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5HFHLYHG )HEUXDU\ ��� ����

(OHFWURQ WUDQVIHU EHWZHHQ PHWDO HOHFWURGHV WKURXJK ZDWHU
LV DQ LPSRUWDQW SURFHVV LQ HOHFWURFKHPLVWU\� 7KHUH KDYH EHHQ
WKHRUHWLFDO SUHGLFWLRQV��� WKDW ZDWHU PROHFXOHV DUH RUGHUHG DW
D FKDUJHG LQWHUIDFH� ZKLFK IDFLOLWDWHV�LPSHGHV HOHFWURQ WUDQV�
IHU LQ DTXHRXV VROXWLRQV� $ VWXG\ RI VXUIDFH ;�UD\ VFDWWHULQJ�

VKRZV WKDW QRW RQO\ WKH H[WHQW RI WKH RUGHULQJ RI ZDWHU PROH�
FXOHV EXW DOVR WKH GLVWDQFH EHWZHHQ WKH HOHFWURGH DQG WKH ILUVW
ZDWHU OD\HU GHSHQG RQ WKH SRODULW\ RI WKH HOHFWURGH SRWHQWLDO�
6FDQQLQJ WXQQHOLQJ PLFURVFRS\ �670� HQDEOHV XV WR GLUHFWO\

LQYHVWLJDWH WKH HOHFWURQ WUDQVIHU UHDFWLRQ QHDU DQ HOHFWURGH
VXUIDFH UHJLRQ� %\ PHDVXULQJ WXQQHOLQJ FXUUHQW �,W� DV D IXQF�
WLRQ RI WKH GLVWDQFH EHWZHHQ WKH WLS RI WKH SUREH DQG WKH HOHF�
WURGH VXUIDFH� WXQQHOLQJ EDUULHU KHLJKWV DW WKH HOHFWURGH FDQ
EH GHWHUPLQHG� 9DULRXV H[SHULPHQWDO UHVXOWV KDYH VKRZQ WKDW
WKH DSSDUHQW WXQQHOLQJ EDUULHU KHLJKW LV VLJQLILFDQWO\ ORZHUHG
LQ HOHFWURO\WH VROXWLRQV� FRPSDUHG ZLWK WKH KHLJKW LQ 8+9��������

5HFHQWO\� HOHFWURQ WXQQHOLQJ FKDUDFWHULVWLFV DFURVV DQ DTXH�
RXV 670 FDSDFLWRU MXQFWLRQ ZHUH VWXGLHG��� E\ PHDVXULQJ
WKH WXQQHOLQJ FXUUHQW DQG ORFDO EDUULHU KHLJKW DV D IXQFWLRQ RI
WKH MXQFWLRQ GLVWDQFH DQG DSSOLHG ELDV YROWDJH IRU +23*�
$X� DQG 7D7H� VXUIDFHV LQ DLU� 7KH UHVXOWV VKRZ XQXVXDOO\
ORZ WXQQHOLQJ EDUULHU KHLJKWV� +RZHYHU� WKH H[SHULPHQWDO YDO�
XHV RI EDUULHU KHLJKWV PHDVXUHG LQ DLU DQG LQ HOHFWURO\WH VROX�
WLRQV VXIIHU IURP ZLGH VFDWWHULQJ� UDQJLQJ EHWZHHQ � H9 DQG
D IHZ PH9��5HSUHVHQWDWLYH H[DPSOHV DUH VKRZQ LQ 7DEOH ��
$OWKRXJK WKHVH EDUULHU KHLJKWV PHDVXUHG LQ HOHFWURO\WH VROX�

WLRQV DQG KXPLG DWPRVSKHUH FDQ SURYLGH XVHIXO LQVLJKWV LQWR
WKH UROH RI ZDWHU PROHFXOHV LQ WXQQHOLQJ SURFHVVHV� LW LV VWLOO
QHFHVVDU\ WR H[DPLQH WKH HIIHFW RI ZDWHU EDVHG RQ DQ H[SHUL�
PHQW SHUIRUPHG LQ SXUH ZDWHU UDWKHU WKDQ RQ ZDWHU LQ WKH

DWPRVSKHUH RU VROXWLRQV� 7R RXU EHVW NQRZOHGJH� WKHUH KDYH
EHHQ QR H[SHULPHQWDO VWXGLHV RI WXQQHOLQJ EDUULHU KHLJKW RQ
+23* LQ ZDWHU�
,Q WKH SUHVHQW ZRUN� ZH XVH D 3W�,U WLS ERWK LQ DLU DQG

ZDWHU� 7KH UHVXOWV RI 670 WXQQHOLQJ EDUULHU KHLJKWV IRU
+23* DUH FRPSDUHG ZLWK SUHYLRXVO\ UHSRUWHG YDOXHV�

([SHULPHQWDO 6HFWLRQ

7KH H[SHULPHQWV ZHUH SHUIRUPHG XVLQJ D 1DQRVFRSH (
6FDQQLQJ 3UREH0LFURVFRSH �'LJLWDO ,QVWUXPHQWV� 6DQWD %DU�
EDUD� &$� LQ DPELHQW DWPRVSKHUH� 7KH 3W����,U��� WLS ZDV
FRDWHG ZLWK $SLH]RQ ZD[� +23* ZDV XVHG DV D VDPSOH DQG
IUHVK OD\HUV RI +23* ZHUH REWDLQHG E\ SHHOLQJ RII D IHZ
OD\HUV EHIRUH HDFK H[SHULPHQW� 3ULRU WR HDFK WLS�DSSURDFK
H[SHULPHQW� WKH VXUIDFH ZDV VFDQQHG LQ D FRQVWDQW KHLJKW
PRGH DQG DWRPLF UHVROXWLRQ ZDV REWDLQHG ZLWK D WXQQHOLQJ
UHVLVWDQFH RI FD� � × ��� Ω� 7XQQHOLQJ FXUUHQW �,W��GLVSODFH�
PHQW �]� PHDVXUHPHQWV ZHUH SHUIRUPHG E\ ILUVW VHWWLQJ WKH
WLS � QP DZD\ IURP WKH LQLWLDO WXQQHOLQJ SRVLWLRQ� WKHQ
DSSURDFKLQJ WKH WLS WRZDUG WKH VXUIDFH DW D UDWH RI ��� QP�V
XQWLO WKH WLS UHWXUQHG WR WKH WXQQHOLQJ SRVLWLRQ� ,WZDV PRQL�
WRUHG DW ��� SRLQWV ZLWKLQ WKH � QP GLVWDQFH DQG HDFK ,W�]
SORW ZDV REWDLQHG E\ DYHUDJLQJ ��� PHDVXUHPHQWV�

5HVXOWV DQG 'LVFXVVLRQ

:KHQ D VTXDUH SRWHQWLDO LV DVVXPHG� WKH WXQQHOLQJ FRQGXF�
WDQFH� ,W�9W� FDQ EH ZULWWHQ DV

,W�9WM H[S��V � �LQ H9 DQG c� ���

ZKHUH ,W DQG 9W DUH WKH WXQQHOLQJ FXUUHQW DQG YROWDJH� UHVSHF�
WLYHO\� LV WKH ORFDO EDUULHU KHLJKW� DQG V LV WKH WLS�VXUIDFH
�JDS� GLVWDQFH� ([SHULPHQWDO EDUULHU KHLJKW LV GHVFULE�
HG E\ (T� ����

H[S  −GOQ,W�G]  −�GOQ,W�GV��GV�G]�  �GV�G]� ���

ZKHUH G] LV WKH WLS GLVSODFHPHQW� FDQ EH FDOFXODWHG
XVLQJ (T� ��� E\ PHDVXULQJ WXQQHOLQJ FXUUHQW DV D IXQFWLRQ RI
WLS GLVSODFHPHQW� ]�
7KH FXUUHQW ZDV PHDVXUHG LQ DLU ZKLOH SXVKLQJ WKH WLS

WRZDUG WKH VDPSOH VXUIDFH XQWLO WKH WXQQHOLQJ SRVLWLRQ ZDV
UHDFKHG� DQG WKH GDWD ZHUH SORWWHG IRU OQ,W YHUVXV ]� 7KH
FXUYH VKRZQ LQ )LJXUH � ZDV REWDLQHG E\ DYHUDJLQJ �� ,W �]
SORWV� 7KH H[SHULPHQWDO EDUULHU KHLJKW LQ WXQQHOLQJ UDQJH
�HTXLOLEULXP EDUULHU KHLJKW� ZDV FDOFXODWHG E\ WDNLQJ WKH
VORSH QHDU ] �� ZKLFK FRUUHVSRQGV WR WKH LQLWLDO WXQQHOLQJ
SRVLWLRQ ZKHUH WKH DWRPLF 670 LPDJH ZDV REWDLQHG� 7KH
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7DEOH �� 7XQQHOLQJ EDUULHU KHLJKWV TXRWHG E\ RWKHU DXWKHUV DORQJ
ZLWK SUHVHQW ZRUNV© UHVXOWV
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FDOFXODWHG HTXLOLEULXP EDUULHU KHLJKW LV  ��� H9� ZKLFK
LV VLPLODU WR WKH YDOXH �������� H9� UHSRUWHG IRU : WLS DW D
+23* VXUIDFH IRU ODUJH V LQ DLU���� 7KH RQVHW RI WKH FXUUHQW
LQFUHDVH RFFXUV DW DURXQG � c DZD\ IURP WKH HTXLOLEULXP
WXQQHOLQJ SRVLWLRQ �] � c��
:DWHU ZDV LQWURGXFHG WR WKH HOHFWURFKHPLFDO 670 FHOO DQG

DQ DWRPLFDOO\ UHVROYHG 670 LPDJH ZDV REWDLQHG� 7KH WLS�
DSSURDFK H[SHULPHQW ZDV FDUULHG RXW LQ WKH VDPH PDQQHU
PHQWLRQHG DERYH� )LJXUH � VKRZV WKH SORW IRU OQ,W YHUVXV ]�
7KH HTXLOLEULXP EDUULHU KHLJKW FDOFXODWHG IURP WKH VORSH
PHDVXUHG LQ WKH SUR[LPLW\ RI ] � LV ��� H9 � � DQG WKH
FXUUHQW LQFUHDVH FRPPHQFHV DW DURXQG ] � c�
7KHUH KDYH EHHQ RWKHU VWXGLHV RQ WXQQHOLQJ EDUULHU KHLJKW

LQ HOHFWURO\WH VROXWLRQV� /LQVD\ HW DO���� UHSRUWHG HTXLOLEULXP
EDUULHU KHLJKWV EHWZHHQ a� H9 DQG � PH9 RQ JROG VXUIDFH�
ZKLFK DUH LQGHSHQGHQW RI WKH PHGLXP RU WLS PHWDO XVHG�
7KH\ DWWULEXWH WKH DQRPDORXVO\ ORZ EDUULHU KHLJKW WR WKH
H[LVWHQFH RI LQVXODWLQJ DGVRUEDWH OD\HUV RQ D GLUW\ VXUIDFH
DQG PHFKDQLFDO GLVWRUWLRQV WKDW ILQDOO\ OHDG WR WKH UHGXFWLRQ
RI WXQQHOLQJ EDUULHU� 6LQFH WKH +23* VXUIDFH ZDV IUHVKO\
SUHSDUHG EHIRUH HDFK H[SHULPHQW DQG WKH FOHDQQHVV RI WKH
VXUIDFH ZDV HQVXUHG E\ WDNLQJ DWRPLFDOO\ UHVROYHG 670
WRSRJUDSK\ LPDJHV� WKH SRVVLELOLW\ RI VXUIDFH FRQWDPLQDWLRQ
FDQ EH H[FOXGHG LQ WKH SUHVHQW VWXG\�
$ SODXVLEOH H[SODQDWLRQ IRU WKH UHGXFHG EDUULHU KHLJKW PD\

EH IRXQG LQ SUHYLRXV UHSRUWV WKDW VXJJHVW WKH UROH RI ZDWHU
OD\HUV DFFXPXODWHG RQ WKH VDPSOH VXUIDFH� 7KHUH KDYH EHHQ
H[SHULPHQWDO DQG WKHRUHWLFDO VWXGLHV LPSO\LQJ WKDW WKH ORZHU�
LQJ RI WXQQHOLQJ EDUULHU KHLJKWV LQ DLU FDQ EH DWWULEXWHG WR WKH
ZDWHU OD\HUV FRQGHQVHG IURP DWPRVSKHULF PRLVWXUH EHWZHHQ
WKH WLS DQG VDPSOH VXUIDFH �670 MXQFWLRQ���������� $V VKRZQ LQ
)LJXUHV � DQG �� WKH DEVROXWH YDOXH RI WKH LQVWDQW VORSH

�_GOQ,W�G]_  −GOQ,W�G]�� ZKLFK FDQ EH UHODWHG WR WKH LQVWDQW
EDUULHU KHLJKW DV  �−GOQ,W�G]�� XVLQJ (T� ���� GHFUHDVHV
JUDGXDOO\ DV WKH WLS DSSURDFKHV WKH VDPSOH VXUIDFH DQG
UHDFKHV LWV PLQLPXP YDOXH DW ] � �HTXLOLEULXP EDUULHU
KHLJKW�� 7KH EDUULHU KHLJKWV REWDLQHG LQ WKH SUHVHQW ZRUN DUH
PXFK ORZHU WKDQ YDFXXP YDOXHV� 7KHVH ORZ HTXLOLEULXP EDU�
ULHU KHLJKWV� DLU DQG ZDWHU� DUH FRQVLVWHQW ZLWK WKH H[SHUL�
PHQWDO DQG WKHRUHWLFDO UHVXOWV SUHYLRXVO\ UHSRUWHG������� LQ
ZKLFK LW LV VXJJHVWHG WKDW WKH WKUHH�GLPHQVLRQDO QDWXUH RI
HOHFWURQ WXQQHOLQJ PHGLDWHG E\ ZDWHU PROHFXOHV� L�H�� WKH
H[LVWHQFH RI ZDWHU IDFLOLWDWLQJ HOHFWURQ WXQQHOLQJ LQ WKH DSSOLHG
HOHFWULF ILHOG LQVLGH WKH 670 MXQFWLRQ� JLYHV ULVH WR WKH ORZ�
HUHG EDUULHU KHLJKW LQ KXPLG DWPRVSKHUH� QHFHVVDULO\ DFFRP�
SDQ\LQJ WKH LQFUHDVH LQ WKH WXQQHOLQJ GLVWDQFH�
$VVXPLQJ WKH VDPH UHVLVWDQFH XSRQ WLS�VXUIDFH FRQWDFW DV

WKH RQH UHSRUWHG E\ .DQJ HW DO�� �: WLS�+23* LQ DLU�� WKH
HTXLOLEULXP WXQQHOLQJ GLVWDQFH ZDV HVWLPDWHG IRU WKH SUHVHQW
H[SHULPHQW� 7KH WXQQHOLQJ UHVLVWDQFHV ERWK LQ DLU DQG ZDWHU
ZHUH FDOFXODWHG DQG XVHG WR HVWLPDWH WKH HTXLOLEULXP WXQQHO�
LQJ GLVWDQFHV� 7KH HTXLOLEULXP WXQQHOLQJ GLVWDQFH ZDV HVWL�
PDWHG WR EH FD� � c LQ ZDWHU� ZKHUHDV DQ FD� � c VKRUWHU
GLVWDQFH ZDV UHYHDOHG LQ DLU� 7KH HTXLOLEULXP WXQQHOLQJ GLV�
WDQFHV HVWLPDWHG LQ WKH SUHVHQW ZRUN DUH ODUJHU WKDQ WKRVH
PHDVXUHG LQ 8+9 ���� c� DQG LW LV FRQVLVWHQW ZLWK WKH SUHYL�
RXVO\ UHSRUWHG YDOXHV ����� c��� 7KH HOHFWULF ILHOG VWUHQJWKV
LQVLGH WKH 670 MXQFWLRQ ZHUH FDOFXODWHG XVLQJ WKH HVWLPDWHG
WXQQHOLQJ GLVWDQFHV DQG IRXQG WR KDYH VLPLODU YDOXHV� ��� ×
��� 9�P DQG ��� × ��� 9�P LQ DLU DQG ZDWHU� UHVSHFWLYHO\�
7KH VOLJKWO\ GLIIHUHQW YDOXHV DSSHDU WR LQGLFDWH WKH GLIIHUHQFH
LQ WKH H[WHQW RI SRODUL]DWLRQ RI ZDWHU PROHFXOHV QHDU WKH VXU�
IDFH� 7KH GHJUHH RI SRODUL]DWLRQ RI ZDWHU PROHFXOHV LV
H[SHFWHG WR EH ODUJHU QHDU WKH VXUIDFH WKDQ QHDU WKH WLS GXH WR
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)LJXUH �� ([SHULPHQWDO WXQQHOLQJ FXUUHQW PHDVXUHG LQ DLU DV D
IXQFWLRQ RI WKH WLS GLVSODFHPHQW� ]� 7KH WXQQHOLQJ FXUUHQW LV VKRZQ
RQ D ORJDULWKPLF VFDOH� ]  � FRUUHVSRQGV WR WKH HTXLOLEULXP WXQQHOLQJ
SRVLWLRQ ZKHUH DWRPLF 670 LPDJH ZDV REWDLQHG DW VDPSOH ELDV
YROWDJH 9V  ��� P9 DQG WXQQHOLQJ FXUUHQW ,W  ��� S$� 7KH VROLG
OLQH ZDV GUDZQ IRU D YLVXDO JXLGH DQG WKH VORSH ZDV WDNHQ WR
FDOFXODWH WKH HTXLOLEULXP EDUULHU KHLJKW�

)LJXUH �� ([SHULPHQWDO WXQQHOLQJ FXUUHQW PHDVXUHG LQ ZDWHU DV D
IXQFWLRQ RI WKH WLS GLVSODFHPHQW� ]� 7KH WXQQHOLQJ FXUUHQW LV VKRZQ
RQ D ORJDULWKPLF VFDOH� ]  � FRUUHVSRQGV WR WKH HTXLOLEULXP WXQQHOLQJ
SRVLWLRQ ZKHUH DWRPLF 670 LPDJH ZDV REWDLQHG DW VDPSOH ELDV
YROWDJH 9V  ��� P9 DQG WXQQHOLQJ FXUUHQW ,W  ��� S$� 7KH VROLG
OLQH ZDV GUDZQ IRU D YLVXDO JXLGH DQG WKH VORSH ZDV WDNHQ WR
FDOFXODWH WKH HTXLOLEULXP EDUULHU KHLJKW�
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WKH DV\PPHWULF QDWXUH RI WKH 670 MXQFWLRQ� 8QGHU WKH SRVL�
WLYH VDPSOH ELDV� DV LQ WKLV H[SHULPHQW �VHH ILJXUH FDSWLRQV��
PRUH FRPSDFW ZDWHU OD\HUV DUH IRUPHG E\ KLJKHU HOHFWULF
ILHOGV� OHDGLQJ WR WKH OHVV HIILFLHQW WKURXJK�VSDFH HOHFWURQ
WXQQHOLQJ� 7KH GLIIHUHQFH LQ WKH HTXLOLEULXP EDUULHU KHLJKW
PHDVXUHG LQ WKLV H[SHULPHQW FDQ EH DVFULEHG SDUWO\ WR WKLV
SRODUL]DWLRQ HIIHFW RI ZDWHU�
,Q DWPRVSKHULF KXPLGLW\� WKH FRQGHQVDWLRQ RI ZDWHU PROH�

FXOHV VKRXOG GHSHQG RQ WKH K\GURSKLOLFLW\ RI WKH VXUIDFH�
+HLP HW DO�� KDYH IRXQG WKDW WKH DGVRUEHG ZDWHU OD\HU FDQ EH
SXOOHG XS WR VHYHUDO KXQGUHG c RQ WKH K\GURSKLOLF 3W�& VXU�
IDFH� EXW QR FRPSDUDEOH HIIHFW LV REVHUYHG RQ $X VXUIDFH�
ZKLFK LV OHVV K\GURSKLOLF� 1RWH WKDW WKH RQVHW RI WKH FXUUHQW
LQFUHDVH LQ ZDWHU� DV VKRZQ LQ )LJXUH � �V  �� c� ]  � c�� LV
REVHUYHG DW WKH SRVLWLRQ IDUWKHU IURP WKH VXUIDFH WKDQ WKDW
PHDVXUHG LQ DLU� DV VKRZQ LQ )LJXUH � �V  �� c� ]  � c��
6LQFH +23* LV QRW YHU\ K\GURSKLOLF FRPSDUHG ZLWK RWKHU
PHWDOV VXFK DV $X� 7D7H�� WKH WKLFNQHVV RI WKH ZDWHU OD\HUV
FRQGHQVHG IURP WKH DWPRVSKHUH ZRXOG EH OLPLWHG LQ DLU� ,Q
ZDWHU� RQ WKH RWKHU KDQG� WKLFNHU ZDWHU OD\HUV FDQ EH IRUPHG
RQ WKH +23* VXUIDFH� 7KHUHIRUH� WKH HQKDQFHPHQW RI WXQ�
QHOLQJ SUREDELOLW\ E\ WKLFNHU ZDWHU OD\HUV H[SODLQV WKH GLIIHU�
HQW SRVLWLRQ RI WKH RQVHW RI WKH FXUUHQW LQFUHDVH�

6XPPDU\

:H H[DPLQHG H[SHULPHQWDO 670 EDUULHU KHLJKWV IRU D 3W�
,U�+23* V\VWHP ERWK LQ DLU DQG ZDWHU WR VXEVWDQWLDWH SUHYL�
RXV UHVXOWV� 7KH HOHFWURQ WXQQHOLQJ LQ ZDWHU FRPPHQFHV DW D
ORQJHU GLVWDQFH IURP WKH VDPSOH VXUIDFH WKDQ LQ DLU� 7KH
LQVWDQW EDUULHU KHLJKW GHFUHDVHV JUDGXDOO\ DV WKH WLS DSSUR�
DFKHV WKH VXUIDFH DQG UHDFKHV WKH PLQLPXP QHDU ]  �� RU WKH
HTXLOLEULXP WXQQHOLQJ SRVLWLRQ� 7KH PHDVXUHG HTXLOLEULXP
EDUULHU KHLJKWV DUH ��� H9 DQG ��� H9 LQ DLU DQG ZDWHU�

UHVSHFWLYHO\� ZKLFK DUH DQ RUGHU RI PDJQLWXGH ORZHU WKDQ
YDFXXP YDOXHV ���� H9�� 7KH ORZHU EDUULHU KHLJKW DQG ODUJHU
WXQQHOLQJ GLVWDQFH LQ ZDWHU DUH DVFULEHG WR WKH IRUPDWLRQ RI
WKLFNHU ZDWHU OD\HUV� UHVXOWLQJ LQ WKH KLJKHU SUREDELOLW\ RI
WKUHH�GLPHQVLRQDO HOHFWURQ WXQQHOLQJ EHWZHHQ WKH WLS DQG
VXUIDFH�
$FNQRZOHGJPHQW� 7KH DXWKRUV ZLVK WR DFNQRZOHGJH WKH

ILQDQWLDO VXSSRUW RI WKH .RUHD 5HVHDUFK )RXQGDWLRQ PDGH LQ
WKH SURJUDP \HDU RI �����
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