êpáW�C8 ub��E$_kVUT)Q[mUY*GJVUI�e �vV�Gc�We�I�e���?CVUXj��VlY*eWL�V��3Q[_JVUI�e�_k�[I��vVge�t�Gc��NHL�NZf�NimUI��[TrNZe9GAI��3hcNZY\X�GcVgI\e)��hcI�e9Gc_]Y\_CGJhjY*e��
_JVgNZe\GR����Nie[I�TWNie[Y!Q�e[L�NZhHI\_cXbVUmUmUY*GJI�hcx�XiI�e[L�VgGJVUI�eF_iK θ1×1

Vl_>��mUI*GJGJNZL�Vge Gc��N)t\hcY����[_ZK5B GcNiTW�3I�hjY*hcx��3NihJGJQ�hc�[YsGcVgI\e
I*� θ1x1

Vge	GJ��N�XiNie9GJNZh ��Y�_5Q[_JNZL!GJIWTWVgTWVlXRGJ��N N ��NZXbGvI*�C_JQ�hJ� Y�XiN�L�Ni��NZXbGc_ZK>| Y\�5_cY*TWN��[Y*hjY*TWNbGcNihj_�Y\_5Vge ?CVgt\Q�hJN���D
Nba�XiNi��GM��I\h _JV�GcNv��mgI�Xj��VUe�t(XbI\e[_=GjY*e9Gc_ _kNiG]GJI�| }\��K�|��3����| L[�ML�NiTWI�e[_kGJhjYsGcN�GJ��NHVge��FQ�Nie[XiNvI*��GJ�[N>�[Y*hjY*TWNiGJNih βNH3

NO
I\e

GJ�[NPXj�[Y�hcY\X�GJNZh>I*�AGc��Nr_JI�mUQ�GcVgI\enK>?�I\h βNH3

NO < 1.55 Y*eFL βNH3

NO > 1.61 DFhJN1_k�3NZXbGJVUf�NZmgx\DFXbmUQ[_kGJNZhJVUe�t�Y�e[L ��hcI�e9Gk��mgVU��NhcNZ_J�FI\e[_kN�I*�CGJ�[N(_kQ�hJ� Y�XiN�GJVUTrN�NZf�I\mgQ�GcVgI\e �vVgGJ��GJ�[N(_JY�TrN VUe�VgGJVlY*mpXiI�e[L�VgGJVUI�eF_�VU_vI\�[_JNihcf�NZLnK

� � � � ��� $���� ��
 !
�Pà�ß�êpç:áCê¤åpßNã®à:ç:á£êñÜñå�Ý�à:ç�åpæ:á�Üñã:êñä[ÝiÞ£á¡Þ£èîã®Üñå�áCêpëéà:ýNòKá£æ®ëîà:çgå�æ:á1ä½êpß�à�å � èéëîà:áÀåpê�Ý�à®Üpëéåpëîß¬à®ÜW�Zá�û:èîß�å¤ëéà2&ëéý:ø��6å�æ:á�åpëîï�áAáCí�ß¬èîã®åpëîß¬àgß�ä)å�æ®á¡ÞCßbí¬á£êpÝ�ý¬áCÜ��½êpß¬ã:ý�æ:èéðdß¬à:á1û|áCêpëéßuç � ä½êpß¬ï å�æ:á 
 . #�	 ÜCø�¿æ:ágå�ëîï�áºáCí�ß¬èîãuå�ëîß�à¾ëîà�2&ëîý:ø�� ëîÜ6û:êpÝ�ÞCåpëîÞ£Ý�èîèÂðrëéç:á£à_å�ëéÞ�Ý�èP�¤ëéå�æµå�æ®ágåpëîï�áMáCí�ß¬èîãuå�ëîß�à�ÝÅådÝià�ð
�C�uá£çrÜpû{Ýiåpë�Ý�è&û|ß¬ëéà_å�ëéàúåpæ:á

x � t
û:èîßiå�Ü£ø : å�Ýiêñå�ëéà:ý$�¤ëéåpærÝgÞ£èéá�Ý�àúæ:á��XÜñã:êñä[Ý�ÞCá � Ý�ý¬êñß��¤ëîà:ý NOÞ£ßbí�á£ê�Ýiý¬á ëîà:ç®ëîÞ�ÝÅå�á£Üwå�æ®á=û:æ{Ý�Üñá=å�êpÝ�à:ÜpëÂå�ëéß¬à�ä½êñß¬ï å�æ:á�æ:á��üå�ßråpæ:á

1×1
û®æ{Ý�Üpáiø,
Aà å�æ:á

1×1û:æ{ÝiÜpá
NO
Þ£Ý�àdç®ëîÜpÜñßuÞCë�Ýiåpá¿ëîà_å�ß�Ýiåpß¬ïNëéÞ;ß��,ðuý�á£àºÝ�à®çNà:ëÂå�êñß¬ý¬á£àaø��¿æ:áCêpáCä½ß�êpá � å�æ®á5êñá£è�ÝÅå�ëéí�á£èÂðTÜpæ:Ý�êpûå�êpÝ�à:Üñëéå�ëéß¬à�æ®á��

→ 1×1
ëéÜ�Ý�ÜñÜpß,Þ£ë�ÝÅå�á£ç �¤ëÂå�æ*ÝMÞCß¬êpêñá£ÜpûKß¬à:ç®ëîà:ý¬èÂð�Üñå�áCá£ûúëîà:ÞCêpá£Ý�ÜpáTëéà=å�æ:á�ß��,ð,ý¬áCàÞ£ßbí�á£ê�Ýiý¬á�ø(�)ê�Ý�à:Üñè�Ýiåpá£çgëîà_åpßTå�æ:á�Üñû{Ýiå�ëîÝ�èaç®ëîï�á£à:Üñëîß¬à:ÜÈå�æ:ëéÜ¿ëîÜ;áCâ�ã:ëéíiÝ�èéá£à_å;å�ßwÝià�ëéÜpèîÝ�à:çMý¬êñß��¿å�ægß�äå�æ®á

1×1 � ��
 ad � 
 ad

û:æ{Ý�Üñá!�¤ëÂå�æTåpæ:á¤Üñå�áCá£û�ý¬ê�Ýiç:ëîáCà�åÍÞ£ß¬êñêpá£Üñû|ß�à:ç:ëîà®ýAå�ß�å�æ:á;ä½êñß¬à_å�ý¬êpá�ð�åpß�ò:è�Ý�Þs�ëîàgþ(#(#)% �½ÜpáCá�2&ëîý:ø;ô ��� ÷ � ø��¿æ:á1Þ£ßbí¬áCê�Ý�ý�á£Ü¤ëîà$2eëîý:ø��6á*�uæ:ëîò:ëÂå¤ÝTÜpáCÞ£ß¬à®ç�Üñæ{Ý�êpûºåpê�Ý�à:Üñëéåpëîß¬à �¤æ:á£à
�



2&ëéý¬ã:êpá �A8 @�VUTrNPNif\I�mUQ�GJVUI�e I��MI�e�N(I��]GJ��NrI\_cXbVUmUmUY*GJI�hj_>_J��I��ve VUe ?CVgtFKRw�KR�>NihcN)�[Nba�D NO D �PD3Y*e[L NH3
_kGcY�e[L

��I�h θhex
D θ1×1

NO
D θ1×1

O
D�Y�e[L θ1×1

NH3

KM��o _cXiY*mUN�Vge�f�NZhkGcVUXZY*m�Ysa�Vl_�XiI�hchJN1_k�3I�e[L[_MGcI θhex
�v�[VgmUN�GJ��N hcNZ_kG5I��pGJ�[N _J�3NZXbVUNZ_

XbIsf\NihjY*t\NZ_W_k�[I���N1L �5NihcN�TPQ�m�GcVg�[mgVUNZL$�[NihcN���x Y�hJ��VgGJhjY*hcx�_cXiY�mgN � Y\X�GcI�hj_!e[Y�TrNZmgx\D γNO = 1.5 D γO = 30 Y*eFL
γNH3 = 5 K

Ý�ï�ïNß�à:ë�ÝºÜñå�Ý�êñåpÜ�å�ß�Ý�ç:Üñß¬êpòµÝ�à®ç�êpá£Ý�ÞCå�ß¬àrå�æ®á
NO � 
.ÞCßbí¬á£êñá£ç 1×1

û®æ{Ý�Üpá � Þ�Ý�ã®Üpëîà®ý Ý�Ü­å�á£áCûç:áCÞ£êpá£Ý�ÜpáBëîà1å�æ:á
NO � 
�Þ£ßbí¬áCê�Ý�ý�á)�¤æ:ëéÞ�æ�ëéÜeÝiÜpÜpß,Þ£ëîÝiå�áCç �¤ëÂå�æ�Ý�ÞCß¬êpêñá£Üñû|ß¬à®ç:ëîà:ý�èéð�Üñæ{Ý�êpû�êpëéÜpá�ß�ä®åpæ:áÝ�ï�ïNß�à:ë�Ý�Þ£ßbí¬áCê�Ý�ý¬áiø �¿æ:ëîÜAåpê�Ý�à®Üpëéåpëîß¬à � Ý�Ü �¤ëîèéè&òKá6Üpæ:ß��¤àúëîà*ï�ß¬êpáTç®áCå�Ýiëîè&òKá£èéß�� � Þ£ß¬êñêpá£Üñû|ß�à:ç:Üå�ß�åpæ:á ÜpáCÞ£ß¬à®çFä½êñß¬à_å � Þ�Ý�ã:Üñëîà:ýµÝ�Þ�æ:Ý�à:ý¬á=ä½êñß¬ï ç:Ý�ê1��å�ß¾ò:êñëîý¬æ_åºëéà�þ)#(#)% �[ÜpáCá{2&ëîý®ø ô ��� ÷ � ø�¿æ:á¡êpá£Ý�ÞCåpëîß¬à�ò|á�å��ZáCá£à Ýiç:Üpß¬êñò|áCç�Üñû|áCÞ£ëéá£Ü!�¤æ:ëîÞ�æ�ý¬á£à:áCê�Ýiåpá£Ü

N2

Ý�à:ç
H2O
Þ£Ý�ã:Üñá£Ü5Ý�ç:áCÞ£êñá�Ý�Üñëîà:ýÝ�ç:Üñß¬êpò:Ýiå�á�Þ£ßbí¬áCê�Ý�ý¬áiø 0�ëÂå�æµå�æ:á

1×1
û®æ{Ý�Üpá�ò|áCëîà:ýXà:ßrèéß¬à:ý¬áCêNÜ­å�Ý�ò®ëîèîë 6£áCç�ò_ð�Ý�ç:Üñß¬êpò:Ýiå�á�å�æ:áÜpã®êñä[Ý�ÞCá�êñá£ÞCß¬à:Üñåpêpã:Þ�å�Ü¡ò{Ý�Þs� ëéà�åpßMå�æ:áwæ:á*�*û:æ{ÝiÜpáwã:à_å�ëéè&å�æ:áwëéà:ëéåpë�Ý�è)ÜpëÂå�ã{Ýiåpëîß¬à�ëîÜ�êpá£Ý�Þ�æ:áCç�Ý�ý_Ýiëîà9ø

�5ßiå�á�åpæ{ÝiåAåpæ:ëîÜÀåpê�Ý�à®Üpëéåpëîß¬à�û:êpß,Þ£áCá£ç:Ü1ÞCß¬à_å�ëîà®ß¬ã:ÜpèÂð=Ýià:ç=å�æ:ëéÜAëîÜ	�¤æ{Ýiå �BáwÝ�èîÜñßMÜpáCáwëîà þ(#(#)% 8�ÝÞ£ß�à�åpëîà�ã:ß¬ã®Ü¤åpê�Ý�à®Üpëéåpëîß¬àMä½êñß¬ï ò®êpëîý�æ�å¿åpßwý¬êpá�ð'�[Üñá£á 2&ëîý:ø;ô ��� ÷ � ø
� � � � ��� � �&% ��% 
 ����� 
#������� 
 ��$&% !�� ��� ! �!� � � � 
#��$&% !�� ! � � ��� ���
� ��� ���

� ��% 
#!
ÛÀÜ)á��uû:èîÝ�ëîà®á£ç¡ëîà¡Üpá£Þiø��:ø ��� ëîà_å�êñßuç:ã®Þ£ëîà®ý5Ý¤ûKá£êpïNÝ�à:áCà_å&ç:á�ä½á£Þ�å&ï�ëîï�ëîÞCÜaå�æ:áÈÜpëÂå�ã{ÝÅå�ëîß�à¡ëéà�å�æ:áBþ(#)#)%ëîïNÝ�ý¬áCÜ$�¤æ:á£êñá�ëîÜñè�Ý�à:ç®Ü�Ý�à®ç �;Ý�í�á£Ü=åPð,û:ëîÞ£Ý�èîèÂð à�ã:Þ£èéá�Ýiåpá¾Ýiå�û|áCêpïNÝ�à:áCà�å�Üpã:ê­ä[Ý�Þ£áXç:áCä½áCÞCåpÜ �[Üñá£á
2&ëéý:ø ��� ø �Pà�2eëîý:ø 4 �Záºëéèîèîã®Üñå�êpÝiå�á�å�æ:áºêñá£Üñã:èéåpÜ6ß¬ò®å�Ýiëîà:áCç �¤æ:á£à�Ý=û|áCêpïNÝ�à:áCà�åwç®áCä½á£Þ�å�êpá£ý�ëîß¬à�ëéàå�æ®áÀÞ£áCà_å�á£ê¿ßiä9å�æ:á5Þ£èéã:Üñåpá£êZëéÜZÜñáCå�ø 0Xá ���dåpæ:áÀû{Ýiê�Ý�ï�áCåpá£êpÜÈíiÝ�èîã:áCÜZëéàdß¬êñç:á£êÈå�ß�ý�áCå¿ÝiàMß¬ÜpÞCëîèéè�Ýiåpëîà:ýêpáCý¬ëîï�á;ëéà:Üpëéç:á;å�æ:á�ç:á�ä½á£ÞCåÈêñá£ý¬ëéß¬à�Ý�à:çNÝ1à®ß¬à � ß�ÜpÞ£ëéèîèîÝiå�ëéà:ýÀêñá£ý¬ëéïNá;ß�ã®å�Üñëîç:áiø��PàNç®áCå�Ýiëîè � ß¬ã®å�Üñëîç:á¿åpæ:áÞ£áCà_å�á£ê!�Bá�ëéà:Þ£êñá�Ý�Üñá

θdef

ä½êñß¬ï åpæ:á1ß¬êpëéý¬ëîà{Ýiè|íiÝ�èîã®á�ß�ä 
 ø 
�
3
C� å�ß 
 ø 
�� % + Ý�à:ç�ç:á£ÞCêpá£Ý�Üpá¡å�æ:á¡Ý�Þ �å�ëÂíiÝiå�ëéß¬àNáCà:á£êñý�ð
E2

ä½ß¬êP� 
 ç:ëîÜñÜpß,Þ£ëîÝiå�ëéß¬à�ä½êñß¬ï õ � ø 4 å�ß6õ 4 ��Þ£Ý�è � ïNß¬è −1
�uÜpáCá6ô ��
 ÷aä½ß¬ê�å�æ®áAáCì|á£Þ�å�Üß�ä�å�æ®á£Üpáwû{Ýiê�Ý�ï�áCåpá£êpÜÀëîà�åpæ:á 
 . #-Ü � ��� ø��¿æ:áwëéà:ëéåpë�Ý�è3ÞCß¬à:ç:ëÂå�ëîß�à:Ü�Ý�êñá�å�æ:á6ÜpÝ�ï�á�ä½ß¬êÀåpæ:á��¤æ:ß¬èéáç:ß¬ïNÝ�ëéà9ø&Û�ä°å�á£êBÜpß¬ï�áÀëéà:ëéåpë�Ý�èuå�ê�Ýià:Üpëéá£à_å;ûKá£êñëîß,çNå�æ®áAÞ£áCà�åpê�Ý�è|êpáCý¬ëîß¬àNá£ï�ëéåpÜBû:êñß¬û{Ý�ý¬Ýiå�ëéà:ý�êñá�Ý�Þ�å�ëéß¬àä½êpß�à�åpÜÍå�æ{ÝÅå-û:êpß�û{Ý�ý_Ýiåpá;ß¬ã®å��ZÝ�êñç:Ü-å�ßAå�æ®á�òKß¬ã:à®ç{Ý�êpëéá£ÜÍßiäKåpæ:á¿ç:ß¬ïNÝ�ëéà9ø %�ß¬êpáCß	í�á£ê � ç®ëéì|á£êpáCà_å-ä½êpß¬ïå�æ®áNÜñû{Ýiå�ëîÝ�èîèÂð=æ:ß�ïNß¬ý�á£à:áCß¬ã:Ü1û:æ{Ý�ÜñáNåpê�Ý�à:Üñëéåpëîß¬à:Ü1ß¬òuå�Ý�ëéà:á£çúã:Üpëéà:ý�Ý�å�áCïNûKß¬êpÝ�èÍûKá£êñåpã:êpò:Ýiå�ëéß¬àXëéàÜpáCÞ�ø��:øËõ � åpæ:á1Üñð,Üñåpá£ï.à:ß��nêpá£èîÝ[�uá£Ü¤ëîà_åpßNÝ6Ü­å�Ýiåpá¡ëéà$�¤æ:ëîÞ�ægä½êpß¬à_åpÜ5Ýiêpá�á£ï�ëéåñå�áCç�ûKá£êñëîß,ç:ëîÞ£Ý�èîèÂð¬ø

�



�°¦	 
θ1×1

� ·  
θ1×1

NH3

2&ëéý¬ã:êpá 4 8 ub��E _kVUT)Q�mlYsGcVgI\e&�vVgGJ�)e[I�e���?CVUXj��VlY*e)L�V���Q[_kVUI�eP_k��I��vVUe�tHGJ��N�L�Nif\NimUI���TWNZe\GCI*��hcNZY\X�GJVUI�e(��hJI\e\Gj_�Y\_�_kGcY���mUNhcNZ_J�FI\e[_kN\K5B'�FNZhJT�Y�e�Nie9G>�3NihJGJQ�hc�[YsGcVgI\e f�VUYWTWI�L�V��FXiY*GJVUI�e I*�AGc��N)q ER`��[Y�hcY�TWNbGJNZhc_�VUe Gc��N)XbNZe9GJNih �5Y\_vQ[_JNZL�GcI
TWVgTWVlX�Gc��NPN �3N1X�G�I*� _JQ�hk� Y\XbN)L�Nb��NZXbGc_ZKH;�e�VgGJVlY*mAXbI\e[L�VgGJVUI�e[_P|�VlX�� _c�RY*hcN)_JNbG���I�TWI�t\Nie�NZI�Q[_JmUx�K���Y�TrN)�[Y*hjY*TWNbGcNihj_>Y�_
VUe ?CVUt�Q�hcNW� �5NihcNPQ[_JNZLnK���VgGJNW��mUI�Xj�9VUe�t XbI\e[_=GjY*e9Gc_ _JNbG�GJI | }9��KPq �>^ Y*�[��mgVUNZLnK�|�GJI��3� θ1×1

D �vV�Gc� zmax = 0.70Y*eFL zmin = 0.20 ��o Dp|��3I*GJGJI�T!� θ1×1
NH3

D �vVgGJ� zmax = 0.20 Y*e[L zmin = 0.02 ��o K�<>I�GJN�GJ��N ��VUt��[Nihvf�NZmgI�XiV�G=x�I��GJ�[VU_>_JNZXiI�e[L���hcI�e9GvVge Y*t\hJNZNiTWNie9G��vV�Gc� qM`M` � Nia��3NihcVUTrNZe9Gc_ZK

�¿æ:á�å��BßdåPð,ûKá£ÜÀßiäÍä½êpß¬à_åpÜÀÝ�êñá�ÝièîÜpß�ëîèéèîã:Ü­å�êpÝiå�áCç�ëéà-2eëîý:ø�� � �¤æ:ëéÞ�æ�ç:ëéÜpû:èîÝbð,Ü�á£à:èîÝ�êpý�á£ç�Üñá£Þ�å�ëîß�à:Üß�ä�2&ëîý®ø 4 �[Ý � ø��¿æ:á1Üñèîß��¤ëîà:ýwç:ß��¤à�ß�äeåpæ:á�ä½êpß¬à_åpÜ�åpß��ZÝ�êñç:Ü¿å�æ:á¡ç:ß¬ïNÝ�ëîàºòKß¬ã:à®ç{Ý�êpëéá£Ü¿ëéÜ;å�æ:á¡êpáCÜpã:èÂåß�ä�å�æ®á1þÈù � 	 Ü�Ý�û:û®èîëîáCçMë ø á�øñß�ä�å�æ:á�ÞCß¬èîèéëîÜñëîß¬à�ß�ä�å�æ:áAå��Bß6ä½êpß¬à_åpÜ¤Ýiå;å�æ®á�ç:ß¬ïNÝ�ëîàMòKß¬ã:à®ç{Ý�êpëéá£ÜCø��¿æ:áû:èéß�å�ß�ä
θ1×1

ëîà-2&ëîý®ø �]�[Ý � Üpæ:ß��¤ÜÀåpæ:á�û:êñß¬û{Ý�ý¬Ýiå�ëéß¬à�ßiäÍå�æ:á�û:êpëéïdÝiêñðMä½êñß¬à_å	�¤æ:ëéÞ�æ=ëîà�å�æ:á�þ(#)#)%ëîïNÝ�ý¬áCÜ5ÞCß¬êpêñá£Üñû|ß¬à®ç:ÜÀå�ßMÝNä½êpß¬à_åÀý¬êpá�ð � ò:è�Ý�Þs� ø	�¿æ:á6ÜpáCÞ£ß¬à:ç:Ý�êñð�ä½êpß¬à_åÀëîÜÀà®ß�åÀí,ëîÜñëîò:èéá�ëéà�åpæ:á θ1×1û:èéß�å;òKá£Þ£Ý�ã:Üpá1ëÂå¿ëîÜ;ß�à:èéðNÞ£ß¬à®à:á£Þ�å�á£ç��¤ëéåpægÝTÜpæ{ÝiêpûgÞ�æ{Ý�à:ý�á�ëîàMå�æ®á1Ý�ç:Üpß�êpò{Ýiåpá�Þ£ßbí¬áCê�Ý�ý�á£Ü¤ò:ã®å¤à:ßiåëîà*å�æ®áNÜñã:ò:Üñåpê�ÝiåpádÜ­å�êpã®ÞCå�ã®êpá�ø���ß��Zá�í¬á£ê � ëéå¡Þ£Ý�àròKá�í,ëéÜpã{Ý�èéë76Cá£çúëîàúÝ�û:èéß�å1ß�ä θ1×1

NH3

ç:ëîÜñû:è�Ý�ð�á£çrëéà
2&ëéý:ø �]�½ò � ørÛÀÜwëîà¾å�æ®á�þ(#(#)% ëéïdÝ�ý�á£Ü�åpæ:ëîÜTä½êñß¬à_ådÝiû:û|á£Ý�êpÜwÝiÜwåpê�Ý�à®Üpëéåpëîß¬à¾ò®è�Ý�Þs� � ò:êñëîý¬æ_å£ø �¿æ:áå�æ®ëîêpç�å�êpÝ�à:ÜpëÂå�ëéß¬àNëéàdå�æ®áÀÞCð,ÞCèîëîÞ¤å�êpÝ�à:Ü­ä½ß¬êpïNÝiå�ëéß¬à�ß�ä9å�æ®áAÜpã:ê­ä[Ý�Þ£á5Üñåpêpã:Þ�å�ã:êñá�ëîÜ�å�æ:á�å�ê�Ýià:ÜpëÂå�ëîß�à

1×1

→
æ:á*�µÝ�à:çXå�æ:ëéÜ�å�êpÝ�à:Üñëéå�ëéß¬àrû®êpß,Þ£á£áCç:Ü6Üpû:Ýiå�ëîÝ�èîèÂð ã:à:ëÂä½ß¬êpï � òKß�å�æ¾ëéàXåpæ:áMÜñëîïTã:èîÝiå�ëéß¬à:Ü¡Ý�à:ç�åpæ:áá��uûKá£êñëîï�á£à_å�øXÛ.û:èîß�åTß�ä¤å�æ:áºÜñû{Ýiå�ëîÝ�èZÞCß¬à:ÞCá£à_å�êpÝiå�ëéß¬àµû:êpß��:èîá£Ü�ëîÜ6ê�ÝÅå�æ:áCêTÜpëéïNëéè�Ý�ê1å�ß{2&ëéý:ø��=Ý�à:çå�æ®á£êpá�ä½ß¬êpá1à:ßiå¤êpá£û®êpß,ç:ã:Þ£áCç�æ:áCêpáiø

Aà:á�í¬á£ê­ðgÜñåpêpë7��ëéà:ýwç:ëéì|á£êñá£à:ÞCá¡òKáCå��Bá£áCà=û:êñëîïNÝ�êñðdÝ�à:ç�ÜpáCÞ£ß¬à:ç:Ý�êñðºä½êñß¬à_å5ëéÜ;å�æ:á1ïTã®Þ�æ�æ:ëéý¬æ:áCêä½êpß�à�å�í�á£èéßuÞCëéåPð=ßiäÈåpæ:áwè�Ýiåñå�áCê��¤æ:ëîÞ�æúëîÜ5ä[Ý�Üñåpá£ê1ò_ð êpß¬ã®ý¬æ:èéð�ÝMä[Ý�ÞCåpß¬ê�ß�ä�å��Bß:ø �¿æ:ëîÜ�ç®ëéì|á£êpáCà:Þ£áwëéÜêpáCû:êpß,ç:ã:ÞCá£ç�ëîà�åpæ:áºÜpëéïTã:è�ÝÅå�ëîß�à:Ü¡ð,ëéá£èîç®ëîà:ý�ä½êñß¬à_å6í¬áCèîß,Þ£ëéåpëîáCÜTß�ä �

µm � ÜwÝ�à:ç ��4 µm � ÜTä½ß¬ê�åpæ:áû:êñëîïNÝ�êñðMÝ�à:ç�Üñá£ÞCß¬à:ç{Ý�ê­ð�ä½êñß¬à_å � êpáCÜpûKá£Þ�å�ëéí�á£èÂð¬ø��¿æ:á�ê�Ýiåpëîßwß�äÍåpæ:á�á*�uû|áCêpëîï�á£à_å�Ý�è3ä½êpß¬à_å�í¬á£èéßuÞCëéåpëîá£ÜÝ�êñáwåpæ�ã:Ü1êpá£û®êpß,ç:ã:Þ£áCç�Ý�Ü1ç:áCïNß�à:Üñåpê�Ýiåpá£çúò�ð �&Ý�ò®èîáNõ � Üpã®ïNïNÝ�êpë 6£ëéà:ýMß¬ò:Üñá£ê­í¬á£ç�Ý�à:ç*Þ�Ý�èéÞ£ã:èîÝiå�áCçä½êpß�à�å6í�á£èéßuÞCëéå�ëéá£ÜCø �¿æ:ágâ�ã{Ý�à_åpëéå�ÝÅå�ëéí�áMç:ëÂìaáCêpá£à®Þ£ágò|á�å��ZáCá£à�á��uû|áCêpëéïNáCà�å�Ý�è;Ýià:çµÜpëîï�ã:è�Ýiåpá£ç�ä½êñß¬à_åí¬áCèîß,Þ£ëÂå�ëîáCÜBæ:Ý�Ü;ëéåpÜZß¬êñëîý¬ëéàdëéàNå�æ®áAè�Ý�Þs��ß�ä�û:êñá£ÞCëîÜpáAÝ�à:çMêñá£èîëîÝ�ò:èéá5ç{ÝÅå�Ý�ä½ß¬êÈå�æ:áÀç:ëéì|ã:Üpëéß¬àdÞCß¬à:Ü­å�Ý�à_å�ÜCø
�¿æ:áAã®à:Þ£áCêñå�Ýiëîà_åPðwå�æ:áCêpá£ëéà �¤æ:ëéÞ�æMëîÜÈá£Ü­å�ëîïNÝiåpá£çNåpß6Ý�ï�ß¬ã:à_åÈå�ß�ÜñáCí�á£ê�Ýièaß¬êñç:á£êñÜ;ß�ä3ïNÝ�ý¬à:ëÂå�ã:ç®á�Þ£Ý�àá�ÝiÜpëîèÂðMá*�®û®è�Ý�ëéàMå�æ:á1â�ã{Ý�à_å�ëÂå�Ýiåpëéí�á¡ç®ëéì|á£êpáCà:Þ£áCÜ£ø
� �dØ � � ��Õ � �¡Ó�× � ØºÔ ��ÖwÖ
	

Aã:ê-à:á�� êpá£Ý�èîëéÜñåpëîÞÈïNß,ç:á£è®ß�ä å�æ:á

NO � NH3

êpá£Ý�ÞCåpëîß¬à6ß�àNþÍå�� ��
�
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