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¯ Ñrp�Ê�Î^à¢×�Ô�ÔMÆ¢Î^×�à¥Ô�ÎiÐÒÊ"p�ÊnÔ^Õ'ÑSnco�ÍMÔ�È�Ñ�Í3Ô¡ÊnÎ©ÑmÇ¥Ó²Ñ�ÍMÓÒÊ^Í3Æ¢Ç²Ô¡Ø¸×�Î©Ê�Õ'ä#ÐÒÊnÇ²×1Ø�Ø¥à ÆÉÊnÓ�Ó�ÆÉÍ�ÊnÎ©È�à¢ßzÈ¡Ñ�È�Ð�Æ¢Ô�Ô�ß'Ô¡È¡Ê"p
ä#Æ¢à¢àmÍMÊnÔ�Ý�àÉÈ¤È¡Ñ Î©Ñrp�Ø¥ÝÒÈ�×1È�Æ¢ÑmÇ�×�àÒÔ¡Ñmà¢ÝÒÈ�Æ¢ÑmÇ�Ô¤ä�ÆÉÈ�Ð4Ó�ÆxÌ]Ý�Ô�ÆÉÙ�Ê@Ñ�Í�ÑmÔ�Î^Æ¢à¢à ×1È¡Ñ�Í�ß�ÜRÊnÐ�×�Ù'ÆÉÑ�Í�Õ�ÊnÔ�ØÊnÎ^Æ ×�à¢àÉß�Î^àÉÑmÔ�Ê3È¡Ñ
ÔMÐÒÑ'Î�°'Ô Em Ñ�Ñ�Ù�Ê^ÍMÎ©Ñrp�Ê�È�Ð�Æ Ô�Ó�Æ�±5Î^Ý¥àÉÈ�ß�Ô¡Ê^Ù�Ê^ÍM×�àPp�Ñ�Ó�Æ�o¥Î^×1È�Æ¢ÑmÇ�Ô�ÑSn`Ô�Ý�ÎiÐ5Ô�ÎiÐÒÊ"p�ÊnÔ3Ð�×nÙ�ÊGÜRÊ^ÊnÇ²Ø�ÍMÑ�ØÑmÔ�ÊnÓ
Æ Ç�È�ÐÒÊ�à¢ÆÉÈ¡Ê^Íi×1È�ÝÒÍ�Ê³ä�ÐÒÊ^ÍMÊ�È�ÐÒÊ�ÇÒÊnÎ©ÊnÔMÔ�×1Í�ß�Ô¡È�×1Ü¥Æ¢à ÆÉÈ�ß�×�Ç�Ó�Ù�Æ¢Ô�Î©ÑmÔ�Æ¢È�ß²p�ÊnÎMÐ�×�Ç¥Æ¢Ôlp²Ô²×1ÍMÊ(Æ;p�ØRÑmÔ¡ÊnÓw³�Ü'ß
Ð¥×�Ç�Ó^´  Ï�ÊnÔ�Ðs×�Ó�×1Ø�È�×1È�ÆÉÑmÇ®Æ¢ÔG×µp5×�Æ¢Ç�Î^ÝÒÍMÍ�ÊnÇ�ÈGÔ¡È¡Í�Ên×Sp È¡Ñ�ä�×1ÍMÓ�ÔGÈ¡Ñ´Ê3±5Î^ÆÉÊnÇPÈ�àÉß�Î©Ñrp�Ø¸ÝÒÈ¡Ê�Ç'Ý^p�Ê^ÍiÆ¢Î^×�à
Ô�Ñmà¢ÝÒÈ�ÆÉÑmÇ�Ô�ÑSn�Î©Ñrp�Ø¥à¢Ê)t¶Ô�ß'Ô¡È¡Ê"p5ÔdÜPß¶Æ¢Ç¥Î©Í�Ên×�Ô�Æ¢ÇXs´È�ÐÒÊ5Í�ÊnÔ¡Ñmà¢ÝÒÈ�Æ¢ÑmÇsÑSn@È�ÐÒÊ5ÊnÔ�Ô¡ÊnÇPÈ�Æ¢×�à�Ô¡Ñmà¢Ý�È�ÆÉÑmÇ  ¯ Ê^Ù�Ê^ÍM×�à
ÍMÊnÓ�Æ¢Ô¡È¡ÍMÆ¢Ü¥ÝÒÈ�ÆÉÑmÇ(È¡ÊnÎMÐ�Ç¥Æ;¶PÝ�ÊnÔ�Ð�×�Ù�Ê5ÜRÊ^ÊnÇ
Æ¢ÇPÈ¡Í�Ñ�Ó�Ý�Î©ÊnÓ¶Æ¢Ç"È�ÐÒÊ5ÇÒÊn×1ÍzØ¥×�Ô¡ÈqnWÑ�ÍzÔ¡Ñmà¢Ù'Æ¢Ç^s³È�ÐÒÊ²Ø�Í�Ñ�Ü¸àÉÊ"p ÑSn
Ø¥Í�Ñ�ØRÊ^Íip²ÊnÔ�Ð�Ô¡ÊnàÉÊnÎ©È�ÆÉÑmÇ]Õ3Ô¡È�×1Í�È�Æ¢Ç^s®ä#ÆÉÈ�Ð=È�ÐÒÊ ¯ Ênà�nTâ�Ö#ÓJ·�Ý�Ô¡È�Æ ÇXs¸p�Ê^È�Ð�Ñ'Ó=ÑSn�Þ#×1Í�È¡ÊnÇ`Õ@Þ#ß>p²×�Ç¹� ZSZ ��È¡Ñ
È�Ð�Ê4Ï�Ñ�Ù�Æ¢ÇXs�Ï�ÊnÔ�Ðºp�Ê^È�ÐÒÑ�Ó�Ô�ÑSn@Ö¼»n×1Í�ÊnÇ�ÑS°¸Õ`Å�×®»nÆ¢ÑÒÕc½uÙ1×�ÇÒÊnÇX°�ÑÒÕ`ã¦Ê^Ù�Ê"¶PÝÒÊ�Õ¦Ï(×�Îl°�ÊnÇ^»nÆÉÊ�Õ ¯ È¡Ñ�Îl°�ÆÉÊ�Õ m ×1Ñm ×�ÇXsÒÕmÞGÝ�×®»nÐÒÑmÇXs m ×�ÇXsÒÕm×�Ç�ÓzÑ�È�ÐÒÊ^ÍMÔ�� Ô¡Ê^Ê�Ü¥Æ¢Ü¥à¢ÆÉÑSs�ÍM×1Ø¸Ð�ß£� ¾S��Õ¿�ÁÀSÀJ��Õ¿� ZSZ ��Õ¿��ÂJ��Õ¿� Z õJ��Õ¿� Z ¾S��Õ¿� ôJ��Õ¿� õ���Õ¿�ÁÃJ��Õ¿�ÁÄ®��Õ� Z öS��Õj� Z ÀJ��ÕE� Z ó®��Õj� Z ô®��Õj� Z Â���ÕE� Z Ã®��Õj� Z Ä®��Õj�ÁÀ1ö®��ÕE�ÁÀ Z ��ÕE�ÁÀ�ó®��Õj�ÁÀJ¾S��� �m Ð�ÊnÔ¡Êep�Ê^È�ÐÒÑ�Ó�Ô#Î^×�à¢Î^Ý�à¢×1È¡Ê È�Ð�ÊzÔ¡Ø¥×1È�Æ ×�à
ØRÑmÔ�Æ¢È�ÆÉÑmÇ�Ô¤ÑSnRÈ�ÐÒÊ�ÇÒÑ�ÓÒÊnÔ�ÑSnRÈ�ÐÒÊ�Ç�Ê^äÅp�ÊnÔ�Ð]ÕPÔ¡Ñrp�Ê/ÑSnRÈ�ÐÒÊ"pèÜPß4Ô¡ÑmàÉÙ�Æ¢ÇXs ×�ÇgÆ@Ý�àÉÊ^Í¡â�ã|×®s�ÍM×�ÇXs�Ê/Ê"¶'Ý�×1È�ÆÉÑmÇ`Õ
ä#ÐÒÊ^Í�Ê Ñ�È�ÐÒÊ^ÍiÔ/Ü'ß³Ñ�Ø�È�Æ;p²Æ�»nÆ ÇXs4Ø�Í�Ñ�ØRÊ^Í/ÊnÇÒÊ^Íls�ßNp²Ê^È¡ÍMÆ¢Î^Ô  Ö#à à]ÑSn�È�ÐÒÊ"p Ð¥×nÙ�Ê4×�Ô�Î©Ñrpgp�ÑmÇ¸n ×�Î©È¡Ñ�ÍGÈ�Ð¥×1È
È�Ð�Ê^ß=Î^×�Ç�ÜRÊ³Î©ÑrpzÜ¥Æ¢ÇÒÊnÓ�ä�Æ¢È�Ð�×�Ç�ß�ÇPÝ¿p�Ê^ÍMÆ¢Î^×�à�Ô�ÎiÐÒÊ"p�ÊÇ�Èp²×®°�Æ¢ÇXs¶×1Ø�Ø¥Í�Ñ�Ø�ÍMÆ¢×1È¡ÊLp�Ñ�Ó�Æ�o¸Î^×1È�ÆÉÑmÇ�Ô��qnTÑ�Í
Æ Ç�Î©Í�Ên×�Ô�Æ¢Ç^s4Æ¢È�Ô�Í�ÊnÔ¡Ñmà¢Ý�È�ÆÉÑmÇ ½�Ç4È�Ð�Æ Ô�ä@Ñ�Í�°zÈ�ÐÒÊ�Ê^Ù�ÑmàÉÙ'Æ ÇXsqp�ÊnÔ�Ð�Æ¢Ô¹Î©ÑmÇ�Ô¡È¡ÍMÝ�Î©È¡ÊnÓ5Ô�Ý�ÎMÐ²È�Ð�×1È¹ÆÉÈ3É Ô�Ô�Ø¥×1È�Æ¢×�à�Í�ÊnÔ¡Ñmà ÝÒÈ�ÆÉÑmÇ�Æ¢Ô�Î©ÑmÇPÈ¡Í�Ñmà¢à¢ÊnÓ
Ù�Æ¢×/Ô�ÊnàÉÊnÎ©È�ÆÉÙ�Ê@ÎiÐ�×1ÍM×�Î©È¡Ê^ÍMÆ Ô¡È�Æ¢Î^Ô¤ÑSn�È�ÐÒÊ@Î©Ñrp�Ø¸ÝÒÈ�Æ¢ÇXs�Ô�Ñmà¢ÝÒÈ�ÆÉÑmÇ EÊ ÝÒÍ¨p5×�Æ¢Ç ×�Æ;p ÐÒÊ^Í�Ê¹Æ Ô`È¡Ñ�Ê)t�ØRÊ^ÍMÆ;p�ÊnÇPÈ�×�à¢àÉß
Ô�È�Ý�ÓÒß È�ÐÒÊ�ÜRÊnÐ�×�Ù'Æ¢Ñ�Í¤ÑSnPo¥Ç�Æ¢È¡Ê3Ó�ÆÉÌÊ^Í�ÊnÇ¥Î©Ê�ÔMÎMÐÒÊ"p�ÊnÔnÕmä�ÆÉÈ�Ð�Ñ�Í�ä�Æ¢È�ÐÒÑmÝÒÈIÔ¡È�×1Ü¥Æ¢à¢Æ;»n×1È�ÆÉÑmÇip�ÊnÎMÐ�×�Ç¥Æ¢Ôlp²Ô^Õ�Ü¸ÝÒÈ
Ý¥Ç�ÓÒÊ^Í�È�ÐÒÊdÍ�Ê3smÆËp�Ê ÑSn¤È�Ð�Æ¢Ô�×�Ó�×1Ø�È�Æ¢Ù�Ê Ê^Ù�ÑmàÉÙ�Æ¢ÇXsgp�ÊnÔ�Ð ÌÊ ÝÒÍ/ÎiÐÒÑmÆ¢Î©Ê ÑSn�Î^à¢×�Ô�ÔMÆ¢Î^×�à]Ô�ÎMÐ�Ê"p�ÊnÔ�Æ¢Ç¥Î^à¢Ý�ÓÒÊ`nTÑ�Í
Ê)tÒ×Sp�Ø¥à¢Ê�È�ÐÒÊÍo¥ÍMÔ¡È]Ñ�ÍMÓÒÊ^Í¤Û/Ñ'Ê@Ô�ÎiÐÒÊ"p�Ê�Õ1È�ÐÒÊ3Ô¡ÊnÎ©ÑmÇ�Ó Ñ�ÍiÓÒÊ^Í|ã|×JtPâ�Î¶ÊnÇ�Ó�Í�Ñ1Ì5×�Ç�ÓzÏ(×�Î�á3Ñ�Í�p5×�Îl°zÔMÎMÐÒÊ"p�ÊnÔ
×�Ç¥Ó�×�à¢Ô¡ÑdÔ¡Ñrp�Ê mGÏ Ë-Ô�ÎMÐÒÊ"p²ÊnÔ Km ÐÒÊ�×�Ó�×1Ø�È�ÆÉÙ�Ê�Ø¥Í�Ñ'Î©ÊnÓ¥ÝÒÍ�Ê�Ô¡È�Ý�Ó�ÆÉÊnÓ4Æ¢Ç�È�Ð�Æ Ô|ä3Ñ�Íl°�Æ¢ÔIÜ¥×�Ô¡ÊnÓ4ÑmÇ�×Ðp�ÊnÔMÐ
ÍMÊnÓ�Æ¢Ô¡È¡ÍMÆ¢Ü¥ÝÒÈ�ÆÉÑmÇ5ØÑmà Æ¢Î©ß5È�Ð�×1È�Ê^Ù�ÑmàÉÙ�ÊnÔ/ä�Æ¢È�Ð�Æ¢Ç<Ê^Ù�Ê^Í�ß³Î©Ñrp�Ø¥ÝÒÈ�×1È�Æ¢ÑmÇ�×�à]È�Æ;p�Ê Ô�È¡Ê^Ø Ím ÐÒÊdÜ¸×�Ô�Æ¢Î�Ø�ÍMÆ Ç�Î^ÆÉØ¥àÉÊ
ÑSn|È�ÐÒÊ Ô�ÝXsSs�ÊnÔ�È¡ÊnÓNp�ÊnÔ�Ð´Í�ÊnÓ¥Æ¢Ô¡È¡ÍMÆÉÜ¸ÝÒÈ�ÆÉÑmÇ5Æ Ô@È¡ÑF�WÍMÊ���Ó�Æ¢Ô¡È¡ÍMÆ¢Ü¥ÝÒÈ¡ÊGÈ�ÐÒÊdÇÒÑ'Ó�ÊnÔ�ÑSn¦È�ÐÒÊÐs�ÊnÇÒÊ^Íi×1È¡ÊnÓ³Ø¥×1Í�È�ÆÉÈ�Æ¢ÑmÇ
ä#ÆÉÈ�Ð³Í�ÊnÔ¡ØRÊnÎ©È#È¡Ñµs�Ê^Ñrp�Ê^È¡ÍiÆ¢Î^×�àIÎMÐ�×1ÍM×�Î©È¡Ê^ÍiÆ¢Ô¡È�Æ¢Î^Ô#ÑSn�È�ÐÒÊzÔ�Ñmà¢ÝÒÈ�ÆÉÑmÇ Gm Ð�ÊnÔ¡ÊzÎiÐ�×1ÍM×�Î©È¡Ê^ÍMÆ¢Ô�È�Æ¢Î^Ô#×1ÍMÊzÓÒÊ3o¥Ç�ÊnÓ
È�Ð�Í�ÑmÝXsmÐ�×sØRÑmÔ�ÆÉÈ�ÆÉÙ�Ê�n Ý�Ç�Î©È�ÆÉÑmÇ�×�à@ÑSnGÈ�ÐÒÊ³Ô¡Ñmà¢ÝÒÈ�ÆÉÑmÇ`Õ�È�ÐÒÊ³Ô¡Ñ"Î^×�à¢àÉÊnÓ¹�)���È��Ñ£�r��Ò®ÓqÔ��>xP�"�È��Ò®xÕ� Z ��ÕÖ�ÁÀJ��Õ`� ó®� 
Ö`p�ÑmÇXs(Ñ�È�ÐÒÊ^Í�ÊnÔ¡È�Æ;p²×1È¡Ñ�Í×nWÝ¥Ç�Î©È�ÆÉÑmÇ�ÔenTÑ�Í4ÓÒß�Ç�×Sp²Æ¢Î£Ø@Ë`Æ¼É Ô^Õ�à¢Æ�°�Ê²È�Ð�Ê<×1ÍMÎUâ�à¢ÊnÇXs�È�Ð ×�Ç¥Ó"Ù1×1ÍMÆ¢×�Ç�Î©Ê�ÕIä3Ê
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Exact
LF-Adaptive lml
Roe-Adaptive nmn
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Exact
LW-Adaptive omo
MacCormack-Adaptive pmp
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MUSCL
Exact
MUSCL-Adaptive qrq
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Exact
LW + Ref. tmt
MacCormack + Ref. umu
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MUSCL
Exact
MUSCL-Adaptive vrv
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Î7ÐÒÊ^Í�Ê � � D �zÆ¢ÔzÈ�ÐÒÊ�	¥Ý�t n Ý�Ç�Î©È�ÆÉÑmÇ=×�Ç�Ó Ú Æ¢Ô�È�Ð�Ê´Ô�ÑmÝÒÍMÎ©Ê<È¡Ê^Í�p  Î¶Ê�Î^×�Ç=Ç'Ý^p�Ê^ÍiÆ¢Î^×�à¢àÉß¶×1Ø�Ø�ÍMÑ"tÒÆxâp5×1È¡Ê<Ô¡ß�Ô¡È¡Ê"p �qô ;Z �dÜ'ß"Ý�Ô�Æ ÇXs³È�ÐÒÊ5Ê)t�Ø¥à¢Æ Î^ÆÉÈ Î©ÑmÇ�Ô¡Ê^Í�Ù1×1È�ÆÉÙ�Ê´ÇPÝ¿p�Ê^ÍMÆ¢Î^×�à@Ô�ÎMÐÒÊ"p²Ê5ä�ÆÉÈ�Ð ×�Ô¡ÑmÝ�ÍMÎ©Ê5È¡Ê^Í�p
×1Ø¥Ø�Í�Ñ"tÒÆ;p²×1È�Æ¢ÑmÇ´ä�ÆÉÈ�Ð�Æ¢Ç<È�ÐÒÊÐo¸Ç�ÆÉÈ¡Ê Ó�ÆxÌRÊ^Í�ÊnÇ�Î©Ê©â�Ù�Ñmà Ý^p�ÊÐnWÍM×Sp�Ê�Õ�×�ÔD 3`' §¥ � D 3¥ . ��4�£ú ¥H� � 3¥ ' �) . � 3¥ E �)r� ¢ ��4�iú ¥2�Ú 3¥ � �qô  Àr�

Z Â



LW
MacCormack
Exact
LW-Adaptive �r�
MacCormack-Adaptive �r�
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MUSCL
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MUSCL-Adaptive �r�
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ÅIÆ�smÝ�Í�Ê Z ó>u Ø Ý�Î�°'à¢Ê^ß�â�ã¦Ê^Ù�Ê^Í�Ê^È¡È³Ø�Í�Ñ�Ü¥à¢Ê"pLu¿�#Ý^p²Ê^ÍMÆ¢Î^×�àGÔ¡Ñmà¢ÝÒÈ�ÆÉÑmÇ¥ÔgnWÑ�Í[È�ÐÒÊ¶ÏLK ¯ á�ã ÔMÎMÐÒÊ"p�ÊÙ� e.�
ö�¬ Z ö�� ð ��ö�¬ ö�örÃSÃr�
ä#ÐÒÊ^Í�Ê�×®sm×�Æ¢Ç � 3¥ ' �) �+*�� Z ��À>�3¬3¬3¬+�-,/. Z Æ¢Ô�È�ÐÒÊzÇ'Ý^p�Ê^ÍiÆ¢Î^×�à�	¥ÝXt�n Ý�Ç�Î©È�Æ¢ÑmÇ]Õ¥×�Ç�Ó(È�ÐÒÊz×1Ø¥Ø�Í�Ñ"tÒÆ;p²×1È�Æ¢ÑmÇ
ÑSn¤È�ÐÒÊ Ô¡ÑmÝ�ÍMÎ©ÊdÈ¡Ê^Í�p �Ú 3¥ Æ¢Ô�Î©ÑmÇ�ÔMÆ¢ÓÒÊ^Í�ÊnÓ´×�Ô�È�ÐÒÊzÎ©Ênà¢à]×nÙ�Ê^ÍM×®s�ÊzÙ�×�à ÝÒÊg� ÇPÝ^p²Ê^ÍMÆ¢Î^×�à]Ô¡ÑmÝÒÍiÎ©Ê Æ¢Ç�È¡Ê3s�Íi×�à]Ñ�Ù�Ê^Í
È�Ð�Ê Î©Ñrp�Ø¥ÝÒÈ�×1È�ÆÉÑmÇ¥×�à`Î©Ênà¢à@�3Ô�×1È�Æ Ô�nTß�Æ¢ÇXs4È�ÐÒÊ�Í�Ênà¢×1È�ÆÉÑmÇ�ÔMÐ�ÆÉØ�Ú 3¥ � Z�£ú ¥ � © ª � �)© ª � �) Ú ��úÞ� D 3 �7�rú¨� �qô  ór�
×�Ç¥Ó�×®nWÈ¡Ê^ÍGÎiÐÒÑPÑmÔMÆ¢ÇXs5È�Ð�Ê�ÇPÝ¿p�Ê^ÍMÆ¢Î^×�à�	¥Ý�t�nWÝ�Ç¥Î©È�ÆÉÑmÇ�ÆÉÈ�Í�Ê"p²×�Æ¢Ç�Ô/È¡Ñ<ÎiÐÒÑPÑmÔ�Êz×�Ç®×1Ø�Ø�Í�Ñ�Ø�ÍiÆ¢×1È¡Ê�×1Ø�Ø�ÍMÑ"tÒÆxâp5×1È�ÆÉÑmÇ�� ÓÒÊ^ØRÊnÇ�Ó�Æ ÇXszÑmÇ�È�ÐÒÊ�Ô�ÎiÐÒÊ"p�Ê�Ý�Ô�ÊnÓ{��nTÑ�Í�È�ÐÒÊ�Ç'Ý^p�Ê^ÍMÆ¢Î^×�à]Ô�ÑmÝÒÍMÎ©Ê Æ¢ÇPÈ¡Ê3s�ÍM×�à �Ú 3¥ 
ÅÒÑ�Í�È�ÐÒÊzÔ¡È�×1È�ÆÉÑmÇ�×1Í�ß´Î^×�Ô¡Ê�Õ D ¡ �7ö�Õ�È�ÐÒÊH	¸Ý�tµn Ý�Ç�Î©È�ÆÉÑmÇ³×�Ç¥Ó�Ô¡ÑmÝÒÍMÎ©ÊdÈ¡Ê^Í�p Ü¥×�à¢×�Ç¥Î©Ê� � D � © � Ú � D ��¬

m ÐÒÊ^Í�Ê3nWÑ�Í�Ê�Õ@×�Ç ×�Î^Î^ÝÒÍM×1È¡Ê�Ç'Ý^p�Ê^ÍMÆ Î^×�à�Ô�ÎMÐÒÊ"p²Ê�Ô�ÐÒÑmÝ�à Ó=×�à Ô¡Ñ"Ü¥×�à¢×�Ç¥Î©Ê³È�ÐÒÊ�ÇPÝ¿p�Ê^ÍMÆ¢Î^×�à�	¥ÝXt ä�ÆÉÈ�Ð�È�Ð�Ê
Z Ã



Ô�ÑmÝÒÍMÎ©ÊdÈ¡Ê^Í�pZ×1Ø�Ø�Í�Ñ+t�Æ;p5×1È�ÆÉÑmÇ]Õ � 3¥ ' �) . � 3¥ E �) � �Ú 3¥ �qô  ¾Y�
m ÐÒÊ5Ç'Ý^p�Ê^ÍMÆ¢Î^×�à¹Ô�ÎMÐÒÊ"p²ÊnÔzØ¥Í�ÊnÔ¡ÊnÇPÈ¡ÊnÓ
ÇÒÊ)t�ÈzÆ¢Ç¥Î©Ñ�Í�ØRÑ�ÍM×1È¡Ê²È�ÐÒÊ<ÇPÝ^p²Ê^ÍMÆ¢Î^×�à¹Ô�ÑmÝÒÍMÎ©Ê[Æ Ç�È¡Ê3s�ÍM×�à@Æ¢Ç"Ô�Ý¥ÎMÐ=×
ä�×nß´È�Ð�×1È#Ô�×1È�Æ¢Ô�nWßº�qô  ¾Y� ��QSR º»è�V�f [B[]¼�U=ViíXVW�±è�å»[�ë=[O_`V\íp[;è��l¼³èLé9[kV åk�¸ê(_�ä�èLé���ê2�B[��Bä�_`U [kèLç9å�¼³VI_`V åFíq[
m ÐÒÊ ÇPÝ¿p�Ê^ÍMÆ¢Î^×�à
	¥ÝXtµnWÑ�Í/È�ÐÒÊ�Û�ÑPÊ ÝÒØ'ä�Æ¢Ç¥Ó<ÔMÎMÐÒÊ"p�ÊzÎ^×�Ç�ÜRÊ�ä/ÍMÆÉÈ¡È¡ÊnÇ�Æ Ç´È�ÐÒÊÐnTÑ�Í�p� �����¥ ' �) � ZÀ � � ¥ ' § ¢ � ¥ .;� ¥ ' �) � D ¥ ' § . D ¥ � � ¬ �qô  ôr�
m ÐÒÊqp²×1È¡ÍMÆ t�� ¥ ' �) Æ Ô�È�ÐÒÊ Û/Ñ'Ê©â�È�ß'ØRÊ�à¢Æ¢Ç�Ên×1ÍMÆ�»n×1È�ÆÉÑmÇ³×�Ç�Ó³ÔM×1È�Æ¢Ô�o�ÊnÔ� ¥ ' § . � ¥ ��� ¥ ' �) � D ¥ ' § . D ¥ ��� �qô  õr�
×�Ç¥Ó Ð�×�ÔzÍ�Ên×�à3ÊnÆ�s�ÊnÇPÙ�×�à ÝÒÊnÔÜ� H÷ ¯¥ ' �) �iÕ9®²� Z �3¬3¬3¬+��� ×�Ç�Ó�×®Î©Ñrp�Ø¥àÉÊ^È¡Ê´Ô¡Ê^È�ÑSn/ÊnÆ�s�ÊnÇPÙ�ÊnÎ©È¡Ñ�ÍMÔF�¡ ½ ¯¥ ' �) � Û�Ê^Ø�Í�ÊnÔ¡ÊnÇPÈ�Æ¢ÇXs²Ç�Ñ�ä D ¥ ' § . D ¥ Æ¢Ç´È¡Ê^Í�p5Ô�ÑSnIÈ�ÐÒÊdÊnÆ�s�ÊnÇPÙ�ÊnÎ©È¡Ñ�ÍMÔGÑSn|È�ÐÒÊzÛ/Ñ'Ê à¢Æ¢ÇÒÊn×1ÍMÆ;»n×1È�ÆÉÑmÇ]ÕÒÆ  Ê D ¥ ' § . D ¥ � �¤¯ ¦¨§9¢ ¯¥ ' �)  ½ ¯¥ ' �) �qô  ÂS�
È�Ð�ÊnÇLnTÍMÑrpõ�qô  õr� � ¥ ' �) � D ¥ ' § . D ¥ �K� �¤¯ ¦¨§ H÷ ¯¥ ' �) ¢ ¯¥ ' �)  ½ ¯¥ ' �) ¬ �qô  Ãr�
m ÐÒÊnÇ´È�ÐÒÊ�Û�ÑPÊ Ç'Ý^p�Ê^ÍMÆ Î^×�à
	¥Ý�t³Î^×�Ç³ÜRÊdä/ÍMÆÉÈ¡È¡ÊnÇ³×�Ô� �����¥ ' �) � ZÀ¤£ � ¥ ' § ¢ � ¥ . �¤¯ ¦¨§ g H÷ ¯¥ ' �) g ¢ ¯¥ ' �)  ½ ¯¥ ' �)¦¥ ¬ �qô  Är�
m ÐÒÊ ¢ ¥ ' �) �Wä�×nÙ�Ê�Ô¡È¡Í�ÊnÇXs�È�Ð�Ô��3Ù�×�à ÝÒÊnÔDnTÑmà àÉÑ�ä¹nWÍ�Ñrpõ�qô  ÂS� 
ç À¸é|Á�ìm½�í�½PÁ Å§DJ¨ ¿[ð ò|Â¤ð ò@©�Í m Ð�Ê Æ¢Ç�È¡Ê3s�Íi×�à]ÑSn Ú Õ¥Æ¢Ç´Ê"¶'Ý�×1È�ÆÉÑmÇ��qô  ór�iÕ¸Ñ�Ù�Ê^ÍGÈ�ÐÒÊ Î©Ênà¢àÍ� ú ¥ E �) ��ú ¥ ' �) �Æ ÔDo�ÍMÔ¡È�ä/ÍiÆÉÈ¡È¡ÊnÇ³Æ¢ÇPÈ¡Ñ5×�Ô�Ý^p�ÑSn¤È�ä3Ñ[Æ Ç�È¡Ê3s�ÍM×�à Ô/Æ¢Ç´È�ÐÒÊµ� ú ¥ E �) ��ú ¥ ��Õ¨� ú ¥ ��ú ¥ ' �) �¦×�Ô^Õ

Z�iú ¥ � © ª � �)© ª � �) Ú ��ú¨� D 3 �7�RúL� Z�£ú ¥Jª« � © ª© ª � �) Ú ��úÞ� D 3 �7�Rúi¢ � © ª � �)© ª Ú ��ú¨� D 3 �7�Rú�¬¸¬ �qô ;Z öR�
m ÐÒÊ�ÝÒØ'ä�Æ¢Ç�Ó�Ó�Ê3o¥Ç�ÆÉÈ�ÆÉÑmÇ²ÑSn]È�ÐÒÊ#×1Ø�Ø¥Í�Ñ"tÒÆ;p²×1È¡ÊnÓ[Ô¡ÑmÝÒÍMÎ©Ê#È¡Ê^Í�p²Ô �Ú 3¥ nTÑ�Í�ÇÒÑmÇ'Ý�Ç�Æ�nWÑ�Í�pÕs�ÍMÆ Ó�Ô¹Æ¢ÔysmÆÉÙ�ÊnÇ5Ü'ß�Ú 3¥ � Z�iú ¥F® ��ú ¥ .ßú ¥ E § �À �Ú ,¨��ú ¥ E § ��ú ¥ � D 3¥ E § � D 3¥ �ì¢ ��ú ¥ ' § . ú ¥ �À �Ú �Ì��ú ¥ ��ú ¥ ' § � D 3¥ � D 3¥ ' § �<¯�qô ;ZSZ �
ä#ÐÒÊ^Í�Ê �Ú , ×�Ç�Ó �Ú � ×1Í�ÊdÎ©ÑmÇPÈ�Æ¢ÇPÝ�ÑmÝ�ÔDnWÝ¥Ç�Î©È�ÆÉÑmÇ�Ô^Õ>smÆÉÙ�Æ¢ÇXszÈ�ÐÒÊd×nÙ�Ê^ÍM×®s�ÊnÔ#ÑSn Ú ��úÞ� D 3^��ÑmÇ´È�Ð�Ê�ÔMÝÒÜ]Î©Ênà¢à¢Ô� ú ¥ E �) ��ú ¥ ��ÕÞ� ú ¥ ��ú ¥ ' �) �`Í�ÊnÔ¡ØRÊnÎ©È�ÆÉÙ�ÊnàÉß ym ÐÒÊnÔ¡ÊÖnWÝ¥Ç�Î©È�ÆÉÑmÇ�Ô�smÆÉÙ�ÊdÈ�ÐÒÊ ÝÒØ'ä�Æ¢Ç¥Ó²Ù1×�à¢ÝÒÊnÔ�ÑSn¦È�Ð�Ê Ô¡ÑmÝÒÍMÎ©Ê�È¡Ê^Í�p²Ô×�Ç¥ÓLnTÑmà àÉÑ�ä�Æ ÇXs�� õ®�|Î^×�Ç³ÜRÊ ÓÒÊ3o¥ÇÒÊnÓ³×�Ô�Ú ,¥ E �) � ®R° ¢ g � ¥ E �) g � E §¥ E �) ¯ �Ú ¥ E �) � �Ú �¥ ' �) � ®R° . g � ¥ ' �) g � E §¥ ' �) ¯ �Ú ¥ ' �) ¬ �qô ;Z Àr�

Z Ä



m ÐÒÊ[ÓÒÊ3o¸Ç�ÆÉÈ�ÆÉÑmÇ¶ÑSn�È�Ð�Ê"� ¥²± �) ×�Ç�Ó g � ¥³± �) g p²×1È¡ÍMÆ¢Î©ÊnÔ×nWÑmà¢àÉÑ�ä,nWÍ�Ñrp Ê"¶'Ý�×1È�ÆÉÑmÇ��qô  õr�enWÑ�ÍzÈ�ÐÒÊ<Û/Ñ'Ê<à Æ¢Ç�âÊn×1ÍiÆ�»n×1È�ÆÉÑmÇ³×�Ç�Ó´×1Í�ÊdÓÒÊ3o¥Ç�ÊnÓ[Æ¢Ç<È�ÐÒÊ�Ö#Ø�ØRÊnÇ�Ó�Æ t jm ÐÒÊ#È¡Ê^Í�p²Ô �Ú ¥²± �) Í�Ê^Ø�Í�ÊnÔ¡ÊnÇPÈ�×1Ø�Ø�Í�Ñ+t�ÆËp²×1È�ÆÉÑmÇ�Ô@ÑSn Ú×1È#Î©Ênà¢à¢Ôq�5*c. Z �+*'��×�Ç�ÓÇ�5*l�+*9¢ Z ��Í�ÊnÔ¡ØRÊnÎ©È�ÆÉÙ�ÊnàÉß 
Ö#àÉÈ¡Ê^ÍiÇ�×1È�ÆÉÙ�ÊnàÉß�ÕÒä3Ê Í�Ê©â�ä/ÍiÆÉÈ¡Ê��qô ;Z Àr�/Æ Ç³ÓÒÊnÎ©Ñrp�ØRÑmÔ¡ÊnÓLnWÑ�Í�p�Ú ,¥ E �) � �¤¯ ¦¨§9´ ¯¥ E �)  ½ ¯¥ E �) v Z ¢�Ô�smÇÞ� H÷ ¯¥ E �) � � � �Ú �¥ ' �) � �¤ ¯ ¦¨§.´ ¯¥ ' �)  ½ ¯¥ ' �) v Z ."Ô�smÇÞ� H÷ ¯¥ ' �) � � �qô ;Z ór�

ä#ÐÒÊ^Í�ÊdÈ�ÐÒÊdÙ1×�à¢ÝÒÊnÔ�ÑSn ´ ¯¥²± �) ×1Í�Ê Ó�Ê^È¡Ê^Í�p²Æ¢ÇÒÊnÓ�nWÍ�Ñrp�¤¯ ¦¨§ ´ ¯¥³± �)  ½ ¯¥²± �) � �Ú ¥²± �) ¬ �qô ;Z ¾Y���Q1P T8U=V=�:ê��#�¶µ V\éÐã=å�è�·�[]¼�U9V\íqV
m ÐÒÊ/ÇPÝ¿p�Ê^ÍMÆ¢Î^×�à�	¸Ý�t×nWÑ�Í¹È�Ð�Ê�Î^à¢×�Ô�Ô�Æ Î^×�à�Ô¡ÊnÎ©ÑmÇ�Ó5Ñ�ÍMÓÒÊ^Í@ã|×JtPâ�Î¶ÊnÇ¥ÓÒÍ�Ñ1Ì�Ô�ÎMÐ�Ê"p�Ê¼nWÑ�Í@ÇÒÑmÇ¥à¢Æ¢ÇÒÊn×1Í�Ô¡ß�Ô¡È¡Ê"p²ÔnÕ
ÑmÇ�ÇÒÑmÇ�â�Ý�Ç�Æ;nTÑ�Í�p s�ÍMÆ Ó�Ô^ÕÒÎ^×�Ç�ÜRÊdä/ÍMÆ¢È¡È¡ÊnÇ³×�Ô� ,¸8¥ ' �) � � �����¥ ' �) ¢ ZÀ �¤¯ ¦¨§º¹ �iú ¥�iú ¥ ' �) . ��4�iú ¥ ' �) g H÷ ¯¥ ' �) g »sg H÷ ¯¥ ' �) g ¢ ¯¥ ' �)  ½ ¯¥ ' �) �qô ;Z ôr�
ä#ÐÒÊ^Í�Ê��iú ¥ ' �) �w�¼�£ú ¥ ' § ¢=�iú ¥ � � À Ö�	¥ÝXtPâ�à¢ÆËp²ÆÉÈ¡ÊnÓ´Ô¡ÊnÎ©ÑmÇ�Ó³Ñ�ÍiÓÒÊ^Í mGÏ Ë±Ù�Ê^ÍMÔ�ÆÉÑmÇ�ÑSn|È�ÐÒÊzãrÎ Ô�ÎMÐÒÊ"p²Ê�Æ¢Ô�È�ÐÒÊnÇNsmÆÉÙ�ÊnÇ³Ü'ß� ,98½�¾�¿¥ ' �) � � �����¥ ' �) ¢ ZÀ �¤¯ ¦¨§À¹ �iú ¥�iú ¥ ' �) . ��4�£ú ¥ ' �) g H÷ ¯¥ ' �) g » O �RQ ¯¥ ' �) � g H÷ ¯¥ ' �) g ¢ ¯¥ ' �)  ½ ¯¥ ' �) �qô ;Z õr�
ä#ÐÒÊ^Í�Ê Q ¯¥ ' �) � ¢ ¯Á ' �)¢ ¯¥ ' �) ä#ÆÉÈ�Ð Â£� �� � *L. Z �CÆ;n H÷ ¯¥ ' �) ï ö*P¢ Z �CÆ;n H÷ ¯¥ ' �) � ö�� �qô ;Z ÂS�
ä#ÐÒÊ^Í�Ê O Î^×�Ç³ÜRÊ ×�ÇPß´ÑSn|È�ÐÒÊzà¢Æ;p²ÆÉÈ¡Ê^ÍDn Ý�Ç�Î©È�ÆÉÑmÇ´Ø¥Í�ÊnÔ¡ÊnÇPÈ¡ÊnÓ�Æ¢Ç ¯ ÊnÎ©È�ÆÉÑmÇ®ó m ÐÒÊ�Û�ÑPÊ�×�Ù�Ê^ÍM×®s�ÊnÓ-Ù�×�à ÝÒÊnÔ5Î^×�Ç ÜÊ�Ý¥Ô¡ÊnÓÙnWÑ�Í5È�ÐÒÊ(Ô¡ÑmÝÒÍMÎ©Ê�È¡Ê^Í�p9×1Ø�Ø�ÍMÑ"tÒÆ;p²×1È�ÆÉÑmÇ�Ô5×�Ç�Ó Ñ�Ü�È�×�Æ Ç
×�	¸Ý�tPâ�à Æ;p²ÆÉÈ¡ÊnÓ®Ô¡ÊnÎ©ÑmÇ�Ó¶Ñ�ÍiÓÒÊ^Í�×1Ø�Ø�ÍMÑ"tÒÆ;p²×1È�ÆÉÑmÇ®ÑSn3È�ÐÒÊ5Ô¡ÑmÝÒÍiÎ©Ê�È¡Ê^Í�p Æ¢Ç®È�ÐÒÊ²Ç'Ý^p�Ê^ÍMÆ Î^×�à�Ô¡ÑmÝÒÍMÎ©Ê�È¡Ê^Í�p�qô ;Z öR��ÜPß³Ô¡Ê^È¡È�Æ ÇXs�Ú�,¥ E �) � �¤ ¯ ¦¨§0´ ¯¥ E �)  ½ ¯¥ E �) £ Z ¢�Ô�smÇÞ� H÷ ¯¥ E �) � ¹ Z . O �RQ ¯¥ E �) � ¹ �iú ¥�£ú ¥ E �) . ��4�iú ¥ E �) g H÷ ¯¥ E �) g »F» ¥ ��Ú �¥ ' �) � �¤ ¯ ¦¨§ ´ ¯¥ ' �)  ½ ¯¥ ' �) £ Z ."Ô�smÇÞ� H÷ ¯¥ ' �) � ¹ Z . O �RQ ¯¥ ' �) � ¹ �iú ¥�£ú ¥ ' �) . ��4�iú ¥ ' �) g H÷ ¯¥ ' �) g »F» ¥ ¬
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Roe
Exact
Roe-Adaptive ÙÎÙ
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Exact
Roe-Adaptive ÚÎÚ
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Exact
LW-Adaptive ÛÎÛ
MacCormack-Adaptive ÜÎÜ
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Exact
LW-Adaptive ÝÎÝ
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|E��úÞ��öR�Í��ö�� � úD�N}G�M ��úÞ��öR�j¢ É ��ú9�y��àF� � úB�L}D�
È�Ð�ÊnÇ�Î^àÉÊn×1ÍMàÉß

|E��úÞ�+4l�Í�7ö�� � úB�L}G�+46� ö��M ��ú¨�+4��Þ¢ É ��ú9�y�áà¸� � ú ��}G�+4H� ö��
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TVD
Exact
TVD-Adaptive âÎâ
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Exact
TVD-Adaptive ãÎã
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ÜRÑmÝ�Ç¥Ó�×1Í�ß Î©ÑmÇ�Ó¥ÆÉÈ�ÆÉÑmÇänWÑ�Í�È�ÐÒÊ
Ó�Æ Ô�ÎMÐ�×1Í�s�Ê¶ä3×�ÔLÌ�� ö�¬ Z Ãkx < � j
×�Ç¥Ó�È�ÐÒÊ
ÓÒÑ�ä�Ç�Ô¡È¡ÍMÊn×Sp ÜRÑmÝ�Ç�Ó�×1Í�ß
Î©ÑmÇ¥Ó�ÆÉÈ�ÆÉÑmÇ�nWÑ�Í/È�ÐÒÊdä�×1È¡Ê^ÍGà¢Ê^Ù�Ênà]ä3×�Ôéà ��ö�¬�ó�ókx 
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Topography
Roe-Adaptive êRê
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Exact,  Topography
MacCormack-Adaptive õöõ
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TVD
Exact
TVD-Adaptive ùÎù
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TVD
Exact
TVD-Adaptive úÎú
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MacCormack
Exact
MacCormack-Adaptive ûÎû
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