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$EVWUDFW��
�

*DV�OLTXLG�VHSDUDWLRQ�SURFHVV�LV�RQH�RI�WKH�EHQFKPDUN�SURFHVVHV�ZKLFK�ZLOO�EH�XVHG�IRU�WHVWLQJ�DQG�
HYDOXDWLRQ�RI�YDULRXV�IDXOW�GHWHFWLRQ�DQG�LVRODWLRQ�PHWKRGV��7KLV�SURFHVV�XQLW�PDNHV�SDUW�RI�D�VHPL�
LQGXVWULDO�SODQW�VHUYLQJ�IRU�SLORW�VWXGLHV�LQ�12[�UHGXFWLRQ�LQ�IOXH�JDVVHV�DQG�ZDVWHZDWHU�WUHDWPHQW��

7KH�SURFHVV�FRQVLVWV�RI�KLJK�TXDOLW\�FRPSRQHQWV�DQG�LQVWUXPHQWDWLRQ�DQG�LV�EXLOW�XS�DFFRUGLQJ�WR�
LQGXVWULDO� VWDQGDUGV��7KLV� IDFW� FRQWULEXWHG� WR� WKH� ILQDO�PRGHO�TXDOLW\�SDUWLFXODUO\� WKURXJK� UHOLDEOH�
DQG�³SXUH´��L�H��ORZ�QRLVH��PHDVXUHPHQWV��

,Q� WKLV�ZRUN� D� QRQ�OLQHDU� G\QDPLF�PRGHO� RI� WKH� SURFHVV� LV� GHYHORSHG� DQG� YDOLGDWHG� DW� GLIIHUHQW�
ZRUNLQJ�FRQGLWLRQV��$Q�LQWHUHVWLQJ�SURSHUW\�RI�WKH�SURFHVV�LV�WKDW�WKH�VWHDG\�VWDWH�YDOXHV�RI�RQH�RI�
WKH�SURFHVV�RXWSXWV�DUH�YHU\�VHQVLWLYH�WR�WKH�FKDQJHV�LQ�VWHDG\�VWDWH�YDOXHV�RI�SURFHVV�LQSXWV��7KH�
LPSOLFDWLRQ� LV� WKDW� LQ� WKH� IHDVLEOH� ZRUNLQJ� UDQJH� WKH� SURFHVV� VKRZV� QHDU�LQWHJUDO� EHKDYLRXU��
+RZHYHU�� WKH� UHVXOWV� RI� H[SHULPHQWV� VKRZ� WKDW� WKH� PRGHO� VDWLVIDFWRU\� GHVFULEHV� WKH� SURFHVV�
G\QDPLFV��

([SHULPHQWDO� UHVXOWV� REWDLQHG� DW� GLIIHUHQW� ZRUNLQJ� FRQGLWLRQV� DQG� DUWLILFLDOO\� LQMHFWHG� IDXOWV� DUH�
SUHVHQWHG�DQG�GLVFXVVHG��7KH�FRUUHVSRQGLQJ�GDWD�UHFRUGV�DUH�GRFXPHQWHG�LQ�$6&,,�ILOHV��
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���3URFHVV�GHVFULSWLRQ�
�

�

6HSDUDWLRQ�JDV� IURP� OLTXLG� UHIHUV� WR� D� VXESURFHVV�ZLWKLQ� WKH� VHPL�LQGXVWULDO� LQVWDOODWLRQ�ZKLFK� LV�
XVHG�IRU�UHGXFWLRQ�RI�12[�LQ�HIIOXHQW�JDVVHV�DQG�WHFKQRORJLFDO�ZDVWH�ZDWHU�WUHDWPHQW�E\�PHDQV�RI�
QHXWUDOLVDWLRQ�ZLWK�&2��FRQWDLQHG�LQ�IOXH�JDVVHV��7KH�UROH�RI�WKH�VHSDUDWLRQ�XQLW�LV�WR�FDSWXUH�IOXH�
JDVVHV�XQGHU�ORZ�SUHVVXUH�IURP�HIIOXHQW�FKDQQHOV�E\�PHDQV�RI�ZDWHU�IORZ�DQG�WR�FDUU\�WKHP�RYHU�
XQGHU�KLJK� HQRXJK�SUHVVXUH� WR� WKH� IXUWKHU� �QHXWUDOLVDWLRQ�� VWDJH��7KH� VHSDUDWLRQ�XQLW� LV� VKRZQ� LQ�
)LJ�����

�

�

�

�

�

)LJ�����3URFHVV�VFKHPH�RI�WKH�VHSDUDWLRQ�XQLW�

�

�

7KH�IOXH�JDVVHV�FRPLQJ�IURP�WKH�HIIOXHQW�FKDQQHOV�DUH�³SRROHG´�E\�WKH�ZDWHU�IORZ�LQWR�WKH�ZDWHU�
FLUFXODWLRQ�SLSH�WKURXJK�WKH�LQMHFWRU�,���7KH�ZDWHU�IORZ�LV�JHQHUDWHG�E\�WKH�SXPS�3���ZDWHU�ULQJ���
6SHHG�RI�WKH�SXPS�LV�NHSW�FRQVWDQW��7KH�SXPS�IHHGV�WKH�PL[WXUH�RI�ZDWHU�DQG�JDV�LQWR�WKH�VHSDUDWRU�
5�� ZKHUH� JDV� LV� VHSDUDWHG� IURP� ZDWHU�� +HQFH� WKH� DFFXPXODWHG� JDV� LQ� 5�� IRUPV� D� VRUW� RI� ³JDV�
FXVKLRQ´�ZLWK� LQFUHDVHG� LQWHUQDO�SUHVVXUH��2ZLQJ� WR� WKLV�SUHVVXUH�� IOXH�JDV� LV�EORZQ�RXW� IURP�5��
LQWR�WKH�QH[W�QHXWUDOLVDWLRQ�XQLW��2Q�WKH�RWKHU�VLGH�WKH�³FXVKLRQ´�IRUFHV�ZDWHU�WR�FLUFXODWH�EDFN�WR�
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WKH� UHVHUYRLU� 5��� 7KH� TXDQWLW\� RI� ZDWHU� LQ� WKH� FLUFXLW� LV� FRQVWDQW�� ,I� IURP� WKLV� RU� WKDW� UHDVRQ�
DGGLWLRQDO�ZDWHU�LV�QHHGHG��WKH�ZDWHU�VXSSO\�SDWK�WKURXJK�WKH�YDOYH�9��LV�XWLOLVHG��

7DEOH���VKRZV�WKH�OLVW�RI�DOO�SURFHVV�FRPSRQHQWV���

7KH�XVHG�FRQVWDQWV�DQG�YDULDEOHV�DUH�JLYHQ�LQ�DSSHQGL[����

�

�

6\PERO� 'HVFULSWLRQ�

5�� *DV�OLTXLG�VHSDUDWRU�

5�� 5HVHUYRLU��RSHQHG�DW�WKH�WRS��

,�� *DV�LQMHFWRU�

3�� (OHFWULF�SXPS�

9�� 0DLQ�JDV�YDOYH�IURP�WKH�VHSDUDWRU�

9�� 0DLQ�OLTXLG�YDOYH�IURP�WKH�VHSDUDWRU�

9�� 0DQXDO�YDOYH�SURGXFLQJ�OHDN�LQ�5���IRU�IDXOW�
GHWHFWLRQ�SXUSRVHV��

9�� (OHFWURPDJQHWLF� YDOYH� �RSHQ� GXULQJ� WKH�
H[SHULPHQWV��

9�� 0DQXDO� YDOYH� IRU� IHHGLQJ� DGGLWLRQDO� ZDWHU�
LQWR�5��

9�� 0DQXDO�YDOYH�

9�� 0DQXDO� YDOYH� IRU� IHHGLQJ� DGGLWLRQDO� ZDWHU�
LQWR�WKH�ZDWHU�SXPS�3����

9�� 0DQXDO�YDOYH�SURGXFLQJ�OHDN�LQ�5���IRU�IDXOW�
GHWHFWLRQ�SXUSRVHV��

37�� *DV�SUHVVXUH�VHQVRU�LQ�5��

/7�� /LTXLG�OHYHO�VHQVRU�LQ�5��

/7�� /LTXLG�OHYHO�VHQVRU�LQ�5��

/7�� 21�2))�OHYHO�VHQVRU�LQ�5��

)7�� *DV�IORZ�PHWHU��

)7�� /LTXLG�IORZ�PHWHU�

�

7DEOH����/LVW�RI�SURFHVV�FRPSRQHQWV�

�

�
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���� 7UDQVPLWWHUV�
�

7DEOH���OLVWV�WKH�WUDQVPLWWHUV�XVHG�LQ�WKH�V\VWHP��

�

�

6\PERO� 9DULDEOH� 8QLW� 5DQJH� 'HVFULSWLRQ�

37�� S�� EDU� ����� 3UHVVXUH� LQVLGH� WKH� VHSDUDWRU�5��DERYH� WKH�
QRUPDO�DWPRVSKHULF�SUHVVXUH�

/7�� K�� P� ����� :DWHU� OHYHO� LQVLGH� WKH� VHSDUDWRU� 5��
PHDVXUHG�E\�DS�VHQVRU�

/7�� K�� P� ����� :DWHU� OHYHO� LQVLGH� WKH� UHVHUYRLU� 5���
PHDVXUHG�E\�DS�VHQVRU�

/7�� �� �� 21�2))� 7KH�RQ�RII�ZDWHU�OHYHO�VHQVRU��VHFXULW\��

)7�� F�� O�V� �������� 7KH�YROXPHWULF�DLU�IORZ�IURP�WKH�VHSDUDWRU�
5��

)7�� F�� O�V� ���������� 7KH� YROXPHWULF� ZDWHU� IORZ� IURP� WKH�
VHSDUDWRU�5��

� �

7DEOH����/LVW�RI�WUDQVPLWWHUV�

�

�

3UHVVXUH� WUDQVPLWWHU�37�� LV�30&����� IURP�(QGUHVV�+DXVHU�� SUHVVXUH� WUDQVPLWWHUV� IRU�PHDVXULQJ�
OHYHOV� /7�� DQG� /7�� DUH� ����� &'� IURP� 5RVHPRXQW�� /7�� LV� /,48,3+$17� )7/� ���� IURP�
(QGUHVV�+DXVHU� DQG� WKH� IORZ� PHWHUV� )7�� DQG� )7�� DUH� 6:,1*:,5/� ,,� '09� ����� IURP�
(QGUHVV�+DXVHU��

�

�

���� $FWXDWRUV�
�

7DEOH���OLVWV�WKH�DFWXDWRUV�XVHG�LQ�WKH�V\VWHP���

7KH�YDOYH�9�� LV�����������'1����IURP�(FNDUGW�DQG�YDOYH�9�� LV�����������'1����IURP�(FNDUGW��
7KH�HOHFWURPDJQHWLF�YDOYH�9��LV�W\SH�0�7��IURP�6WlID�&RQWURO�6\VWHPV�$*�DQG�PRWRU�RI�WKH�SXPS�
3��LV�W\SH�6(9(5�2%������,,�IURP�/LWRVWURM��

�

�
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6\PERO� 9DULDEOH� 8QLW� 5DQJH� 'HVFULSWLRQ�

9�� X�� �� ����� 7KH� HTXDO�SHUFHQWDJH� VHUYR� YDOYH� IRU�
FRQWUROOLQJ� WKH� JDV� IORZ� IURP� WKH�
VHSDUDWRU��7KH�YDOXH�RI�WKH�YDULDEOH�X� ��
LPSOLHV� FORVHG�YDOYH� DQG� WKH�YDOXH�X� ��
LPSOLHV�IXOO\�RSHQHG�YDOYH���

9�� X�� �� ����� 7KH� HTXDO�SHUFHQWDJH� VHUYR� YDOYH� IRU�
FRQWUROOLQJ� WKH� OLTXLG� IORZ� IURP� WKH�
VHSDUDWRU��7KH�YDOXH�RI�WKH�YDULDEOH�X� ��
LPSOLHV� FORVHG�YDOYH� DQG� WKH�YDOXH�X� ��
LPSOLHV�IXOO\�RSHQHG�YDOYH���

9�� �� �� RQ�RII� 7KH� HOHFWURPDJQHWLF� YDOYH� 9��� )XOO\�
RSHQHG�GXULQJ�H[SHULPHQW��

3�� �� �� �� 7KH� SXPS�� ,W� UXQV� ZLWK� FRQVWDQW� �IXOO��
VSHHG� DQG� LV� GULYHQ� E\� DV\QFKURQRXV�
PRWRU�RI�UDWHG�SRZHU�3 ����N:��

�

7DEOH����/LVW�RI�DFWXDWRUV�

�

���� 6LJQDOV�
�

�

7KH�IROORZLQJ�PHDVXUHG�VLJQDOV�DUH�DYDLODEOH�LQ�WKH�V\VWHP��

�

�

9DULDEOH� 'HVFULSWLRQ�

K�� ZDWHU�OHYHO�LQ�WKH�VHSDUDWRU�5��

K�� ZDWHU�OHYHO�LQ�WKH�UHVHUYRLU�5��

�� 21�2))�OHYHO�VHQVRU�LQ�WKH�UHVHUYRLU�5��

S�� JDV�SUHVVXUH�LQ�5��

F�� JDV�IORZ�RQ�WKH�RXWOHW�RI�WKH�XQLW�

F�� ZDWHU�IORZ�RQ�WKH�RXWOHW�RI�5��

X�� VLJQDO�RQ�WKH�FRQWLQXRXV�YDOYH���

X�� VLJQDO�RQ�WKH�FRQWLQXRXV�YDOYH���

�

7DEOH����/LVW�RI�PHDVXUHG�VLJQDOV�

������������������������������������������������������
��9DOYHV�9��DQG�9��DUH�DFWXDOO\�GULYHQ�E\�FXUUHQW�VLJQDOV� LQ�WKH�UDQJH�RI������P$��)RU�HDVLHU�PDQLSXODWLRQ�ZH�XVH�WKH�
UHODWLYH�UDQJH�������X ��FRUUHVSRQGV�WR��P$�FXUUHQW�DQG�X ��FRUUHVSRQGV�WR���P$�FXUUHQW��
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���'HULYDWLRQ�RI�WKH�QRQ�OLQHDU�G\QDPLF�PRGHO�
�

�

)LJ�����VKRZV�D�PRUH�GHWDLOHG�VFKHPH�RI�WKH�XQLW�IRU�VHSDUDWLRQ��

�

�

∆

∆

Φ Φ

Φ

Φ

�

�

)LJ�����*DV�OLTXLG�VHSDUDWRU�XQLW�

�

�

9DULDEOH�S��GHQRWHV�WKH�JDV�SUHVVXUH�DERYH�WKH�QRUPDO�DWPRVSKHULF�SUHVVXUH�LQVLGH�WKH�VHSDUDWRU�5���
K��DQG�K��DUH�PHDVXUHG�ZDWHU�OHYHOV��E\�DS�VHQVRUV��LQ�5��DQG�5���UHVSHFWLYHO\��FDLU�DQG�FZ�DUH�DLU�
DQG�ZDWHU�IORZV�WR�5���

�

�

�

�
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���� 0RGHOOLQJ�WKH�YDOYHV�
�

)LUVWO\��ZH�WULHG�WR�ILQG�WKH�PRGHO�RI�WZR�FRQWLQXRXV�YDOYHV�9��DQG�9���

9DOYH�FKDUDFWHULVWLFV�DUH�XVXDOO\�PRGHOOHG�E\�WKH�QRQ�OLQHDU�H[SUHVVLRQ�>�@��

� F D= . S � ����

ZKHUH�F��.� DQG�DS� DUH� IORZ� WKURXJK� WKH�YDOYH�� YDOYH� IORZ�FRHIILFLHQW� DQG� WKH�GLIIHUHQFH�RI� WKH�
SUHVVXUH� RQ� ERWK� VLGHV� RI� WKH� YDOYH�� UHVSHFWLYHO\�� 9DOYHV� XVHG� LQ� RXU� FDVH� DUH� HTXDO�SHUFHQWDJH�
YDOYHV�� 0DLQ� FKDUDFWHULVWLF� RI� VXFK� YDOYHV� LV� WKDW� .� LV� DQ� H[SRQHQWLDO� IXQFWLRQ� RI� WKH� YDOYH�
FRPPDQG�VLJQDO�>�@��

� . . 5Y= -
PD[

� � ����

ZKHUH�Y��.PD[�DQG�5�GHQRWH�YDOYH�SRVLWLRQ��Y ��GHQRWHV�IXOO\�FORVHG�DQG�Y ��GHQRWHV�IXOO\�RSHQHG�
YDOYH��� WKH�.� RI� WKH� IXOO\� RSHQHG� YDOYH� �Y ��� DQG� WKH�.PD[�.PLQ� UDWLR� �.PLQ� GHQRWHV� WKH�.� RI� WKH�
PLQLPXP�RSHQHG�YDOYH��Y �����UHVSHFWLYHO\��

%RWK�YDOYHV�DUH�GULYHQ�E\�VHUYR�PRWRUV��7KH�DFWXDO�LQSXW�VLJQDO�WR�WKH�YDOYH�LV�FXUUHQW�VLJQDO�LQ�WKH�
UDQJH�RI�������P$�ZKLFK�LV�OLQHDUO\�WUDQVIRUPHG�LQWR�WKH�UDQJH�X �����IRU�HDVLHU�PDQLSXODWLRQ��7KLV�
FRPPDQG� VLJQDO� VHUYHV� DV� UHIHUHQFH� IRU� WKH� YDOYH� SRVLWLRQ� �Y�� �LQ� WKH� VWHDG\�VWDWH� Y X��� 0RUH�
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HYDOXDWLRQ� RI� GLIIHUHQW� IDXOW� GHWHFWLRQ� DQG� LVRODWLRQ� PHWKRGV�� ,Q� WKLV� ZRUN�� D� QRQ�OLQHDU�
PDWKHPDWLFDO�PRGHO�RI� WKLV�VHPL�LQGXVWULDO�SURFHVV�ZDV�GHYHORSHG��$�OLQHDULVHG�SURFHVV�PRGHO� LV�
SURSRVHG� DV� ZHOO�� 7KH� UHVXOWV� RI� H[SHULPHQWV� VKRZ� WKDW� ERWK� PRGHOV� VDWLVIDFWRU\� GHVFULEHV� WKH�
SURFHVV� G\QDPLFV�� 7KH� RQO\� SUREOHP� ZKLFK� DSSHDUHG� LQ� FURVV�YDOLGDWLRQ� LV� RIIVHW� EHWZHHQ�
PHDVXUHG� DQG�PRGHOOHG�ZDWHU� OHYHO� LQ� WKH� VHSDUDWRU�� 7KH� UHDVRQ� LV� GXH� WR� WKH� IDFW� WKDW� WKH� ILQDO�
VWHDG\�VWDWH�ZDWHU� OHYHO� LV�YHU\�VHQVLWLYH� WR� WKH�FKDQJHV� LQ�YDOYHV�SRVLWLRQV��:KHQ�FRPSDULQJ�WKH�
FORVHG�ORRS�PHDVXUHG�DQG�PRGHOOHG�UHVSRQVHV��WKH�GLIIHUHQFH�DOPRVW�GLVDSSHDUV��

6RPH�LPSURYHPHQWV�RI�WKH�PRGHO�FDQ�EH�GRQH�E\�FDUHIXOO\�PRGHOOLQJ�YDOYHV�FKDUDFWHULVWLFV��6RPH�
DGGLWLRQDO� LPSURYHPHQWV� FRXOG� DOVR� EH� DFKLHYHG� E\� DGGLQJ� VHQVRUV� IRU�PHDVXULQJ� DLU� DQG�ZDWHU�
IORZV�WR�WKH�VHSDUDWRU��7KH�LPSURYHPHQWV�DUH�OLPLWHG�E\�XQSUHGLFWDEOH�YDULDWLRQV�LQ�VXSSO\�YROWDJH�
����9�$&��ZKLFK� FKDQJHV� WKH� SRZHU� RI� WKH� SXPS� DQG� FRQVHTXHQWO\� KDV� LQIOXHQFH� WR� WKH�ZKROH�
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