
-RXUQDO RI 7KHUPDO $QDO\VLV DQG &DORULPHWU\� 9RO� �� ������ �������

&$/25,0(75,&�&859(6�2)�%−=�26&,//$7,21
5($&7,21�6<67(06�$7�',))(5(17�7(03(5$785(6

+��6XQ��;��:DQJ��<��/LX��=��1DQ�DQG�+��=KDQJ

'HSDUWPHQW RI &KHPLVWU\� 4X)X 1RUPDO 8QLYHUVLW\� 4X)X 6KDQGRQJ ������� &KLQD

�5HFHLYHG 0DUFK ��� ����� LQ UHYLVHG IRUP 'HFHPEHU �� �����

$EVWUDFW

,Q WKLV SDSHU VWXGLHV RQ WKH RVFLOODWLRQ UHJXODULW\ RI WKH FODVVLFDO %−= UHDFWLRQ V\VWHP� DQG WKH

FDORULPHWULF FXUYHV RI WKH UHDFWLRQ V\VWHP PHDVXUHG DW WKUHH WHPSHUDWXUHV� ��� �� DQG ��
R

& DUH GH�

VFULEHG� $ QHZ ZD\ LV SUHVHQWHG IRU VWXG\LQJ WKH UHJXODULW\ SURSHUWLHV RI FKHPLFDO RVFLOODWLRQ SKH�

QRPHQD IURP WKH YLHZSRLQW RI UHDFWLRQ KHDW HIIHFWV�

.H\ZRUGV� %−= RVFLOODWLRQ UHDFWLRQ� FDORULPHWULF FXUYH� PLFURFDORULPHWHU

,QWURGXFWLRQ

6LQFH ����� ZKHQ %� 3� %HORDVRY ILUVW UHSRUWHG WKDW WKH KRPRJHQHRXV V\VWHP RI
FLWULF DFLG R[LGL]HG E\ EURPLF DFLG LQ WKH SUHVHQFH RI &H�� DV FDWDO\VW FRXOG SURGXFH
DQ RVFLOODWLRQ UHDFWLRQ� VWXGLHV RQ WKH SKHQRPHQRQ DQG SURSHUWLHV RI FKHPLFDO RVFLO�
ODWLRQ V\VWHPV KDYH EHFRPH SRSXODU LQ FKHPLVWU\� $V VR IDU PRVW UHVHDUFK UHSRUWV
KDYH EHHQ FRQFHUQHG ZLWK WKH RVFLOODWLRQ UHJXODULW\ >�−�@ RI WKH UHDFWLQJ V\VWHP E\
PHDVXULQJ WKH SRWHQWLDO FKDQJH RI DQ HOHFWURGH LQ WKH UHDFWLQJ V\VWHP E\ PHDQV RI
SRWHQWLRPHWULF PHWKRG� ,Q WKLV ZRUN WKH FODVVLFDO RVFLOODWLRQ UHJXODULW\ RI WKH %−=
UHDFWLRQ V\VWHP ZDV VWXGLHG� WKH FDORULPHWULF FXUYHV RI WKH UHDFWLRQ V\VWHP ZHUH
PHDVXUHG DW WKUHH WHPSHUDWXUHV� ��� ��� DQG ��R&� $ QHZ PHWKRG LV SUHVHQWHG IRU
VWXG\LQJ WKH UHJXODULW\ DQG SURSHUWLHV RI WKH FKHPLFDO RVFLOODWLRQ SKHQRPHQRQ IURP
WKH YLHZSRLQW RI UHDFWLRQ KHDW HIIHFW�

([SHULPHQWDO

,QVWUXPHQW

���� 7KHUPDO $FWLYLW\ 0RQLWRU� ZRUNLQJ WHPSHUDWXUH UDQJH ��−��R&� FRQVWDQF\
RI WHPSHUDWXUH ±�⋅��−�R&� PLQLPXP GHWHFWDEOH SRZHU ��� µ: DQG EDVHOLQH VWDELOLW\
�RYHU D SHULRG RI �� K� ��� µ:�

&KHPLFDO UHDJHQWV

.%U2� �DQDO\WLFDO JUDGH�� 1+�&H�62��� �DQDO\WLFDO JUDGH�� +�62� �DQDO\WLFDO
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6ROXWLRQV� ������ PRO O−� .%U2�� ������ PRO O−� 1+�&H�62���� ������ PRO O−�

&+��&22+��� ��� PRO O−� +�62�� SUHSDUHG ZLWK GRXEOH GLVWLOOHG ZDWHU�

([SHULPHQWDO

,Q WKLV H[SHULPHQW WKH PHWKRG RI PL[LQJ RI IORZV ZDV DSSOLHG >�@� 5HDFWLRQ OLT�
XLG �$�� PL[ ���� PO &+��&22+��� ���� PO +�62�� ���� PO 1+�&H�62��� VROXWLRQ
DQG ���� PO +�2� 5HDFWLRQ OLTXLG %� PL[ ���� PO .%U2�� ���� PO +�62�� ���� PO
1+�&H�62��� VROXWLRQ DQG ���� PO +�2� 3XPS UHDFWLRQ OLTXLG �$� DQG UHDFWLRQ OLT�
XLG �%� DW WKH VDPH WLPH LQWR WKH PL[LQJ FKDPEHU DW D VSHHG RI �� PO K−� ZLWK PL�
FURSHUSH[ SXPS �/.% 6ZHGHQ�� 6WRS WKH SXPS ZKHQ WKH PL[LQJ FKDPEHU LV IXOO RI
UHDFWLRQ OLTXLG�

5HVXOWV�DQG�GLVFXVVLRQ

$FFRUGLQJ WR WKH ).1 PHFKDQLVP W\SH >�@� WKH YLWDOLW\ PDLQWDLQLQJ VRPH FHUWDLQ
WLPH�VSDFH VHTXHQWLDO VWUXFWXUH RI WKH %−= UHDFWLRQ V\VWHP LQ WKH UHDFWLRQ SURFHVV
VWURQJO\ GHSHQGV RQ WKH WKUHH UHDFWLRQ FKDLQV H[LVWLQJ LQ WKH V\VWHP� %HFDXVH RI WKH
PXWXDO GHSHQGHQFHV DQG WKH PXWXDO OLPLWDWLRQV DPRQJ WKHVH HOHPHQWDU\ UHDFWLRQ
VWHSV DQG WKH FRQFHQWUDWLRQ RI YDULRXV VSHFLHV� WKH FRQFHQWUDWLRQV RI VRPH VSHFLHV
VXFK DV %U−�� +%U2� &H��� &H�� HWF� LQ WKH V\VWHP FKDQJH SHULRGLFDOO\ LQ D VSHFLDO
UDQJH ZKHQ WKH UHDFWLRQ V\VWHP LV IDU IURP WKH HTXLOLEULXP VWDWH� 7KLV PHDQV WKDW LI
WKH UDWH RI VRPH UHDFWLRQ FKDQJHV SHULRGLFDOO\ GXULQJ WKH SURFHVV RI FKHPLFDO RVFLO�
ODWLRQ� WKHQ WKH KHDW HIIHFW PHDVXUHG LQ XQLW WLPH VKRXOG DOVR EHKDYH DV D SHULRGLFDO
SKHQRPHQRQ� &DORULPHWULF FXUYHV �)LJV �−�� ZHOO HYLGHQFH WKLV�

)LJXUHV �� � DQG � FOHDUO\ GHPRQVWUDWH WKDW WKH SHULRG RI RVFLOODWLRQ VKRUWHQV
JUDGXDOO\ ZLWK ULVLQJ WHPSHUDWXUH� 7KLV VKRZV WKDW WKH UDWH RI UHDFWLRQ LQFUHDVHV
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JUDGXDOO\� 7KLV FRQFOXVLRQ DJUHHV ZHOO ZLWK WKRVH GUDZQ IURP RWKHU VWXGLHV >�@� ,Q
)LJ� � ZH FDQ VHH WKDW WKHUH DUH PDQ\ LQILQLWHVLPDO WKHUPDO ZDYHV EHWZHHQ WZR
SHDNV� 7KLV DOVR VXJJHVWV WKDW WKH UHDFWLRQ SURFHVV LV FRPSOLFDWHG� %\ SRWHQWLRPHWULF
PHWKRG WKH RVFLOODWLRQ FDQQRW EH IROORZHG DV FORVHO\ DV E\ WKH FDORULPHWULF PHWKRG
GHVFULEHG LQ WKLV SDSHU� +RZHYHU� WKHVH LQILQLWHVLPDO WKHUPDO ZDYHV GLVDSSHDU JUDGX�
DOO\ DV WKH WHPSHUDWXUH ULVHV DQG WKH UHDFWLRQ UDWH LQFUHDVHV�

$Q LQWHUHVWLQJ SKHQRPHQRQ LV WKDW LI DIWHU WKH 0LFURSHUSH[ SXPS LV VWRSSHG DQG
WKH WXEH RI VDPSOH LV OHIW LQ WKH UHDFWLRQ OLTXLG� D FHUWDLQ IRUP RI WKHUPDO RVFLOODWLRQ
LV PDLQWDLQHG LQ WKH V\VWHP IRU D ORQJ WLPH ���−�� K�� %XW WKHVH WKHUPDO RVFLOODWLRQV
DUH TXLWH GLIIHUHQW IURP WKRVH DW WKH EHJLQQLQJ �)LJV � DQG ��� 6LPLODUO\� LI WKH 0L�
FURSHUSH[ SXPS LV VWRSSHG DQG WKH WXEH RI VDPSOH LV UHPRYHG IURP WKH UHDFWLRQ OLT�
XLG� WKH VDPH SKHQRPHQRQ PD\ EH REVHUYHG� EXW WKH RVFLOODWLRQ WLPH EHFRPHV
VKRUWHU WKDQ LQ WKH SUHYLRXV FDVH �OHVV WKDQ �� K�� 7KLV REVHUYDWLRQ PD\ EH FRQQHFWHG
ZLWK WKH IDFW WKDW GXH WR WKH HVFDSH RI SDUW RI WKH JDVHRXV SURGXFW �D VPDOO DPRXQW RI
OLTXLG IORZLQJ RXW RI WKH WXEH RXWOHW FDQ EH REVHUYHG� VRPH UHDFWLRQ OLTXLG JHWV LQWR
WKH PL[LQJ FKDPEHU DXWRPDWLFDOO\� DQG WKXV D FHUWDLQ IRUP RI VHTXHQWLDO PHFKDQLVP
RI UHDFWLRQ PD\ RFFXU� +RZHYHU� IXUWKHU VWXGLHV DUH UHTXLUHG WR FOHDU XS WKLV SKH�
QRPHQRQ�
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,Q FRPSDULVRQ ZLWK SRWHQWLRPHWULF DQG RWKHU PHWKRGV� WKH PLFURFDORULPHWHU
PHWKRG KDV WKH IROORZLQJ DGYDQWDJHV LQ VWXG\LQJ WKH %−= RVFLOODWLRQ UHDFWLRQV�

,� )RU DQ\ UHDFWLRQ V\VWHP� LI WKHUH LV DQ RVFLOODWLRQ RI WKH FRQFHQWUDWLRQ RI D VXE�
VWDQFH� WKHUH VKRXOG RFFXU DQ RVFLOODWLRQ RI HQHUJ\ H[FKDQJH� 6R WKH UDQJH RI RVFLO�
ODWLRQ UHDFWLRQV WKDW FDQ EH VWXGLHG E\ FDORULPHWULF PHWKRG LV PXFK ZLGHU WKDQ WKRVH
WKDW FDQ EH IROORZHG E\ RWKHU PHWKRGV�

,,� 6LQFH WKH PLFURFDORULPHWHU PHWKRG LV GLUHFW LQ PHDVXULQJ WKH FKDQJH RI KHDW
HIIHFW RI WKH V\VWHP� QR HIIHFWV VXFK DV WKRVH FDXVHG E\ LRQ�VHOHFWLYH HOHFWURGH DQG�RU
UHIHUHQFH HOHFWURGH XVHG LQ WKH SRWHQWLRPHWULF PHWKRG RQ WKH UHDFWLRQ V\VWHP DUH WR
EH WDNHQ LQWR DFFRXQW�

,,,� 7KH PLFURFDORULPHWHU PHWKRG LV YHU\ ZHOO VXLWHG WR VWXGLHV RQ PLFURV\VWHPV�
2QO\ � PO UHDFWLRQ OLTXLG LV QHHGHG DQG RQO\ DERXW � PO LV XVHG LQ WKH DFWXDO PHDV�
XUHPHQW �WKH YROXPH RI WKH PL[LQJ FKDPEHU LV � PO��

7KH OLPLWDWLRQV RI WKH PLFURFDORULPHWHU PHWKRG DUH�

,� 6RPH RVFLOODWLRQ UHJXODULW\ PD\ EH LQKRPRJHQHRXV EHFDXVH WKHUH LV QR VWLUULQJ
LQ WKH UHDFWLRQ V\VWHP�

,,� 6RPH WLPH LV QHHGHG XQWLO WKHUPDO HTXLOLEULXP LV DWWDLQHG DIWHU WKH UHDFWLRQ
OLTXLG LV SXW LQWR WKH PL[LQJ FKDPEHU� VR WKH LQGXFWLRQ SHULRG RI WKH RVFLOODWLRQ FDQ�
QRW EH PHDVXUHG DFFXUDWHO\� +RZHYHU� LQ D ZRUG E\ FRPELQLQJ WKH PLFURFDORULPHWHU
PHWKRG ZLWK RWKHU PHWKRG� WKH %−= RVFLOODWLRQ UHDFWLRQV FDQ EH VWXGLHG LQ PRUH GH�
WDLO�
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