ÙÇÚÀâ± �ø°í¸ �µ¿ó»â±ý¹ú° �¤ÁüÀë¿®· �åÀ¡Ä¡¿ �ÇÀÑÇ �Ù´ó» �¯À¼ÃÇ½èÇ
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�è±æ°¸È,� �A�.� �T�.� �W�a�t�s�o�n�*�


�ë´¸±ë´ÐÇ³± �­ÈÐÇø°ÐÇú°,� �*�T�e�x�a�s� �A�&�M� �ë´ÐÇ³± �­ÈÐÇø°ÐÇú°


�


�M�u�l�t�i�p�h�a�s�e� �F�l�o�w� �E�x�p�e�r�i�m�e�n�t�s� �b�y� �N�M�R� �I�m�a�g�i�n�g�


�T�e�c�h�n�i�q�u�e�s� �a�n�d� �C�a�p�a�c�i�t�a�n�c�e� �D�e�v�i�c�e�


�


�K�y�u�n�g�-�H�o�e� �K�i�m�,� �A�.� �T�.� �W�a�t�s�o�n�*�


�D�e�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g�,� �T�a�e�g�u� �U�n�i�v�e�r�s�i�t�y�,� �K�y�u�n�g�b�u�k�,� �K�y�u�n�g�s�a�n�


�*�D�e�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g�,� �T�e�x�a�s� �A�&�M� �U�n�i�v�.�,� �C�o�l�l�e�g�e� �S�t�a�t�i�o�n�,� �T�e�x�a�s�


�


�­¼Ð·


� � � � � � �¯À¼Ã �÷Æ­ÈÐº÷ÆÇÀ �¤Á®·ûÀ �è°ê»ºÀ �Ù´ø°º¼ �Å¸¼Ã¡¿­¼ �Ù´ó»åÈ§¸ú° �¯À¼ÃúÀåÀ¡¿ �ü°Ã·Èµ �öÇó»»À �¦¹ç»ÏÇâ± �§ÀØÇ �ßÁä¿ÏÇÙ´.� �üÀëÅûÀ �æ¹ý¹ºÀ �¯À¼Ã �º¼úÁ¡¿ë´ÑÇ �øÃ¤Á»À �Ü´öÁ �òÆÕ±ûÀ �º¼úÁÎ·­¼¸¸ �¦Áø°ÏÇí° �ÖÀÂ´ �Ý¹é¸,� �ÙÇÚÀâ± �ø°í¸ �µ¿ó»â±ý¹ºÀ �¡Ä¯Èú°¤Á �(�d�i�s�p�l�a�c�e�m�e�n�t� �p�r�o�c�e�s�s�)�¿µÈ¾ �Ù´ø°º¼ �Å¸¼Ã»³ �¯À¼ÃÐº÷Æ¡¿ �ë´ÑÇ �üÀÊ·ø¾Â´ �¤Á¸º¦¸ �ÙÁ �ö¼ �ÖÀÙ´.� �º½ÉÇ �Ð¹µµ �µ¿ó»­È �â±ý¹ �(�s�p�i�n� �d�e�s�i�t�y� �i�m�a�g�i�n�g� �m�e�t�h�o�d� �)�ºÀ �¼¼ø°²Àú° �÷Æ­ÈÐº÷Æ¡¿ �ü°ÑÇ �¤Á¸º¦¸ �ò¾â± �§ÀØÇ­¼ �ç»ë¿Éµ �ö¼ �ÖÀÙ´ �[�1�-�5�]�.� � �ì¿®¸Â´[�4�,�5�]� �ÙÇÚÀâ± �º½ÉÇ �Ð¹µµ �µ¿ó»¸ÀÎ·ÎºÍÅ �Ù´ø°º¼ �Å¸¼Ã»³ÇÀ �¼¼ø°ü·ú° �÷Æ­È �Ðº÷Æ¦¸ �á°¤ÁÏÇâ± �§ÀÑÇ �ÏÀÝ¹ûÀÎÀ �æ¹ý¹»À �³°ß¹ÏÇ´¿Ù´.� �ÌÀ �æ¹ý¹ºÀ �í°¯À �º½ÉÇ �Ð¹µµÇÀ �è°ê»»À§ÀÑÇ �Ù´º¼Ðº �Ï¿­Èð¸¨µ �(�r�e�l�a�x�t�i�o�n� �m�o�d�e�l�)�ú° �¬¿ü°Èµ �Ù´Ý¹âÇ �¹Èæµ(�m�u�l�t�i�e�c�h�o� �a�c�q�u�i�s�i�t�i�o�n�)�¡¿ �â±ÊÃ¦¸ �Îµí°ÖÀÙ´.� �ÌÀ �æ¹ý¹ºÀ �N�M�R� �µ¿ó»ý¹¡¿ÇÀØÇ �ò¾î¾øÁ �¼¼ø°ü· �Ðº÷ÆÇÀ �òÆÕ±ª°ú° �ßÁ®·øÃ¤Áý¹¡¿ÇÀØÇ �á°¤ÁÈµ �òÆÕ± �¼¼ø°ü·»À �ñº³±ÏÇÇ¹Î·­¼ �¸Åç´º¼ÌÀ �ÔÀõÁÇµú¾Ù´.� � �


� � � � � � �»º¬¿¸±¡¿­¼Â´,� �ç»Ï¾(�s�a�n�d�s�t�o�n�e�)�¡¿­¼ �÷Æ­ÈÇÀ¸ÁûÀ �±¼øÆ(�l�i�n�e�w�i�d�t�h�)� �¡¿ü°ÑÇ �Ç½èÇûÀ �õÁÅ°¦¸ �¦ÁÃ½ÏÇ´¿í°,� �µ¿ó» �ØÇó»µµ¡¿ë´ÑÇ �×± �µ¿âÇ»À �í³ÇÀÏÇ´¿Ù´.� � �¯À¼Ã÷Æ­ÈµµÇÀ �¤Á®·ûÀ �á°¤Á»À �§ÀÑÇ �µ¿ó»­ÈýÀ÷Â¦¸ �òÆ¡°ÏÇâ± �§ÀÏÇ©¿ �Îµ �¾Áù·ÇÀ �Ç½èÇÌÀ �ö¼àÇÇµú¾Ù´.� � �¹Ã°ÂÎ·,� �®¼¸ÈÏ¾ �¥Ç»º»À �ç»ë¿ÏÇ©¿ �°¹-�ø°â±è°¡¿ë´ÑÇ �¤ÁûÀÎÀ �¶ÁÇ°¡¿­¼ �÷Æ­Èµµ¦¸ �á°¤ÁÏÇí°,� �á°¤ÁÈµ �÷Æ­ÈÐº÷ÆÇÀ �òÆÕ±¡ÄÍ¿ �ßÁ®·øÃ¤Áý¹¡¿ÇÀÑÇ �òÆÕ±¡Ä¦¸ �ñº³±ÏÇÇ¹Î·­¼ �×± �¸Åç´º¼»À �ÔÀõÁÏÇ´¿Ù´.� � �Ñµ°ÂÎ·,� �¡Ä¯ÈÇ½èÇ¿µÑÇ �øÃ¤ÁÈµ �ÁÇÎ·ÄÆÏÀ �µ¿ó»éµÇÀ(�p�r�o�f�i�l�e� �i�m�a�g�e�)� �òÆÕ±¡Ä¡° �°¹úÁö¼öÁ¡¿ÇÀØÇ �á°¤ÁÈµ �ª°éµú° �ñº³±Çµú¾Ù´.� � �ÌÀ �ñ¸ûÀ»À �§ÀØÇ,� �¿µûÀÎÀ �¡Ä¯ÈÇ½èÇ¿µÈ¾ �¡Ä¯ÈÈµ �¯À¼ÃÇÀ �¯ÀâÃ®·»À �¬¿Ó¼ûÀ¸ÀÎ· �ßÃûÀÒÇö¼ �ÖÀÂ´ � �ÚÀ¿µøÃ¤ÁåÀñº¦¸ �¦ÁÛÀÏÇ´¿Ù´.� �


�


�Ç½èÇ


�(�1�)� � �N�M�R� �µ¿ó»ýÀ÷Â


� � � � � �ð¸çµ �N�M�R� �Ç½èÇéµºÀ �8�5� �M�H�z�¡¿­¼ �ÛÀ¿µÇµÂ´ �G�E� �2�-�T�e�s�l�a� �C�S�I�-�I�I� �i�m�a�g�e�r�/� �s�p�e�c�t�r�o�m�e�t�e�r�¦¸ �¡°öÁí° �ö¼àÇÈµÙ´.� � �ÌÀ �s�y�s�t�e�m�ºÀ �3�1�c�m�ÇÀ �m�a�g�n�e�t� �b�o�r�e�Í¿ �2�0� �G�/�c�m� �s�h�i�e�l�d� �g�r�a�d�i�e�n�t�¦¸ �åÀøÂÏÇí° �ÖÀ¸Àç¸,� �÷Áæ°1�.�7�5� �i�n� �b�i�r�d�c�a�g�e� �R�F� �c�o�i�l�ÌÀ �Ç½èÇ¡¿ �ç»ë¿Çµ´¿Ù´.� �¾ÁÜ´é¸ �ÁÇÎ·ÄÆÏÀ �µ¿ó»»À �(�l�o�n�g�i�t�u�d�i�n�a�l� �p�r�o�f�i�l�e� �i�m�a�g�e�)� �ò¾â±§ÀØÇ­¼ �s�p�i�n�-�e�c�h�o� �F�T� �i�m�a�g�i�n�g� �p�u�l�s�e� �s�e�q�u�e�n�c�e�¦¸ �ç»ë¿ÏÇ´¿Ù´.� �¢° �d�a�t�a� �s�e�t�¡¿ë´ÑÇ � �ÁÇÎ·ÄÆÏÀ �µ¿ó»»À �ò¾â±§ÀØÇ­¼ �2�2�³°ÇÀ �Ù´¥¸ �e�c�h�o� �t�i�m�e�»À �®°Â´ �Ù´ßÁ �Ý¹âÇÌÀ �(�m�u�l�t�i�p�l�e� �e�c�h�o�e�s�)� �ç»ë¿Çµú¾Ù´.�


�


�


�(�2�)� �¤ÁüÀë¿®·åÀ¡Ä¦¸ �ç»ë¿ÑÇ �¯ÀâÃ®· �øÃ¤Á


� � � � � � �»º �¬¿¸±Â´ �×¾ó»ßÁ �¡Ä¯ÈÈµ �ó»ÇÀ �¯ÀâÃ®· �(�p�r�o�d�u�c�t�i�o�n�)�»À �¬¿Ó¼ûÀ¸ÀÎ· �øÃ¤ÁÒÇ �ö¼ �ÖÀÂ´ �æ¹ý¹»À �¶¸Ã·ßÇí°,� �òÆÕ± �÷Æ­ÈµµÂ´ �°¹úÁö¼öÁÄ½»À �ëÅÏÇ©¿ �á°¤ÁÏÇ´¿Ù´.� � �¡Ä¯ÈÈµ �¯À¼ÃÇÀ �¯ÀâÃ®·ºÀ �¯À¼ÃéµÇÀ �º¼úÁç»ÌÀ¡¿ �æÃÐºÑÇ �ë´ñº¡° �¸ÁçÀÏÇÂ´ �æ°ì¿ �¬¿Ó¼ûÀ �øÃ¤Á»À �ëÅØÇ �Þ´º¼Éµ �ö¼ �ÖÀÙ´.� � �Ð¹µµ[�6�]�,� �üÀâ±ûÀº¼úÁ �[�7�]�,� �¤±ÐÇûÀ �º¼úÁ[�8�]�éµ �ç»ÌÀÇÀ �÷Â¡° �ÌÀë¿Éµ �ö¼ �ÖÀÙ´.� � �»º �¬¿¸±¡¿­¼Â´ �o�i�l� �ú° �°¹ÇÀ �¯ÀüÀó»ö¼ �(�d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t�)� �÷Â¦¸ �ÌÀë¿ÏÇ©¿ �¯ÀâÃ®·»À �øÃ¤ÁÒÇ �ö¼ �ÖÀÂ´ �åÀ¡Ä¦¸ �³°ß¹ÏÇ´¿Ù´.� � �ç»ë¿Èµ �åÀ¡ÄÂ´ �¡Ä¯ÈÈµ �¯À¼ÃÇÀ �àÃûÀ¯ÀâÃ®·»À �øÃ¤ÁÏÇç¸,� �ÌÀæ¹ý¹ºÀ �òÆÕ± �÷Æ­Èµµ¦¸ �è°ê»ÔÇ¡¿ �ÖÀî¾ �¯ÀâÃ®· �Ó¼µµÎ· �ÎºÍÅ �ûÀÐºÏÇÂ´ �æ¹ý¹¸ºÙ´ �õ´ �¤Á®ÈÑÇ �ª°»À �¦Áø°ÒÇ �ö¼ �ÖÀí°,� �Ç½èÇñ¸ûÀó» �õ´ �Ù¹÷¶÷ÁÑÇ �æ¹ý¹ÌÀÙ´.� � � �»º �åÀ¡ÄÂ´ �F�i�g�u�r�e� �1�¡¿­¼ �¸ºÂ´Ù¹Í¿°°ÌÀ �òÆÇÆüÇ �àÃüÀâ±(�c�a�p�a�c�i�t�o�r�)�Î· �³¼è°Çµú¾í°,� �Îµ �ÇÆç»ÌÀÇÀ �ÎºÇÇÂ´ �¯ÀâÃÇµÂ´ �¯À¼Ã¦¸ �÷ÆýÁÏÇâ± �§ÀÑÇ �ë¿â±Î· �²¾ÎÀÙ´.� � � �¤ÁüÀë¿®·(�C�a�p�a�c�i�t�a�n�c�e�)� �ºÀ �G�L�C�1�6�5�9� �R�L�C� �D�i�g�i�b�r�i�g�e�r�¦¸ �ç»ë¿ÏÇ©¿ �øÃ¤ÁÇµú¾í°,� � �¡Ä¯ÈÇ½èÇ¿µÈ¾ �¬¿Ó¼ûÀ¸ÀÎ· �¯À¼ÃÇÀ �®·»À �øÃ¤ÁÏÇâ±§ÀØÇ­¼ �I�B�M� �P�C�Í¿ �¬¿á°ÏÇ´¿Ù´.� � � �¡Ä¯ÈÇ½èÇÌÀ �Ã½ÛÀÇµâ±üÀ¡¿ �ë¿â±Â´ �°¹Î· �³Ã½À �¤Ãö¿®Á �ÖÀí°,� �°¹ÌÀ �¤Ãö¿øÁ �åÀ¡ÄÇÀ �¤ÁüÀë¿®·ºÀ �Æ¾¡·Í¿ �°°Ù´.�


�


���E�M�B�E�D� �E�q�u�a�t�i�o�n�������


�


�©¿â±­¼ �(�w�Â´ �°¹ÇÀ �¯ÀüÀó»ö¼ÌÀí°,� �A� �=� �l�w�Â´ �ÇÆÇÀ �¥Çé¸ûÀÌÀí°,� �d�Â´ �òÆÇÆç»ÌÀÇÀ �Å°®¸ÌÀÙ´.� � �¡Ä¯ÈÇ½èÇÌÀ �Ã½ÛÀÇµé¸,� �¯À¼ÃÂ´ �§ÀÎ·(�§À¡Ä �A�)�¯ÀÔÀÇµí°,� �Ý¹é¸ �ú°®·ÇÀ �¯À¼ÃÂ´ �Ø¹¸ÀÎ·(�§À¡Ä �B�)� �üº®Áª³£°Ù´.� � �O�i�l�ºÀ �°¹¸ºÙ´ �¡°­ºì¿Ç¹Î·,� � �o�i�l�ºÀ �åÀ¡Ä»³ �ÎºÇÇÇÀ �­ÀÎºÐº»À �÷ÂöÁÏÇí° �°¹ºÀ �Æ¾¡·ÎºÐº»À �÷ÂöÁÏÇÔ° �ÈµÙ´.�Ç½¦ÁÎ·,� �D�2�O�Í¿ �¥Ç»ºÏ¾®¼ �÷Æ­È¡¿ �ç»ë¿Èµ �È¶°°ºÀ �o�i�l�»À �¡°öÁí° �¡Ä¯ÈÇ½èÇüÀ¡¿ �¸º¤ÁÇ½èÇ»À �ÏÇ´¿í°,� �×± �¸º¤Áî°±¼»À �F�i�g�u�r�e� �2�¡¿ �¸º©¿ÖÁí° �ÖÀÙ´.�


�


�á°ú° �×¹ �äÅÐ·


� � � � � � �¡Ä¯ÈÇ½èÇºÀ �o�i�l� �s�i�t�e�ÇÀ �Ç½¦Á �ç»Ï¾¡¿ �ë´ÏÇ©¿ �ö¼àÇÇµú¾Ù´.� � �íÈÔÀú°¤Á �(�i�m�b�i�b�i�t�i�o�n� �p�r�o�c�e�s�s�)�¿µÈ¾ � �r�e�s�e�r�v�o�i�r� �v�e�l�o�c�t�i�y�¡¿ �¢ÁÙ±ÏÇÂ´ �À´°¸ �¯ÀÓ¼ �(�2� �c�m�3�/�h�)�»À �ç»ë¿ÏÇ´¿Ù´.� � �F�i�g�u�r�e� �3�ºÀ �¡Ä¯ÈÇ½èÇ¿µÈ¾ �o�i�l�ÇÀ �÷Æ­Èµµ �p�r�o�f�i�l�e�éµ»À �¸º©¿ÖÁí° �ÖÀÙ´.� � �¢° �÷Æ­È �p�r�o�f�i�l�e�ºÀ �2�2�³°ÇÀ �Ù´¥¸ �Ý¹âÇ­°µµ �ÁÇÎ·ÄÆÏÀ �(�e�c�h�o� �i�n�t�e�n�s�i�t�y� �p�r�o�f�i�l�e�)�Î· �ÎºÍÅ �è°ê»Çµú¾í°,� �×± �¢° �ÁÇÎ·ÄÆÏÀºÀ �1�6�³° �d�a�t�a�ÇÀ �òÆÕ±ª°ÌÀÙ´.� �T�1� �Ï¿­ÈÃ½£°ºÀ �ÌÀ �¥Ç»º¡¿ë´ØÇ­¼ �Å¸ì¿ �ªÂâ±§¶®¹¡¿,� �üº¥¸ �Ý¹¹ºÃ½£°(�r�e�p�e�t�i�t�i�o�n� �t�i�m�e�,� �T�R�=�3�0�0� �m�s�)�ÌÀ �ç»ë¿Çµ´¿í° �ÑÃ �µ¿ó»Ã½£°ºÀ �2�Ðº»³ �´¿Ù´.� � �µ¿ó» �¹ÈæµÃ½£°¿µÈ¾ �f�l�o�w� �a�r�t�i�f�a�c�t� �§¶®¹ �ý»æ± �ö¼ �ÖÀÂ´ �¡°É´ÑÇ �À¿ù·¦¸ �ÙÁÌÀâ± �§ÀØÇ­¼,� �«¹ÛÀ§ÀûÀÎÀ �©Åâ±ø¼­¼Î· �Ý¹âÇÃ½£°(�e�c�h�o� �t�i�m�e�)�»À �ç»ë¿ÏÇ´¿Ù´.� � �­ÈÒ¼©Åâ±Â´ �(�p�i�x�e�l� �s�i�z�e�)� �(�z� �=� �0�.�6�m�m� �ÌÀí°,� �ÌÀÂ´ �1�3�2�0�H�z�ÇÀ �­ÈÒ¼ç´ �±¼øÆ¡¿ �ØÇç´ÑÇÙ´.� � �÷Æ­Èµµ=�1�.�0� �¡¿­¼ �ÌÀ �¥Ç»ºÇÀ �±¼øÆºÀ �2�0�0�0� �H�z�ÌÀâ± �§¶®¹¡¿,� �ÌÀ �s�u�s�c�e�p�t�i�b�i�l�t�y�-�l�i�m�i�t�e�d� �r�e�s�o�l�u�t�i�o�n�ÇÀ �æ°ì¿¡¿ë´ÑÇ �ÎÀ¢Á­ÈÒ¼éµ �ç»ÌÀ¡¿ �ßÁ¸ÃÌÀ �ÖÀ»À �Í°ÌÀÙ´.� � �ñºÏ· �«Å �±¼øÆ¡¿ÇÀØÇ­¼ �ØÇó»µµ¡° �Ù´Ò¼ �µ¿âÇ»À �Þ¹»ÀöÁó¶µµ,� �o�i�l�-�°¹ �è°é¸ºÀ �Ðºí¸ÏÇÔ° �ü°øÃÈµÙ´.� � �¡Ä¯ÈÇ½èÇ¿µÈ¾ �o�i�l� �¯ÀâÃ®·ºÀ �¤ÁüÀë¿®· �øÃ¤Áæ¹ý¹»À �ÌÀë¿ÏÇ©¿ �á°¤ÁÉµ �ö¼ �ÖÀí°,� �F�i�g�u�r�e� �4�ºÀ �µ¿ó»â±ý¹ú° �¤ÁüÀë¿®· �øÃ¤Áý¹¡¿ÇÀØÇ �è°ê»Èµ �o�i�l� �¯ÀâÃ®·
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