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7KH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI 8NUDLQH

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH RI WKH 1$6 RI 8NUDLQH

,QWHUQDWLRQDO $VVRFLDWLRQ �:HOGLQJ�
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

0HFKDQLFDO DQG FRUURVLRQ SURSHUWLHV RI DUF� HOHFWURQ EHDP DQG ODVHU ZHOGHG MRLQWV LQ DOOR\ 7Lw�$Ow�9 DUH FRPSDUHG�

DOORZLQJ IRU SHFXOLDULWLHV RI WKHUPDO F\FOHV RI ODVHU ZHOGLQJ� 6XVFHSWLELOLW\ RI WKH ODVHU ZHOG PHWDO WR VWUHVV FRUURVLRQ

FUDFNLQJ LQ DQ DJJUHVVLYH HQYLURQPHQW LV IRXQG WR EH E\ DQ RUGHU RI PDJQLWXGH KLJKHU WKDQ WKDW RI WKH DUF ZHOG PHWDO�

$QQHDOLQJ RI ZHOGHG MRLQWV GRHV QRW GHFUHDVH WKHLU VHQVLWLYLW\ WR FUDFNLQJ�

.H\ ZRU G V � DUF ZHOGLQJ� HOHFWURQ EHDP ZHOGLQJ� ODVHU

ZHOGLQJ� WLWDQLXP DOOR\V� PHFKDQLFDO SURSHUWLHV� VWUHVV FRUURVLRQ

UHVLVWDQFH

7KH VWDEOH WUHQG IL[HG UHFHQWO\ LV WR H[WHQGLQJ WKH
ILHOG RI DSSOLFDWLRQ RI ODVHU ZHOGLQJ LQ DLUFUDIW HQJL�
QHHULQJ� VKLS�EXLOGLQJ� DXWRPRWLYH LQGXVWU\� HWF� >� w

�@� 7KH PDLQ DUJXPHQWV LQ IDYRXU RI UHSODFLQJ DUF
ZHOGLQJ PHWKRGV E\ WKH ODVHU RQHV LQFOXGH WKH SRVVL�

ELOLW\ RI GUDPDWLFDOO\ UDLVLQJ SURGXFWLYLW\ �ZHOGLQJ
VSHHG�� UHGXFLQJ �RU VRPHWLPHV HYHQ HOLPLQDWLQJ�

DPRXQWV RI ZHOGLQJ FRQVXPDEOHV� GHFUHDVLQJ ODERXU

FRQVXPSWLRQ LQ SUHSDUDWLRQ RI HGJHV IRU ZHOGLQJ LQ

PDNLQJ ZHOGV RQ PHWDO RI PHGLXP WKLFNQHVV DQG GH�

FUHDVLQJ GLVWRUWLRQV RI ZHOGHG �HVSHFLDOO\ VKHHW� VWUXF�

WXUHV� $W WKH VDPH WLPH� LW VKRXOG EH QRWHG WKDW WKH

QXPEHU RI SXEOLFDWLRQV GHGLFDWHG WR HYDOXDWLRQ RI

SURSHUWLHV RI WKH ODVHU ZHOGHG MRLQWV LQ YDULRXV VWUXF�

WXUDO PDWHULDOV� H�J� WLWDQLXP DOOR\V� LV UDWKHU VPDOO�

/DVHU ZHOGLQJ LV FKDUDFWHUL]HG E\ H[WUHPHO\ KLJK WHP�

SHUDWXUH JUDGLHQWV� UDWHV RI KHDWLQJ DQG FRROLQJ RI WKH

ZHOG DQG +$= PHWDO >� w �@� 7KHUHIRUH� FRPSUHKHQ�

VLYH LQYHVWLJDWLRQV LQWR WKH HIIHFW RI ULJLG WKHUPDO

F\FOHV LQKHUHQW LQ WKLV PHWKRG RQ SHUIRUPDQFH RI

ZHOGHG MRLQWV DUH UHTXLUHG IRU LWV VXFFHVVIXO DSSOLFD�

WLRQ�

7KH SXUSRVH RI WKLV VWXG\ FRQVLVWV LQ FRPSDUDWLYH
LQYHVWLJDWLRQV RI PHFKDQLFDO SURSHUWLHV DQG VXVFHSWLELO�

LW\ RI ZHOGHG MRLQWV LQ DOOR\ 7Lw�$Ow�9� PDGH E\ ODVHU

ZHOGLQJ� (%: DQG *7$: RYHU WKH IOX[ OD\HU >�@�

7KH FKRLFH RI DOOR\ 7Lw�$Ow�9 DV WKH LQYHVWLJDWLRQ
REMHFW LV EDVHG RQ WKH IDFW WKDW LW LV ZLGHO\ DSSOLHG

LQ FRPPHUFLDO IDEULFDWLRQ RI ZHOGHG VWUXFWXUHV ERWK

DEURDG �*UDGH �� DQG LQ WKH &,6 FRXQWULHV �97���

KDV JRRG ZHOGDELOLW\ DQG LV ZHOO�VWXGLHG�
&KHPLFDO FRPSRVLWLRQ DQG PHFKDQLFDO SURSHUWLHV

RI VDPSOHV RI WKH EDVH PHWDO XVHG LQ WKLV VWXG\ �7DEOHV

� DQG �� LQGLFDWH WKDW WKH\PHHW IXOO\ WKH UHTXLUHPHQWV

RI $670 DQG 5XVVLDQ VWDQGDUGV IRU VKHHW VHPL�ILQ�

LVKHG SURGXFWV PDGH IURP DOOR\ 7Lw�$Ow�9�

%XWW MRLQWV �)LJXUH �� RI SODWHV � × ��� × ��� PP

LQ VL]H ZHUH ZHOGHG XVLQJ WKH � N: &2� ODVHU� 8/���

HOHFWURQ EHDP LQVWDOODWLRQ �SRZHU XQLW (/$ ������

DQG FRPPHUFLDO HTXLSPHQW IRU *7$ ZHOGLQJ RI WLWD�

QLXP� ,Q WKH ODWWHU FDVH WKH $17���$ IOX[ ZDV XVHG�

+HOLXP ZDV XVHG DV WKH VKLHOGLQJ JDV LQ ODVHU ZHOGLQJ

DQG DUJRQ x LQ DUF ZHOGLQJ� ,Q DOO WKH FDVHV WKH

ZHOGLQJ FRQGLWLRQV �7DEOH �� ZHUH VHOHFWHG VR WKDW

WKH\ SURYLGHG VLQJOH SDVV ZHOGV ZLWKRXW JURRYH SUHSD�

UDWLRQ� 1R ILOOHU ZLUH ZDV XWLOL]HG� 5HVXOWV RI FKHPLFDO

DQG JDV DQDO\VHV �VHH 7DEOH �� VKRZHG QR FKDQJHV LQ

WKH FRQWHQW RI DOOR\LQJ HOHPHQWV LQ WKH ZHOG PHWDO

�LQGHSHQGHQWO\ RI WKH ZHOGLQJ PHWKRG�� ZKLFK ZDV
QRW WKH FDVH RI WKH EDVH PHWDO� $OVR� D VOLJKW GLIIHUHQFH

LQ WKH FRQWHQW RI LPSXULWLHV ZDV IL[HG LQ WKH ZHOG

PHWDO� 7KHUHIRUH� VWUXFWXUH DQG SURSHUWLHV RI ZHOGHG

MRLQWV PDGH E\ HDFK ZHOGLQJ PHWKRG GHSHQGHG H[FOX�

VLYHO\ RQ WKH SHFXOLDULWLHV RI D KHDW VRXUFH DQG WKHUPDO

F\FOH�

'HVSLWH WKH IDFW WKDW KHDW LQSXW LQ ODVHU ZHOGLQJ

ZDV ORZHU E\ D IDFWRU RI ��� DQG ��� WKDQ LQ (%:

DQG DUF ZHOGLQJ� UHVSHFWLYHO\� DQG WKDW WKH FDOFXODWHG

YDOXHV RI WKH UDWHV RI KHDWLQJ DQG WKH LQVWDQWDQHRXV

UDWHV RI FRROLQJ RI WKH ZHOG DQG +$= PHWDO GLIIHUHG

E\ DQ RUGHU RI PDJQLWXGH �7DEOH ��� WKH YDOXHV RI

� 9�1� =$0.29� 9�3� 35,/876.<� ,�.� 3(75,&+(1.2� (�/� 95=+,=+(96.< DQG 9�)� 7232/6.<� ����

7DEOH �� &KHPLFDO FRPSRVLWLRQ RI EDVH DQG ZHOG PHWDOV

,QYHVWLJDWLRQ REMHFW
&RQWHQW RI HOHPHQWV� ZW��

$O 9 )H & 2� 1� +�

%DVH PHWDO ���� ���� ���� ���� ���� ����� ������

:HOG PHWDO �DUF ZHOGLQJ� ���� ���� ���� ���� ���� ����� ������

6DPH �(%:� ���� ���� ���� ���� ���� ����� ������

6DPH �ODVHU ZHOGLQJ� ���� ���� ���� ���� ���� ����� ������
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VWUHQJWK DQG LPSDFW WRXJKQHVV RI DOO RI WKH ZHOGHG
MRLQWV KDG QHJOLJLEOH GLIIHUHQFHV DQG ZHUH FORVH WR
WKRVH RI WKH EDVH PHWDO �7DEOHV � DQG ��� :KDW VKRXOG
EH QRWHG LV MXVW WKDW WKH ODVHU ZHOGHG MRLQWV KDG GH�
FUHDVHG VWUHQJWK YDOXHV� 7KLV LV OLNHO\ WR EH FDXVHG E\
WKH SHFXOLDULWLHV RI SKDVH DQG VWUXFWXUDO WUDQVIRUPD�
WLRQV XQGHU FRQGLWLRQV RI KLJK KHDWLQJ DQG FRROLQJ
UDWHV >��@� ZKLFK DUH FKDUDFWHULVWLF RI WKLV SURFHVV�

6XVFHSWLELOLW\ RI DOOR\ 7Lw�$Ow�9 DQG LWV ZHOGHG
MRLQWV WR FRUURVLRQ IUDFWXUH ZDV HYDOXDWHG RQ WKH EDVLV
RI WZR SURSHUWLHV� UHVLVWDQFH WR JHQHUDO FRUURVLRQ LQ
V\QWKHWLF VHD ZDWHU DQG UHVLVWDQFH WR VWUHVV FRUURVLRQ
FUDFNLQJ LQ WKH &+�2+ � ��� � +&O VROXWLRQ� ,Q
ERWK FDVHV WKH WHVWV ZHUH FRQGXFWHG DW URRP WHPSHUD�
WXUH� ,W VKRXOG EH QRWHG WKH +&O FRQWHQW RI PHWKDQRO
ZDV LQ H[FHVV RI WKDW VSHFLILHG LQ *267 �������w��
DQG *267 �����w�� IRU WKH DFFHOHUDWHG FRUURVLRQ
FUDFNLQJ WHVWV RI ZHOGHG MRLQWV LQ WLWDQLXP DOOR\V�

5HVXOWV RI WKH WHVWV WR VXVFHSWLELOLW\ WR JHQHUDO
FRUURVLRQ �7DEOH �� SURYHG WKDW ERWK DOOR\ DQG LWV
ZHOGHG MRLQWV �LQGHSHQGHQWO\ RI WKH ZHOGLQJ PHWKRG�
ZHUH FKDUDFWHUL]HG E\ D KLJK UHVLVWDQFH WR VHD ZDWHU
�DFFRUGLQJ WR *267 �����w��� DQG KDG D YDOXH RI
LF RI WKH VDPH RUGHU RI PDJQLWXGH� $W WKH VDPH WLPH�
VRPH GLIIHUHQFH ZDV IL[HG LQ WKH DEVROXWH YDOXHV RI

WKH UDWH RI FRUURVLRQ GHSHQGLQJ XSRQ WKH ZHOGLQJ
PHWKRG� 6R� LF RI WKH PHWDO RI WKH LVRODWHG ]RQHV RI
WKH MRLQWV PDGH E\ (%: DQG ODVHU ZHOGLQJ �LQ FRQ�
WUDVW WR DUF ZHOGLQJ� DQG EDVH PHWDO LV DOPRVW LGHQWLFDO
�7DEOH ��� 7KH UDWHV RI JHQHUDO FRUURVLRQ� ZKLFK ZHUH
GHWHUPLQHG LQ WKH VDPH ]RQHV EXW LQ WKH HQWLUH ZHOGHG
MRLQWV� ZHUH PXFK KLJKHU� 7KH UHODWLYH LQFUHDVH LQ WKH
LF YDOXHV IRU WKH HOHFWURQ EHDP DQG ODVHU ZHOGHG MRLQWV
LV KLJKHU WKDQ WKDW IRU WKH DUF ZHOGHG MRLQWV� ,W LV
OLNHO\ WKDW DQ LQFUHDVH LQ WKH DEVROXWH YDOXHV RI LF
PHDVXUHG LQ WKH HQWLUH ZHOGHG MRLQWV LV FDXVHG E\ WKH

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI EDVH PHWDO



'LUHFWLRQ RI FXWWLQJ

RXW RI VSHFLPHQV

7HQVLOH

VWUHQJWK�

03D

<LHOG

VWUHQJWK�

03D

5HGXFWLRQ

LQ DUHD�
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,PSDFW

WRXJKQHVV�

-�FP
�

$ORQJ WKH UROOLQJ

GLUHFWLRQ

���� ��� �� ��

$FURVV WKH UROOLQJ
GLUHFWLRQ

���� ��� �� ��




+HUH DQG LQ 7DEOH � WKH PHDQ YDOXHV RI WHVWV UHVXOWV RQ � VSHFLPHQV

DUH JLYHQ�

7DEOH �� &RPSDUDWLYH SDUDPHWHUV RI WKHUPDO HIIHFWV RQ EDVH PH�
WDO LQ DOO WKH ZHOGLQJ PHWKRGV LQYHVWLJDWHG

3DUDPHWHUV

:HOGLQJ PHWKRG

ODVHU
HOHFWURQ

EHDP
DUF

+HDW LQSXW� -�FP ���� ���� ����

:LGWK RI +$=� PP �W ! WPHOW� ��� ��� ����

7LPH RI PHWDO GZHOOLQJ DW W !

! WPHOW � V

���� �� ��

+HDWLQJ UDWH� �&�V�

LQ ZHOG UHJLRQ a����� ���� ���

DW �α � β� → β−WUDQVLWLRQ
LQWHUIDFH ���� ��� ���

&RROLQJ UDWH� �&�V�

LQ ZHOG UHJLRQ ���� ��� ��

DW �α � β� → β−WUDQVLWLRQ
LQWHUIDFH ��� ��� ��

1R W H � :LGWK RI WKH +$= ZDV GHWHUPLQHG E\ PHDVXUHPHQW� 7KH

UHVW RI WKH GDWD ZHUH FDOFXODWHG DFFRUGLQJ WR >� w �@�

7DEOH �� :HOGLQJ FRQGLWLRQV DQG SDUDPHWHUV RI WKH ZHOGV

:HOGLQJ

PHWKRG

:HOGLQJ

FXUUHQW� $

9ROWDJH�

N9

:HOGLQJ

VSHHG�

P�K

:HOG ZLGWK� PP

WRS PLGGOH URRW

$UF ��� ����� � ��� ��� ���

(OHFWURQ

EHDP

�⋅��w� �� �� ��� ��� ���

/DVHU w w �� ��� ��� ���

1R W H � /DVHU ZHOGLQJ ZDV SHUIRUPHG XVLQJ WKH ��� N: XQLW�

7DEOH �� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV

:HOGLQJ

PHWKRG

7HQVLOH

VWUHQJWK�

03D

,PSDFW WRXJKQHVV�

-�FP
�

)UDFWXUH ORFDWLRQ

ZHOG +$=

$UF ���� �� �� :HOG

(OHFWURQ

EHDP

���� �� �� :HOG DQG EDVH PHWDO

/DVHU ��� �� �� :HOG DQG +$=

)LJXUH ��0DFURVWUXFWXUH RI ZHOGHG MRLQWVPDGH E\ DUF �D�� HOHFWURQ
EHDP �E� DQG ODVHU ZHOGLQJ �F�
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PXWXDO HIIHFW RI WKH LQGLYLGXDO UHJLRQV RI D MRLQW RQ
HDFK RWKHU DQG LV DVVRFLDWHG ILUVW RI DOO ZLWK WKH OHYHO
RI ORFDOLW\ DQG FKDUDFWHU RI UHVLGXDO VWUHVVHV LQ WKH
HQWLUH MRLQW� $V WKH ORFDOLW\ RI UHVLGXDO VWUHVVHV LQ WKH
MRLQWV PDGH E\ (%: DQG HVSHFLDOO\ ODVHU ZHOGLQJ LV
KLJKHU WKDQ LQ WKH DUF ZHOGHG MRLQWV� WKH\ KDYH D
KLJKHU UHODWLYH LQFUHDVH LQ LF�

5HVXOWV RI WHVWV RI WKH EDVH DQG ZHOGHG MRLQW PHWDOV

WR VWUHVV FRUURVLRQ FUDFNLQJ �7DEOH �� ZHUH DQRWKHU

SURRI RI WKH NQRZQ SRVWXODWHV RI FDXVHV GHWHUPLQLQJ

VHQVLWLYLW\ RI DOOR\ 7Lw�$Ow�9 WR WKLV W\SH RI IUDFWXUH�

$V FUDFN UHVLVWDQFH RI WLWDQLXP DOOR\V LQ DQ DJJUHVVLYH

HQYLURQPHQW GHSHQGV XSRQ WKH SUHVHQFH� OHYHO DQG

GHJUHH RI ORFDOL]DWLRQ RI LQWHUQDO VWUHVVHV LQ PHWDO� LQ

DGGLWLRQ WR LWV VWUXFWXUDO VWDWH DQG FKHPLFDO KRPRJH�

QHLW\ >��� ��@� WKH ZHOGHG MRLQWV ZKLFK DV D UXOH KDYH

UHVLGXDO VWUHVVHV DQG FRQFHQWUDWLRQDO KHWHURJHQHLW\

�LQGHSHQGHQWO\ RI WKH ZHOGLQJ PHWKRG� DUH PRUH VXV�

FHSWLEOH WR FUDFNLQJ >��� ��� ��@� 8QGHU FRQGLWLRQV

RI WHQVLOH VWUHVVHV LQ DQ DJJUHVVLYH HQYLURQPHQW� FUDFNV

LQ �α � β��WLWDQLXP DOOR\V� DQG LQ 7Lw�$Ow�9 LQ SDU�

WLFXODU� DUH IRUPHG DORQJ WKH JUDLQ ERXQGDULHV DQG DW

LQWHUIDFHV EHWZHHQ WKH SKDVHV >��@� DQG WKHLU SURSD�

JDWLRQ LV FDXVHG E\ IRUPDWLRQ RI WLWDQLXP K\GULGHV DW

WKH FUDFN DSH[ GXH WR K\GURJHQ GLIIXVLRQ >��@�
2WKHU FRQGLWLRQV EHLQJ HTXDO� VXVFHSWLELOLW\ WR

FUDFN LQLWLDWLRQ DQG SURSDJDWLRQ GHSHQGV XSRQ WKH
UHODWLYH SHUFHQWDJH RI WKH α� DQG β�SKDVHV LQ WKHPHWDO�
WKHLU VL]HV DQG PRUSKRORJ\� 7KH KLJKHU WKH YROXPH

7DEOH �� 5DWHV RI JHQHUDO FRUURVLRQ RI EDVH DQG ZHOGHG MRLQW PHWDOV GHSHQGLQJ XSRQ WKH ZHOGLQJ PHWKRG� LF⋅��
w�
PP�\HDU

,QYHVWLJDWLRQ REMHFW
%DVH

PHWDO

:HOG PHWDO +$= PHWDO

$UF

ZHOGLQJ
(%:

/DVHU

ZHOGLQJ

$UF

ZHOGLQJ
(%:

/DVHU

ZHOGLQJ

,VRODWHG ]RQHV RI ZHOGHG MRLQW
 ��� ��� ��� ��� ��� ��� ���

(QWLUH ZHOGHG MRLQW

 ��� ��� ��� ��� ��� ��� ���




:HOG� +$= DQG EDVH PHWDOV ZHUH FXW RXW IURP D ZHOGHG MRLQW�




5HVLVWDQFH RI ]RQHV RI WKH HQWLUH ZHOGHG MRLQW ZDV WHVWHG XVLQJ D SUHVVXUH HOHFWURFKHPLFDO FHOO�

)LJXUH �� 0LFURVWUXFWXUH RI WKH ZHOG PHWDO PDGH E\ DUF �D�� HOHFWURQ EHDP �E�� VDPH DIWHU DQQHDOLQJ �F� DQG ODVHU ZHOGLQJ �G� �×����
�UHGXFHG E\ ����

7DEOH �� 5HVLVWDQFH RI DOOR\ 7Lw�$Ow�9 DQG LWV ZHOGHG MRLQWV WR
VWUHVV FRUURVLRQ FUDFNLQJ

,QYHVWLJDWLRQ REMHFW
7LPH RI WHVWV� K

:LWKRXW DQQHDOLQJ $QQHDOLQJ� ��� �&� � K

%DVH PHWDO �DV�UH�

FHLYHG�

���


� ����� ���� ����� ����� ����

:HOGHG MRLQW �DUF

ZHOGLQJ�

���


� ���� ����

����� ����

����� ����� ����

6DPH �(%:� ��


� ��



� ��



� ��



���



� ���



� ��



� ���




6DPH �ODVHU ZHOG�

LQJ�

�
� �
� �
� �
 ��


� ��



� ��







6SHFLPHQV FUDFNHG LQ WKH LQGLFDWHG SHULRG RI WLPH�
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SHUFHQW RI WKH β�SKDVH DQG WKH KLJKHU WKH GHJUHH RI
LWV GLVSHUVLRQ� WKH PRUH UHVLVWDQW WKH �α � β��DOOR\ LV
WR FRUURVLRQ FUDFNLQJ� &UDFN UHVLVWDQFH RI WKH DOOR\
DOVR LQFUHDVHV LI WKH α�SKDVH KDV D ODPLQDWHG VWUXFWXUH
>��� ��� ��@�

7KHUHIRUH� WKH GDWD JLYHQ LQ 7DEOH � DUH LQGLFDWLYH

RI D UDWKHU KLJK FUDFN UHVLVWDQFH RI DOOR\ 7Lw�$Ow�9�

%HVLGHV� GHVSLWH WKH IDFW WKDW WKH WHVW UHVXOWV RQ WKH

EDVH PHWDO LQ WKH DV�UHFHLYHG FRQGLWLRQ ZHUH FKDUDF�

WHUL]HG E\ D VXEVWDQWLDO VFDWWHU� DIWHU DQQHDOLQJ

���� �&� � K� DOO WKH VSHFLPHQV ZLWKVWRRG WKH WHVWV

IRU �� GD\V� VKRZLQJ QR LQGLFDWLRQV RI FUDFNV� :HOGHG

MRLQWV PDGH E\ DUF ZHOGLQJ RYHU WKH IOX[ OD\HU H[KLE�

LWHG WKH VLPLODU UHVLVWDQFH WR VWUHVV FRUURVLRQ FUDFNLQJ

DQG LWV GHSHQGHQFH XSRQ DQQHDOLQJ� ,W LV OLNHO\ WKDW

WKH SRVLWLYH HIIHFW RI DQQHDOLQJ LQ ERWK FDVHV LV DVVR�

FLDWHG ZLWK UHOLHI RI UHVLGXDO VWUHVVHV DIWHU UROOLQJ �LQ

EDVH PHWDO� DQG DIWHU ZHOGLQJ �LQ ZHOGHG MRLQWV��

VLQFH DQQHDOLQJ FDXVHG QR VXEVWDQWLDO FKDQJHV LQ D

PLFURVWUXFWXUH RI WKH PHWDO� ,Q SDUWLFXODU� QR FKDQJHV

ZHUH GHWHFWHG LQ VKDSH RU WKLFNQHVV RI WKH α�ODPLQDH
�VHH )LJXUH �� E� F��

$W WKH VDPH WLPH� DQQHDOLQJ KDG EXW D VOLJKW HIIHFW
RQ FRUURVLRQ FUDFNLQJ RI WKH HOHFWURQ EHDP DQG ODVHU
ZHOGHG MRLQWV� 7KLV VXJJHVWV WKDW WKHLU ORZ VWUHVV FRU�
URVLRQ UHVLVWDQFH LV DVVRFLDWHG SULPDULO\ ZLWK SHFXOL�
DULWLHV RI D PLFURVWUXFWXUH RI WKH ZHOG DQG+$=PHWDO�
ZKLFK DUH FDXVHG E\ ULJLG WKHUPDO F\FOHV� 7KXV� WKH
LQWUD�JUDQXODU VWUXFWXUH RI WKH ODVHU DQG HOHFWURQ EHDP
ZHOG PHWDOV LV FKDUDFWHUL]HG E\ D QHHGOH�OLNH PRUSKRO�
RJ\ RI WKH GHFRPSRVLWLRQ SURGXFWV IRUPHG DW WKH KLJK
UDWHV RI FRROLQJ IURP WKH β�UHJLRQ �VHH )LJXUH ���
7KLFNQHVV RI WKH QHHGOHV RI WKH α�SKDVH LQ WKHP LV
VHYHUDO WLPHV DV ORZ DV WKDW RI WKH α�SUHFLSLWDWHV LQ
WKH ZHOG PHWDO PDGH E\ DUF ZHOGLQJ� WKH VL]H RI WKH
SULPDU\ β�JUDLQV EHLQJ PXFK VPDOOHU DV ZHOO� 7KH
QHHGOH�OLNH VWUXFWXUH RI WKHα�SKDVH SHUVLVWHG DOVR DIWHU
DQQHDOLQJ� DOWKRXJK VRPH FKDQJHV GLG WDNH SODFH LQ
WKH QHHGOHV DQG LQ WKH PDWUL[ GXULQJ WKHLU GHFRPSR�
VLWLRQ� $ GLVWLQFWLYH IHDWXUH RI PLFURVWUXFWXUH RI WKH
ZHOG UHJLRQV RI WKH +$= LQ WKH MRLQWV PDGH E\ ODVHU
ZHOGLQJ LV WKH DEVHQFH RI WKH JUDLQ JURZWK �)LJXUH ��
F�� &RQWRXUV RI WKH JOREXODU JUDLQV RI WKH α�SKDVH
FKDUDFWHULVWLF RI WKH EDVH PHWDO �)LJXUH �� ZHUH GH�
WHFWHG LQ LQGLYLGXDO UHJLRQV� XS WR WKH IXVLRQ ]RQH�
3UHFLSLWDWLRQ RI WKH QHHGOHV RI WKH PDUWHQVLWLF α�SKDVH
RFFXUV ZLWKLQ WKH OLPLWV RI WKH α�JOREXOHV� 2QO\ LVR�
ODWHG UHFU\VWDOOL]HG JUDLQV LQ WKH +$= PHWDO VKRZHG
WUHQG WR JURZWK� ,Q JHQHUDO� LW VKRXOG EH QRWHG WKDW
WKH PHWKRGV RI RSWLFDO PHWDOORJUDSK\� H[FHSW IRU GLI�
IHUHQFHV LQ VL]HV RI VWUXFWXUDO FRPSRQHQWV� IDLOHG WR
UHYHDO DQ\ RWKHU HVVHQWLDO GLIIHUHQFHV LQ PLFURVWUXF�
WXUH RI WKH MRLQWV PDGH E\ (%: DQG ODVHU ZHOGLQJ�
ZKLFK FRXOG EH UHVSRQVLEOH IRU D ORZ UHVLVWDQFH RI
WKHVH MRLQWV WR FRUURVLRQ FUDFNLQJ�

,Q DGGLWLRQ WR PRUSKRORJ\ DQG GLVSHUVLRQ RI VWUXF�
WXUDO FRPSRQHQWV� WKH FKDUDFWHU RI IUDFWXUH RI �α �
� β��WLWDQLXP DOOR\V PD\ EH FRQVLGHUDEO\ DIIHFWHG E\
D GLVORFDWLRQ VWUXFWXUH >��� ��@�

&21&/86,216

�� 0HFKDQLFDO SURSHUWLHV RI ZHOGHG MRLQWV LQ DOOR\
7Lw�$Ow�9� PDGH *7$: RYHU WKH IOX[ OD\HU� (%:
DQG ODVHU ZHOGLQJ� DUH DW WKH VDPH OHYHO DQG FORVH WR
WKH FRUUHVSRQGLQJ SURSHUWLHV RI WKH EDVH PHWDO�

)LJXUH �� 0LFURVWUXFWXUH RI WKH +$= PHWDO LQ WKH MRLQWV PDGH E\
DUF �D�� HOHFWURQ EHDP �E� DQG ODVHU ZHOGLQJ �F� �×���� �UHGXFHG
E\ ����

)LJXUH �� 0LFURVWUXFWXUH RI WKH EDVH PHWDO �×���� �UHGXFHG E\
����
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�� ,QGHSHQGHQWO\ RI WKH ZHOGLQJ PHWKRG� WKH
ZHOGHG MRLQW DQG EDVH PHWDOV DUH FKDUDFWHUL]HG E\ D
KLJK UHVLVWDQFH WR JHQHUDO FRUURVLRQ LQ VHD ZDWHU� 7KH
UDWHV RI FRUURVLRQ RI WKH ZHOG� +$= DQG EDVH PHWDOV
DUH RI WKH VDPH RUGHU RI PDJQLWXGH DQG FORVH WR HDFK
RWKHU LQ DEVROXWH YDOXHV�

�� /DVHU ZHOGHG MRLQWV DUH FKDUDFWHUL]HG E\ D PLQL�
PXP VWUHVV FRUURVLRQ UHVLVWDQFH �E\ WZR RUGHUV RI
PDJQLWXGH ORZHU WKDQ WKDW RI WKH EDVH PHWDO� ERWK
LQ WKH DV�ZHOGHG FRQGLWLRQ DQG DIWHU DQQHDOLQJ�
*7$: RYHU WKH IOX[ OD\HU SURYLGHV FUDFN UHVLVWDQFH
RI WKH ZHOGHG MRLQWV HTXDO WR WKDW RI WKH EDVH PHWDO�
7KH HOHFWURQ EHDP ZHOGHG MRLQWV WDNH DQ LQWHUPHGLDWH
SRVLWLRQ�

�� 'HWDLOHG LQYHVWLJDWLRQV LQWR SHFXOLDULWLHV RI WKH
PHWDO PLFURVWUXFWXUH IRUPHG XQGHU FRQGLWLRQV RI WKH
WKHUPDO F\FOHV FKDUDFWHULVWLF RI ODVHU ZHOGLQJ DUH UH�
TXLUHG WR ILQG RXW WKH FDXVHV RI VXVFHSWLELOLW\ RI WKH
ODVHU ZHOGHG MRLQWV WR VWUHVV FRUURVLRQ FUDFNLQJ�

5()(5(1&(6

�� 6FKXWWH� 0� ������ (XURSHDQ ODVHU PDUNHW x SODFHs���
%OHFK 5RKUH 3URILOH� �� ��� w ����

�� ,UYLQJ� %� ������ :KDWsV WKH ODWHVW QHZV RQ ODVHU EHDP
ZHOGLQJ DQG FXWWLQJ" :HOGLQJ -�� ��� �� w ���

�� &DP� *�� 'RV 6DQWRV� ,�)�� .RVDN� 0� ������ /DVHU DQG
HOHFWURQ EHDP ZHOGLQJ RI 7L�DOOR\V� /LWHUDWXUH UHYLHZ�
*.66 �5HSW�� ��� � w ���

�� 6H\IIDUWK� 3� ������ 6WDWH�RI�WKH�DUW DQG WUHQGV RI GHYHORS�
PHQW LQ WKH ILHOG RI ODVHU VRXUFHV RI WUHDWPHQW� ,Q� 3URF� RI
,QW� 6FL��7HFKQ� &RQI� RQ :HOGLQJ LQ 3RZHU *HQHUDWLRQ�
.\LY� 2FW� � w �� .\LY�

�� /HXVFKHQ� 9�� 6SLHV� %� ������ 6WDQG XQG (QWZLFNOXQJVWHQ
GHQ]HQ GHV /DVHUVWUDKOVFKZHLβHQV XQG �VFKQHLGHQV LP $XWR�
PRELOEDX� ,Q� 6DPPOXQJ GHU 9RUWUD

..
JH $DFKHQHU 6FKZHLV�

VWHFKQ� .ROORT�� -XQL ��� $DFKHQ�
�� 5\NDOLQ� 1�1�� 8JORY� $�$�� =XHY� ,�9� HW DO� ������ /DVHU

WUHDWPHQW RI PDWHULDOV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�
�� 5\NDOLQ� 1�1�� 8JORY� $�$�� =XHY� ,�9� HW DO� ������ /DVHU

DQG HOHFWURQ EHDP WUHDWPHQW RI PDWHULDOV� 5HIHU� %RRN�
0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� *ULJRULDQWV� $�*�� 6KLJDQRY� ,�1� ������ /DVHU ZHOGLQJ RI
PHWDOV� 0RVFRZ� 9\VVKD\D 6KNROD�

�� 3DWRQ� %�(�� =DPNRY� 9�1�� 3ULOXWVN\� 9�3� ������ /H VRX�
GDJH $�7,* GX WLWDQH HW GH VHV DOOLDJHV� 6RXGDJH HW 7HFKQL�
TXHV &RQQH[HV� ������ �� w ���

��� ,YDVLVKLQ� 2�0�� 2VKNDGHURY� 6�3� ������ (IIHFW RI WKH UDWH
RI KHDWLQJ IRU TXHQFKLQJ RQ VWUXFWXUH RI DOOR\V 97�� DQG
97�� 0HWDOORYHGHQL\H L 7HUP� 2EUDE� 0HWDOORY� �� �� w
���

��� 6KHOHQNRY� *�0�� %ODVKFKXN� 9�(�� 0HOHNKRY� 5�.� ������
0DQXIDFWXUH DQG RSHUDWLRQ RI WLWDQLXP HTXLSPHQW� .\LY�
7HNKQLND�

��� 0DVKLQR� 6�� 1RUL\D� 7�� 6X]XNL� +� HW DO� ������ ,QYHVWLJD�
WLRQ RI WKH PHFKDQLVP RI PLFURVWUXFWXUH RI DOOR\ 7Lw�$Ow�9
ZLWK DQ DFLFXODU VWUXFWXUH E\ WKH DFRXVWLF HPLVVLRQ PHWKRG�
-� -DS� ,QVW� 0HWDOV� �� ��� w ����

��� 7VYLNHU� 8� ������ 7LWDQLXP DQG LWV DOOR\V� 0RVFRZ� 0H�
WDOOXUJLD�

��� 0RUR]� /�6�� &KHFKXOLQ� %�%�� 3ROLQ� ,�9� HW DO� ������ 7L�
WDQLXP DQG LWV DOOR\V� /HQLQJUDG� 6XGSURPJL]�

��� &KHFKXOLQ� %�%�� .KHVLQ� <X�'� ������ &\FOLF DQG FRUURVL�
RQ VWUHQJWK RI WLWDQLXP DOOR\V� 0RVFRZ� 0HWDOOXUJLD�

��� )HGRWRY� $�6� ������ 3ULQFLSOHV RI IUDFWXUH RI WZR�SKDVH WL�
WDQLXP DOOR\V ZLWK GLIIHUHQW PLFURVWUXFWXUH� 0HWDO�
ORYHGHQL\H L 7HUP� 2EUDE� 0HWDOORY� �� �� w ���

��� 7RPVLQVN\� 9�6�� 6KLVKNLQD� 0�,�� %H]UXNRYD� $�.� HW DO�
������ (IIHFW RI VWUXFWXUH RQ FUDFN UHVLVWDQFH RI DOOR\ 97��
�� ,ELG�� ��� �� w ���

��� $QLVLPRYD� /�,�� 3RSRY� $�$� ������ 5HODWLRQVKLS EHWZHHQ
WKH FKDUDFWHU RI IUDFWXUH� PLFURVWUXFWXUH DQG SURSHUWLHV RI
�α � β��WLWDQLXP DOOR\V� ,ELG�� ��� �� w ���
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$�9� =9<$*,176(9$� .�$� <86+&+(1.2 DQG 9�6� 6$9&+(1.2

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

,QYHVWLJDWLRQ RI KRW GXFWLOLW\ RI DOOR\ ,1 ��� SURYHV WKDW LW KDV WKUHH FKDUDFWHULVWLF GXFWLOLW\ WHPSHUDWXUH UDQJHV� 'UDVWLF

IDOO LQ GXFWLOLW\ WDNHV SODFH LQ D QDUURZ WHPSHUDWXUH UDQJH� ,W UHVXOWV IURP PHOWLQJ RI JUDLQ ERXQGDULHV WR IRUP RQ WKHP

VPDOO DPRXQWV RI WKH OLTXLG ILOPV� 7KH GDWD RI PHWDOORJUDSK\ DQG IUDFWRJUDSK\ REWDLQHG RQ ZHOGHG VDPSOHV VKRZ WKDW

IUDFWXUH DW KLJK WHPSHUDWXUHV RFFXUV DORQJ WKH ERXQGDULHV RI JUDLQV �GHQGULWHV� ULFK LQ DOOR\LQJ HOHPHQWV DQG LV RI WKH
VDPH QDWXUH DV IUDFWXUH RI WKH EDVH PHWDO DW KLJK WHPSHUDWXUHV�

.H\ ZRU G V � KHDW�UHVLVWDQW QLFNHO DOOR\V� KRW GXFWLOLW\�
IUDFWXUH PHFKDQLVP� QLO GXFWLOLW\ WHPSHUDWXUH� PHOWLQJ RI JUDLQ
ERXQGDULHV� FKHPLFDO KHWHURJHQHLW\� HQULFKPHQW RI ERXQGDULHV�
GHQGULWHV

+LJK�WHPSHUDWXUH VWUHQJWK DQG GXFWLOLW\ WHVWV DUH DQ
LQWHJUDO SDUW RI LQYHVWLJDWLRQV WR VWXG\ ZHOGDELOLW\

DQG SURSHUWLHV RI PHWDO ZHOGHG MRLQWV� 0HWDOOXUJLFDO

FKDQJHV WDNLQJ SODFH GXULQJ WKH KLJK�WHPSHUDWXUH

WHVWV DUH VWXGLHG WR GHWHUPLQH PRUH SUHFLVHO\ KRZ WKH

GDWD RI LQYHVWLJDWLRQ RI VWUHQJWK DQG GXFWLOLW\ FRUUH�
ODWH ZLWK WKH ZHOGLQJ H[SHULPHQWV�

+RW GXFWLOLW\ LV GHWHUPLQHG E\ VLPXODWLQJ WKH WKHU�
PDO F\FOH RI PHWDO KHDWLQJ DQG FRROLQJ� L�H� VLPXODWLQJ

WKH SURFHVVHV RFFXUULQJ LQ WKH+$=PHWDO GXULQJZHOG�

LQJ� )RU WKLV WKH WHVWV DUH FRQGXFWHG ZLWKLQ WKH VH�

OHFWHG UDQJH RI WHPSHUDWXUHV RI WKH WKHUPDO F\FOH WR
GHWHUPLQH FKDUDFWHULVWLF SHFXOLDULWLHV RI GXFWLOLW\ GH�
SHQGLQJ XSRQ WKH KHDWLQJ WHPSHUDWXUH� )RXU UHJLRQV

RI FKDQJHV LQ KRW GXFWLOLW\ �)LJXUH �� FDQ EH GLVWLQ�

JXLVKHG RQ WKH EDVLV RI WKH WHVW UHVXOWV�

, x GXFWLOLW\ LV FRQVWDQW ZLWK DQ LQFUHDVH LQ WHP�

SHUDWXUH� 7KH WHPSHUDWXUH LV WRR ORZ IRU DFWLYDWLRQ

RI WKH GLIIXVLRQ DQG VWUHQJWKHQLQJ SURFHVVHV� WKHUH�

IRUH� GXFWLOLW\ LQ WKLV UHJLRQ GRHV QRW GHSHQG XSRQ
WKH WHPSHUDWXUH >�@�

,, x GXFWLOLW\ GHFUHDVHV ZLWK IXUWKHU LQFUHDVH LQ

WHPSHUDWXUH� ,Q WKLV UHJLRQ� WKH HQHUJ\ RI ELQGLQJ RI

DQ LPSXULW\ DWRP ZLWK GLVORFDWLRQV EHLQJ PDLQWDLQHG

DW D VXIILFLHQWO\ KLJK OHYHO� PRELOLW\ RI WKH DWRP LQ�

FUHDVHV RZLQJ WR DQ LQFUHDVH LQ WKH GLIIXVLRQ SDUDPH�

WHUV� 7UDQVSRUWDWLRQ RI LPSXULW\ DWRPV WR WKH JUDLQ

ERXQGDULHV UHVXOWV LQ DQ LQWHUJUDQXODU HPEULWWOHPHQW
DQG� WKXV� WKH KRW GXFWLOLW\ GLS >�@�

,,, x GXFWLOLW\ JURZV WR YHU\ KLJK YDOXHV ZLWK

IXUWKHU LQFUHDVH LQ WHPSHUDWXUH� )RU QLFNHO DOOR\V WKLV
UHJLRQ EHJLQV ZLWK WKH VWUHQJWKHQLQJ SURFHVVHV EHLQJ

GRPLQDWHG E\ WKH ZHDNHQLQJ RQHV� L�H� UHFU\VWDOOL]D�
WLRQ� ZKLFK LV DWWULEXWDEOH WR KLJK VWUHVVHV DQG KLJK

WHPSHUDWXUHV >�@�

,9 x YHU\ UDSLG IDOO RI GXFWLOLW\ ZLWK IXUWKHU

LQFUHDVH LQ WHPSHUDWXUH� 7KH �QLO� GXFWLOLW\ DQG �QLO�

VWUHQJWK WHPSHUDWXUHV� ZKLFK FRUUHVSRQG DSSUR[L�

PDWHO\ WR WKH VROLGXV DQG OLTXLGXV WHPSHUDWXUHV RI

WKH EDVH PHWDO� EHORQJ WR WKLV UHJLRQ�

)RUPHWDO ZLWK D VWDEOH DXVWHQLWLF VWUXFWXUH� ZLWKLQ

WKH WHPSHUDWXUH UDQJHV RI UHJLRQV , w ,,,� WKH VWUHQJWK

IDOOV JUDGXDOO\ DQG KDV D EHQG DW WKH ERXQGDU\ RI
UDQJHV RI UHJLRQV ,,, DQG ,9� 7KLV EHQG FRLQFLGHV

ZLWK WKH GXFWLOLW\ GLS WHPSHUDWXUH�

5HJLRQ ,9 LV RI VSHFLDO LQWHUHVW IRU UHVHDUFKHUV�

0DQ\ RI WKHP LQYHVWLJDWHG FDXVHV RI D GUDVWLF IDOO LQ
GXFWLOLW\� +RZHYHU� XQWLO QRZ WKHUH LV QR VLQJOH RSLQ�

LRQ RQ WKLV SKHQRPHQRQ�

,Q >�@ D VWDEOH DXVWHQLWLF PHWDO ,1 ��� ZDV VHOHFWHG

DV WKH PDWHULDO IRU LQYHVWLJDWLRQV� 6SHFLPHQV ZHUH

WHVWHG XVLQJ WKH �*OHHEOH� WHVWLQJ PDFKLQH� 7ZR VH�

ULHV RI WHVWV ZHUH FRQGXFWHG WR GHVFULEH WKH WKHUPDO

F\FOH� ILUVW GXULQJ KHDWLQJ DQG VHFRQG x GXULQJ FRRO�

LQJ� 7KH QLO GXFWLOLW\ SRLQW ZDV WKH PD[LPXP WHP�

SHUDWXUH RI KROGLQJ RI WKH WHVW VSHFLPHQV RQ WKH FRRO�

LQJ EUDQFK� VLPXODWLQJ WKH ZHOGLQJ F\FOH�

� $�9� =9<$*,176(9$� .�$� <86+&+(1.2 DQG 9�6� 6$9&+(1.2� ����

)LJXUH �� &KDQJHV LQ GXFWLOLW\ �D� DQG VWUHQJWK �E� RI VWDEOH
DXVWHQLWLF VWHHOV GHSHQGLQJ XSRQ WKH WHPSHUDWXUH
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0LFURVWUXFWXUDO LQYHVWLJDWLRQV RI VSHFLPHQV WHVWHG
RQ WKH KHDWLQJ EUDQFK VKRZHG WKH SUHVHQFH RI WKH
VHUUDWHG JUDLQ ERXQGDULHV� WHUUDFH�OLNH IUDFWXUH VXU�
IDFH� SDUWLDO FKDQJH LQ WKH NLQG RI IUDFWXUH IURP WRXJK
WR EULWWOH DQG VHJUHJDWHG SUHFLSLWDWHV� $FFRUGLQJ WR
WKH PRGHO SUHVHQWHG� WKH SUHVHQFH RI WKHVH FKDQJHV LV
FDXVHG E\ SDUWLDO PHOWLQJ DW WKH JUDLQ ERXQGDULHV�
,QYHVWLJDWLRQV FRQGXFWHG LQ >�@ DW WKH FRROLQJ EUDQFK
VKRZ WKDW GXULQJ FRROLQJ RI WKH VSHFLPHQV� ZKLFK
ZHUH SUHOLPLQDULO\ KHDWHG WR D VROLG�OLTXLG VWDWH WHP�
SHUDWXUH� WKH UHJLRQ RI WKH OLTXLG JUDLQ ERXQGDULHV LV
FU\VWDOOL]HG LQ D SUHIHUUHG RULHQWDWLRQ ����!� WKH GLV�
VROYHG LPSXULWLHV GLIIXVLQJ IURP WKH ]RQHV QHDU WKH
ERXQGDULHV LQWR WKH IRUPHG OLTXLG� 7KLV JURZWK LV
SURYHG E\ WKH SUHVHQFH RI WKH VHUUDWHG JUDLQ ERXQGD�
ULHV DQG WKH WHUUDFH�OLNH VXUIDFH VWUXFWXUHV�

$FFRUGLQJ WR WKH GDWD JLYHQ LQ >�@� WKH GXFWLOLW\

GLS LV DVVRFLDWHG ZLWK DQ LQFLSLHQW PHOWLQJ DW WKH JUDLQ

ERXQGDULHV� WKH EHQG LQ VWUHQJWK LV DWWULEXWDEOH WR WKH

IRUPDWLRQ RI ILOPV RI FULWLFDO WKLFNQHVV DQG WKH QLO

VWUHQJWK LV LQGLFDWLYH RI WKH SUHVHQFH RI VHYHUDO SHUFHQW

RI D PROWHQ YROXPH�

,Q >�@� QLFNHO DOOR\ ,1 ��� VXEMHFWHG WR WKUHH GLI�

IHUHQW W\SHV RI KHDW WUHDWPHQW ZDV XVHG DV DQ H[DPSOH

WR VWXG\ YDULDWLRQV LQ PLFURVWUXFWXUH GXULQJ VLPXOD�

WLRQ RI WKH ZHOGLQJ WKHUPDO F\FOH XVLQJ WKH �*OHHEOH�

WHVWLQJ PDFKLQH DQG UHODWLRQVKLS EHWZHHQ YDULDWLRQV

LQ PLFURVWUXFWXUH DQG ORVV LQ GXFWLOLW\� ,W ZDV IRXQG

WKDW JURZWK RI JUDLQ� UHFU\VWDOOL]DWLRQ DQG GLVVROXWLRQ

RI LPSXULWLHV KDG QR HIIHFW RQ WKH GXFWLOLW\ ORVV�

,QYHVWLJDWHGZHUH VSHFLPHQV VXEMHFWHG WR WKUHH GLI�

IHUHQW W\SHV RI KHDW WUHDWPHQW� DV�UHFHLYHG� VXEMHFWHG

WR DJHLQJ DQG VROXWLRQ WUHDWHG� $OO VWUXFWXUHV H[KLE�

LWHG OLTXDWLRQ RI ERXQGDULHV DERYH WKH QLO GXFWLOLW\

WHPSHUDWXUH� 7KH WHVW GDWD RQ WKH FRROLQJ EUDQFK

VKRZHG WKDW GXFWLOLW\ UHPDLQHG ORZ IURP D PD[LPXP

WHPSHUDWXUH WR WKH WHPSHUDWXUH DSSUR[LPDWHO\ HTXDO

WR WKDW RI WKH QLO GXFWLOLW\ REWDLQHG RQ WKH KHDWLQJ

EUDQFK� 7KH WHVW GDWD DOVR VKRZHG WKDW DW WKH WHP�

SHUDWXUH RI EHJLQQLQJ RI PHOWLQJ WKH PLFURVWUXFWXUH

IRUPHG WKH LQWHUJUDQXODU OLTXLG LQ WKH VDPH ZD\ LQ

DOO WKUHH W\SHV RI KHDW WUHDWPHQW�

7KH SUREOHP RI DQ DGHTXDWH GHWHUPLQDWLRQ RI WKH

GXFWLOH SURSHUWLHV DW KLJK WHPSHUDWXUHV LV FRQVLGHUHG

DOVR LQ >�@� 7KH WHVWV ZHUH SHUIRUPHG XVLQJ HTXLSPHQW

LQ ZKLFK WKH LQGXFWLRQ FRLO ZDV ORFDWHG DURXQG D VSHFL�

PHQ SUHSDUHG IRU WKH WHVWV� ZKLFK DOORZHG PHOWLQJ RI

SDUW RI WKH WHVW VSHFLPHQ� 0ROWHQ PHWDO ZDV UHWDLQHG

LQ SODFH E\ VXUIDFH WHQVLRQ IRUFHV� $ WKHUPRFRXSOH

ZDV SODFHG LQVLGH WKH VSHFLPHQ DQG ZDV LVRODWHG IURP

LW E\ D FHUDPLF FRDWLQJ� $OO WKH WHQVLOH WHVWV� OLNH LQ

WKH SUHYLRXV FDVHV� VKRZHG D IXQGDPHQWDO IDOO LQ HORQ�

JDWLRQ ZLWKLQ D QDUURZ WHPSHUDWXUH UDQJH� 7KH

DXWKRUV DWWULEXWH WKH VWUHQJWK DERYH WKH PLQLPXP

GXFWLOLW\ GLS WHPSHUDWXUH WR WKH SUHVHQFH RI FDSLOODU\

IRUFHV GXH WR WKLQ ILOPV FRQQHFWLQJ WKH FU\VWDOV� 2ZLQJ

WR D WKLQ OD\HU RI OLTXLG EHWZHHQ VROLG SDUWV� IUDFWXUH

LQ WKH GXFWLOLW\ GLS WHPSHUDWXUH UDQJH ORRNV VRPHWLPHV

VPRRWK DQG VRPHWLPHV VHUUDWHG�

$QDO\VLV RI WKH SXEOLVKHG GDWD VKRZV WKDW WKH PD�
MRULW\ RI WKH FULWHULD XVHG IRU SUHGLFWLRQ RI EHKDYLRXU
RI PHWDO GXULQJ ZHOGLQJ DUH EDVHG RQPHFKDQLFDO FKDU�
DFWHULVWLFV �UHGXFWLRQ LQ DUHD DQG �RU� VWUHQJWK��
ZKHUHDV WKHUH LV QR VLQJOH RSLQLRQ DV WR LQWHUSUHWDWLRQ
RI WKH PLFURVWUXFWXUDO SHFXOLDULWLHV�

,W ZDV RI LQWHUHVW WR FRQGXFW LQYHVWLJDWLRQV WR VWXG\
WKH GXFWLOLW\ GLS FRQGLWLRQV ZLWKLQ D QDUURZ WHPSHUD�
WXUH UDQJH DQG WKHLU UHODWLRQVKLS ZLWK PLFURVWUXFWXUDO
FKDQJHV LQ VLPXODWLRQ RI WKH ZHOGLQJ F\FOH� ,Q WKLV
VWXG\ WKH LQYHVWLJDWLRQV ZHUH FRQGXFWHG RQ VSHFLPHQV
RI QLFNHO DOOR\ ,1 ��� ZLWK WKH IROORZLQJ FRQWHQW RI
EDVH DQG LPSXULW\ HOHPHQWV� ZW� �� &x ������0Qx
����� )H x ������ &U x ������ 1L x ������ 7L x
����� $O x ����� 0R x ����� 1 x ������ 2 x
������ &D x ������ 6 x ������ 3 x ������� 6L x
�����

7KH WHVWV ZHUH SHUIRUPHG XVLQJ WKH �$OD�7RR� WHVW�
LQJ PDFKLQH RI WKH �*OHHEOH� W\SH ZLWKLQ D WHPSHUDWXUH
UDQJH RI �� WR ���� �&� ZLWK D ZRUN YDFXXP FKDPEHU
XQGHU D UHVLGXDO SUHVVXUH RI ���⋅��w� 3D� 7KH VSHFLPHQV
ZHUH KHDWHG E\ WKH UDGLDWLRQ PHWKRG XVLQJ D WDQWDOXP
KHDWHU� 7KH WHPSHUDWXUH ZDV UHJXODWHG DQG PDLQWDLQHG
E\ PHDQV RI DQ DXWRPDWLF SRWHQWLRPHWHU XVLQJ D SODWL�
QXP WR SODWLQXPwUKRGLXP WKHUPRFRXSOH ZHOGHG E\ WKH
FDSDFLWRU�GLVFKDUJH PHWKRG WR D JDXJH OHQJWK RI HDFK
VSHFLPHQ� 8SRQ UHDFKLQJ WKH VHOHFWHG WHPSHUDWXUH DQG
KROGLQJ IRU D IHZ PLQXWHV� WKH VSHFLPHQV ZHUH IUDFWXUHG
DW D UDWH RI ����⋅��w� Vw��

7KH GXFWLOLW\ FKDUDFWHULVWLF� L�H� UHGXFWLRQ LQ DUHD
ψ� ZKLFK ZDV GHWHUPLQHG IURP WKH IROORZLQJ IRUPXOD�

ψ =
O w O�

O�
⋅�����

ZKHUH O� DQG O LV WKH WKLFNQHVV RI WKH VSHFLPHQ EHIRUH
DQG DIWHU WKH WHVW� UHVSHFWLYHO\� ZDV XVHG DV WKH FUL�
WHULRQ RI HYDOXDWLRQ RI WKH GXFWLOH SURSHUWLHV�

,QYHVWLJDWLRQ RI GLVWULEXWLRQ RI HOHPHQWV LQ WKH
ZHOGV DQG IUDFWRJUDSK\ ZHUH FDUULHG RXW XVLQJ WKH
-(2/ VFDQQLQJ HOHFWURQ PLFURVFRSH RI WKH <607����
W\SH �-DSDQ� DQG WKH &DPHED[ PLFURDQDO\VHU RI WKH
6��� W\SH �)UDQFH��

6HFWLRQV IRU PHWDOORJUDSK\ ZHUH HWFKHG XVLQJ WKH
983�� XQLW E\ WKH YDFXXP LRQ HWFKLQJ PHWKRG�

%HKDYLRXU RI PHWDO LQ WKH VROLG�OLTXLG VWDWH DQG
ZHOGDELOLW\ ZHUH LQYHVWLJDWHG E\ WKH 9DUHVWUDLQW WHVW
PHWKRG WR SURYLGH G\QDPLF GHIRUPDWLRQ RI D ZHOGHG
MRLQW� $OORZLQJ IRU DQ LQVLJQLILFDQW WKLFNQHVV RI WKH
PDWHULDOV XQGHU LQYHVWLJDWLRQ� ZKLFK ZDV PXFK OHVV
WKDQ WKLFNQHVV RI WKH SODWHV UHFRPPHQGHG IRU LQYHV�
WLJDWLRQV E\ WKH 9DUHVWUDLQW WHVW PHWKRG� D ZHOGHG
VDPSOH ZDV PDGH IURP VWDLQOHVV VWHHO RI WKH ��.K��7
�& x ����� &U x ����� 7L x ��� ZW��� )H x ED�
ODQFH� W\SH � PP WKLFN� WR ZKLFK D VWULS RI WKH FRP�
SRVLWLRQ LQYHVWLJDWHG ZDV ZHOGHG�:HOGLQJ GXULQJ WKH
WHVWV ZDV GRQH E\ WKH *7$: PHWKRG DW D FXUUHQW RI
�� $ DQG VSHHG RI ��� P�PLQ� 7KH WHVW FRQVLVWHG LQ
GHIRUPDWLRQ RI WKH ZHOG PHWDO E\ EHQGLQJ XVLQJ D
VHULHV RI PDQGUHOV ZLWK GLIIHUHQW UDGLXV� 7KH WLPH RI
GHIRUPDWLRQZDV ���� V� $W WKHPRPHQW RI GHIRUPDWLRQ
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WKH ZHOGLQJ ZDV QRW VWRSSHG� EXW ZDV FRQWLQXHG IRU
VRPH WLPH�

7KH FXUYH �)LJXUH �� ZDV SORWWHG E\ WKH UHVXOWV
RI WKH KRW GXFWLOLW\ WHVWV� 7KH FXUYH FDQ EH FRQGLWLRQ�
DOO\ VXEGLYLGHG LQWR WKUHH UHJLRQV�

, � ,, x IURP URRP WHPSHUDWXUH WR ��� �&� LQ
ZKLFK HORQJDWLRQ LQFUHDVHV EXW VOLJKWO\�

,,, x IURP ��� WR ���� �&� ZKHUH HORQJDWLRQ
GUDPDWLFDOO\ JURZV�

,9x DERYH ���� �&� ZKHUH HORQJDWLRQ IDOOV YHU\
UDSLGO\ WR ]HUR�

7R VWXG\ SURFHVVHV ZKLFK RFFXU LQ WKH PDWHULDO DW
WKH PRPHQW RI D IXQGDPHQWDO IDOO RI HORQJDWLRQ ZLWKLQ
D QDUURZ WHPSHUDWXUH UDQJH� WKH IUDFWXUH VXUIDFHV RI
WKH VSHFLPHQV WHVWHG DW WHPSHUDWXUHV ZKLFK ZHUH WKH
FORVHVW WR WKH FRQGLWLRQDO ERXQGDU\ EHWZHHQ UHJLRQV
,,, DQG ,9 RQ WKH GXFWLOLW\ FXUYH ZHUH LQYHVWLJDWHG
E\ VFDQQLQJ HOHFWURQ PLFURVFRS\� $V VKRZQ E\ WKH
UHVXOWV� WKH IUDFWXUH VXUIDFH RI WKH VSHFLPHQ IURP UH�
JLRQ ,,,� WHVWHG DW D WHPSHUDWXUH RI ���� �&� KDV WKH
IRUP FKDUDFWHULVWLF RI WRXJK IUDFWXUH �)LJXUH �� E��
,W FDQ EH VHHQ WKDW LWV IUDFWXUH VXUIDFH KDV D FHOOXODU
VWUXFWXUH ZKLFK DFFRPSDQLHV WKH GHIRUPDWLRQ SURFHVV�
,Q WKLV FDVH WKH WHPSHUDWXUH GRHV QRW \HW UHDFK WKH
YDOXHV DW ZKLFK WKH JUDLQ ERXQGDULHV VWDUW PHOWLQJ�
DQG WKH FUDFN SURSDJDWHV LQ WKH EXON RI JUDLQ� UDWKHU
WKDQ DORQJ LWV ERXQGDULHV�

7KH VSHFLPHQ IURP UHJLRQ ,9 ZDV WHVWHG DW D WHP�
SHUDWXUH RI ���� �&� )LJXUH �� F VKRZV WKLFNHQHG
ERXQGDULHV� DV FRPSDUHG ZLWK ERXQGDULHV RI WKH VSHFL�
PHQ IURP UHJLRQ ,,, �)LJXUH �� D�� WKH IRUPDWLRQ RI
ZKLFK LV DVVRFLDWHG ZLWK WKH EHJLQQLQJ RI PHOWLQJ�
)UDFWXUH �)LJXUH �� G� ORRNV VPRRWK DQG LQWHUJUDQX�
ODU� 7KH SUHVHQFH RI FKDUDFWHULVWLF IUDJPHQWV RI FU\V�
WDOOL]DWLRQ DW WKH IUDFWXUH VXUIDFH LV DOVR LQGLFDWLYH RI
WKH EHJLQQLQJ RIPHOWLQJ� FRLQFLGLQJZLWK WKH GXFWLOLW\
ORVV� 6XFK D FKDQJH LQ WKH IUDFWXUH VXUIDFH FDQ EH
H[SODLQHG DV IROORZV� VPDOO WHDUV DUH IRUPHG DW WKH
ERXQGDU\ EHWZHHQ WKH QHLJKERXULQJ JUDLQV� WKH\ OHDG
WR DQ LQFUHDVH LQ ORFDO VWUHVVHV WR SURYRNH IRUPDWLRQ
RI ORFDO IUDFWXUHV� 7KH FUDFN XQGHU VXFK FRQGLWLRQV
SURSDJDWHV DORQJ WKH ERXQGDULHV RI WKH JUDLQV
�EULGJHG� E\ D PROWHQ PDWHULDO IRUPHG EHWZHHQ WKH
FU\VWDOV�

7KH GDWD RI HQHUJ\ GLVSHUVLRQ DQDO\VLV RI WKH IUDF�
WXUH VXUIDFH VKRZ WKDW EULWWOH IUDFWXUH UHVXOWV LQ DQ

LQFUHDVH LQ WKH DPRXQW RI VXOSKXU� DOXPLQLXP DQG
WLWDQLXP RQ WKH IUDFWXUH VXUIDFH �)LJXUH ��� 7KHVH
FRPSRXQGV IDYRXU EHJLQQLQJ RI PHOWLQJ DORQJ WKH
JUDLQ ERXQGDULHV� EHLQJ RQH RI WKH FDXVHV RI WKH GXF�
WLOLW\ GLS�

(QULFKPHQW RI WKH IUDFWXUH VXUIDFH ZLWK WLWDQLXP�
VXOSKXU DQG DOXPLQLXP LV FDXVHG E\ VHYHUDO IDFWRUV�
EHLQJ FKDUDFWHUL]HG E\ KLJK GLIIXVLRQ SDUDPHWHUV
�4 x DFWLYDWLRQ HQHUJ\� -⋅PROHw�� DQG '

�
x GLIIX�

VLRQ FRHIILFLHQW� FP�⋅Vw�� DQG KDYLQJ D OLPLWHG VROX�
ELOLW\ LQ WKH PDWUL[� WKHVH HOHPHQWV GLIIXVH WR WKH
JUDLQ ERXQGDULHV DQG DUH DFFXPXODWHG WKHUH >�@� 7KH

)LJXUH ��'HSHQGHQFH RI UHGXFWLRQ LQ DUHD XSRQ WKH WHVW WHPSHUDWXUH
IRU DOOR\ ,1 ���

)LJXUH �� 0LFURVWUXFWXUH �D� F� �×���� DQG IUDFWRJUDSK\ RI WKH
VXUIDFH RI DOOR\ ,1 ��� �E� G� �×���� DW WHVW WHPSHUDWXUHV RI ����
�D� E� DQG ���� �& �F� G�
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WHPSHUDWXUH RI PHOWLQJ RI WKH ERXQGDULHV HQULFKHG
ZLWK WKHVH HOHPHQWV LV ORZHU WKDQ WKH WHPSHUDWXUH RI
PHOWLQJ RI WKH ERG\ RI JUDLQ� $IWHU IRUPDWLRQ RI OLTXLG
UHJLRQV DW WKH JUDLQ ERXQGDULHV� WKH GLIIHUHQFH LQ WKH
VROXELOLW\ FRHIILFLHQWV RI VXFK HOHPHQWV DV DOXPLQLXP�
WLWDQLXP DQG VXOSKXU IDYRXUV IXUWKHU DFFXPXODWLRQ RI
WKH VDLG HOHPHQWV LQ WKH OLTXLG SKDVH DORQJ WKH ERXQGD�
ULHV� ZKHUHDV WKH JUDLQ ERG\ LV VWLOO LQ WKH VROLG VWDWH�

7KHUHIRUH� LQYHVWLJDWLRQ RI WKH KRW GXFWLOLW\ RI
KHDW�UHVLVWDQW DOOR\V XVLQJ WKH �$OD�7RR� WHVWLQJ PD�
FKLQH SURYHG WKH SUHVHQFH RI WKUHH FKDUDFWHULVWLF GXF�
WLOLW\ WHPSHUDWXUH UDQJHV�

2XU GDWD RQ LQYHVWLJDWLRQ RI WKH IUDFWXUH VXUIDFH
VKRZ WKDW WKH GXFWLOLW\ GLS ZLWKLQ D QDUURZ WHPSHUD�
WXUH UDQJH RFFXUV DV D UHVXOW RI PHOWLQJ DW WKH JUDLQ
ERXQGDULHV DQG IRUPDWLRQ RQ WKHP RI VPDOO YROXPHV
RI WKH OLTXLG ILOPV� DQG WKDW DQ LQFUHDVH LQ WKH DPRXQW
RI WKH OLTXLG SKDVH OHDGV WR WKH IDOO RI GXFWLOLW\ WR
]HUR�

7KH WHVWV FRQGXFWHG XVLQJ WKH 9DUHVWUDLQW WHVW PD�
FKLQH VKRZ WKDW WKH ZHOG PHWDO DGMRLQLQJ WKH OLTXLG
SRRO DQG EHLQJ LQ WKH VROLG�OLTXLG VWDWH LV VXVFHSWLEOH
WR IRUPDWLRQ RI WUDQVYHUVH KRW FUDFNV�

,QYHVWLJDWLRQ RI DQ HOHPHQW FRPSRVLWLRQ RI WKH
VXUIDFH LQ D UHJLRQ RI WKH ZHOG FHQWUH XVLQJ WKH HQHUJ\
GLVSHUVLRQ DQDO\VHU RI WKH -(2/ VFDQQLQJ HOHFWURQ
PLFURVFRSH VKRZHG WKH SUHVHQFH RI FKHPLFDO KHWHUR�
JHQHLW\ LQ WKH PHWDO VWUXFWXUH� %HVLGHV� WKH LQYHVWL�

JDWLRQV UHYHDOHG HQULFKPHQW RI WKH LQWHUGHQGULWLF
]RQHV ZLWK VXFK HOHPHQWV DV DOXPLQLXP� VLOLFRQ� VXO�
SKXU� SRWDVVLXP DQG FDOFLXP �)LJXUH ��� )UDFWRJUD�
SK\ SDWWHUQV RI WKH RSHQHG FUDFN UHYHDOHG WKH HQULFK�
PHQW ]RQH ZLWK LQGLFDWLRQV RI D EULWWOH IUDFWXUH EHLQJ
SUHVHQW LQ WKH VXEVXUIDFH OD\HU� ,QYHVWLJDWLRQ RI WKH
HOHPHQW FRPSRVLWLRQ RI WKH VXUIDFH RI WKLV UHJLRQ E\
WKH HQHUJ\ GLVSHUVLRQ DQDO\VLV PHWKRG VKRZHG HQULFK�
PHQW RI WKH VXUIDFH ZLWK VLOLFRQ DQG HVSHFLDOO\ ZLWK
WLWDQLXP �)LJXUH ��� 2SWLFDO PHWDOORJUDSK\ SURYHG
GHYHORSPHQW RI LQWHUJUDQXODU DQG LQWHUGHQGULWLF KHW�
HURJHQHLW\ RI WKH VWUXFWXUH �)LJXUH ��� ZKLFK ZDV
IRUPHG DV D UHVXOW RI WKH OLTXDWLRQ SURFHVV WDNLQJ SODFH
GXULQJ VROLGLILFDWLRQ RI WKH ZHOG PHWDO� 7KLV FDQ EH
VHHQ IURP D FKDQJH LQ D UDQJH RI FRORXU RI VWUXFWXUDO
FRPSRQHQWV RI WKH PHWDO� 7KH FKDUDFWHU RI FUDFN
SURSDJDWLRQ LQYHVWLJDWHG E\ RSWLFDO PHWDOORJUDSK\ LV
VKRZQ LQ )LJXUH �� ,W FDQ EH VWDWHG WKDW KRW FUDFNV
DUH ORFDWHG LQ WKH LQWHUGHQGULWLF HQULFKPHQW ]RQHV�
7KLV LV SURYHG E\ PHDVXUHPHQWV RI FKHPLFDO KHWHUR�
JHQHLW\ LQ WKH FUDFN ]RQH LQGLFDWHG E\ DQ DUURZ LQ
)LJXUH �� 7KH LQYHVWLJDWLRQV ZHUH FRQGXFWHG XVLQJ
WKH &DPHED[ DQDO\VHU E\ WKH WLWDQLXP DQG VLOLFRQ
HOHPHQWV ZKLFK HQULFKHG WKH LQWHUGHQGULWLF ]RQHV� DF�
FRUGLQJ WR WKH HQHUJ\ GLVSHUVLRQ DQDO\VLV GDWD� 5HVXOWV
RI PHDVXUHPHQWV RI WKH ]RQH LQGLFDWHG E\ WKH DUURZ
LQ )LJXUH � DUH VKRZQ LQ )LJXUH �� $QDO\VLV SURYHV
WKH HQULFKPHQW RI WKH LQGLFDWHG UHJLRQ ZLWK WLWDQLXP�
VLOLFRQ DQG QLFNHO�

)LJXUH �� &KHPLFDO FRPSRVLWLRQ RI WKH SULPDU\ D[LV RI GHQGULWH LQ
WKH FHQWUDO SDUW RI WKH VXUIDFH RI WKH ,1 ��� ZHOG �FXUYH �� ZLWK
WKH VXSHUSRVHG FXUYH � RI FRPSRVLWLRQ RI WKH LQWHUGHQGULWLF UHJLRQV

)LJXUH �� 0LFURVWUXFWXUH RI WKH MRLQW LQ DOOR\ ,1 ��� �×���� �UH�
GXFHG E\ ����

)LJXUH �� 4XDOLWDWLYH HQHUJ\ GLVSHUVLRQ DQDO\VLV RI WKH IUDFWXUH
VXUIDFH RI VDPSOHV RI DOOR\ ,1 ���

)LJXUH �� /RFDO FKHPLFDO FRPSRVLWLRQ RI WKH HQULFKHG ]RQH DW WKH
VXUIDFH RI D KRW FUDFN LQ WKH ,1 ��� ZHOGV
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7KHUHIRUH� WKH PHWDOORJUDSK\ DQG IUDFWRJUDSK\
GDWD REWDLQHG XVLQJ WKH 9DUHVWUDLQW WHVW PDFKLQH RQ
WKH ZHOGHG VDPSOHV FRUUHODWH ZLWK WKH GDWD REWDLQHG
XVLQJ WKH �$OD�7RR� PDFKLQH IRU WKH EDVH PHWDO� DQG
DUH LQGLFDWLYH RI WKH IDFW WKDW IUDFWXUH DW KLJK WHP�
SHUDWXUHV RFFXUV DORQJ WKH ERXQGDULHV RI WKH JUDLQV
�GHQGULWHV� ULFK LQ DOOR\LQJ HOHPHQWV�

&21&/86,216

�� ,QYHVWLJDWLRQ RI KRW GXFWLOLW\ RI KHDW�UHVLVWDQW DOOR\V
XVLQJ WKH �$OD�7RR� WHVWLQJ PDFKLQH E\ DQ H[DPSOH RI
QLFNHO DOOR\ ,1 ��� SURYHG WKH SUHVHQFH RI WKUHH GXFWLOLW\
WHPSHUDWXUH UDQJHV DQG D GUDVWLF IDOO LQ GXFWLOLW\ LQ D
QDUURZ WHPSHUDWXUH UDQJH� ZKLFK RFFXUUHG DV D UHVXOW
RI LQFLSLHQW PHOWLQJ RI WKH JUDLQ ERXQGDULHV WR IRUP RQ
WKHP VPDOO DPRXQWV RI WKH OLTXLG ILOPV� OHDGLQJ WR D
FKDQJH LQ WKH IUDFWXUH PHFKDQLVP�

�� )UDFWXUH RI WKH ZHOGHG VDPSOHV LQ QLFNHO DOOR\
DW KLJK WHPSHUDWXUHV RFFXUV DORQJ WKH ERXQGDULHV RI
WKH JUDLQV �GHQGULWHV� HQULFKHG ZLWK DOOR\LQJ HOH�

PHQWV� DQG LV RI WKH VDPH QDWXUH DV IUDFWXUH RI WKH
EDVH PHWDO DW KLJK WHPSHUDWXUHV�

�� %HKDYLRXU RI DOOR\ ,1 ��� LQ FRROLQJ IURP WKH
VROLG�OLTXLG VWDWH WHPSHUDWXUHV DQG EHKDYLRXU RI WKH
JUDLQ ERXQGDULHV LQ VROLGLILFDWLRQ DQG GXULQJ D GUDVWLF
FKDQJH LQ VWUHQJWK DQG GXFWLOLW\ UHTXLUH DGGLWLRQDO
VWXGLHV�

5()(5(1&(6

�� ������ 6XSHUDOOR\V ,,� (G� E\ &�+� 6LHPV� 1�6� 6WRORII�
:�.� +DUJHO� 0RVFRZ� 0HWDOOXUJLD�

�� 6DYFKHQNR� 9�6�� <XVKFKHQNR� .�$� ������ 0HFKDQLVP RI
IRUPDWLRQ DQG ZD\V IRU HOLPLQDWLRQ RI XQGHUEHDG FUDFNV LQ
ZHOGLQJ DXVWHQLWLF VWHHOV� $YWRPDWLFKHVND\D 6YDUND� �� � w
���

�� :HLVV� %�� .URWNH� *�(�� 6WLFNHU� 5� ������ 3K\VLFDO PHWDO�
OXUJ\ RI KRW GXFWLOLW\ WHVWLQJ� :HOGLQJ 5HVHDUFK 6XSSO�� ���
����

�� /HH� &�+�� /XQGLQ� &�'� ������ 5HODWLRQVKLS EHWZHHQ KRW
GXFWLOLW\ EHKDYLRXU DQG PLFURVWUXFWXUDO FKDQJHV LQ 73���
VWDLQOHVV VWHHO� :HOGLQJ -�� �� �� w ���

�� 7KRPSVRQ� 5�*�� *HQFXOX� 6� ������ 0LFURVWUXFWXUDO HYROX�
WLRQ RI WKH +$= RI ,QFRQHO ��� DQG FRUUHODWLRQ ZLWK WKH KRW
GXFWLOLW\ WHVW� ,ELG�� ��� ��� w ����

�� %R� 5� ������ $Q LQYHVWLJDWLRQ RI WKH KRW GXFWLOLW\ RI VWHHOV
E\ SHUIRUPLQJ WHQVLOH WHVW RQ �LQ VLWX VROLGLILHG� VDPSOHV�
6FDQG� -� RI 0HW�� ��� �� w ���

)LJXUH ��+RW FUDFNV LQ WKH ,1 ��� ZHOGV �×���� �UHGXFHG E\ ����

)LJXUH �� 'DWD RI PHDVXUHPHQWV RI FKHPLFDO KHWHURJHQHLW\ LQ WKH
FUDFN ]RQH LQGLFDWHG E\ DUURZ LQ )LJXUH �
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7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

$ PDWKHPDWLFDO PRGHO RI WKHUPDO SURFHVVHV LQ ZHOGLQJ RI SLSLQJ LQ VSDFH LV SURSRVHG� 6RIWZDUH KDV EHHQ GHYHORSHG IRU

LPSOHPHQWDWLRQ RI WKH DERYH PRGHO LQ WKH FRPSXWHU� 'HWDLOHG FRPSXWHU VLPXODWLRQ RI WKHUPDO SURFHVVHV LQ VWDLQOHVV

WXEH EUD]LQJ KDV EHHQ SHUIRUPHG� 2SWLPDO JHRPHWULFDO SDUDPHWHUV DQG FRQGLWLRQV RI WKH EUD]HG MRLQW KHDWLQJ DUH

GHWHUPLQHG� DV ZHOO DV WLPH DQG HQHUJ\ UHTXLUHG IRU SHUIRUPDQFH RI EUD]LQJ�

.H\ ZRU G V � VSDFH� VSDFH YHKLFOH� UHSDLU� SLSLQJ� EUD]LQJ�

EUD]H DOOR\� WKHUPDO SURFHVVHV� WHPSHUDWXUH ILHOG� IXVLRQ� VLPX�
ODWLRQ� LQYHVWLJDWLRQV

2QH RI WKH PDMRU SUREOHPV IDFLQJ WKH DHURVSDFH H[�

SHUWV� LV HQVXULQJ WKH VHUYLFH OLIH RI WKH VSDFH YHKLFOH

DQG LWV VHUYLFH V\VWHPV� HQYLVDJLQJ QRUPDO RSHUDWLRQ

RI D TXLWH H[SHQVLYH LWHP IRU VHYHUDO \HDUV �VDWHOOLWHV

IRU YDULRXV SXUSRVHV DQG LQWHUSODQHWDU\ YHKLFOHV�� RU
HYHQ GHFDGHV �RUELWDO VWDWLRQV DQG SURGXFWLRQ IDFLOL�

WLHV RQ RWKHU SODQHWV�� 7KLV SUREOHP LV EHLQJ FXUUHQWO\

VROYHG LQ WZR ZD\V >�@�

• GHYHORSPHQW RI DGYDQFHGPDWHULDOV DQG QHZ FRP�

SRQHQWV� UHVSHFWLYHO\� LQFRUSRUDWLQJ WKHP LQWR WKH GH�

VLJQV RI WKH SURPLVLQJ VSDFH YHKLFOHV�

• SURYLVLRQ RI VSDFH YHKLFOH UHSDLUDELOLW\ XQGHU

WKHLU VHUYLFH FRQGLWLRQV�

,W LV XQGHUVWDQGDEOH WKDW WKH RSWLPDO VROXWLRQ RI

WKH UHSDLU SUREOHP LV UHSODFHPHQW RI IDLOLQJ PRGXOHV

RU FRPSOHWH V\VWHPV� 7KLV� KRZHYHU� LV QRW DOZD\V

IHDVLEOH DQG LV DOZD\V H[SHQVLYH� 7KHUHIRUH� WKH ZHOO�
HVWDEOLVKHG PHWKRGV RI LQGLYLGXDO FRPSRQHQW UHSDLU

VKRXOG QRW EH GLVFDUGHG� WKLV EHLQJ HVSHFLDOO\ HIIHFWLYH

LQ WKH FDVH RI DQ HPHUJHQF\ IDLOXUH RI DQ\ FRPSRQHQW�

IRU LQVWDQFH� LQ WKH VSDFH YHKLFOH OLIH VXSSRUW V\VWHP�
,Q WKLV FDVH� LW LV SURSHU WR PDNH D FRPSDULVRQ WR WKH

RUELWDO VWDWLRQV DQG PRGHUQ QXFOHDU VXEPDULQHV WKDW

IRU PRQWKV DUH DW VHD RQ WKHLU RZQ DQG DUH ILWWHG ZLWK

ZRUNVKRSV KDYLQJ PDFKLQLQJ DQG ZHOGLQJ HTXLSPHQW�

DV ZHOO DV D ZLGH UDQJH RI WRROV�

7KH XUJHQF\ RI WKH SUREOHP RI HQVXULQJ UHSDLU RI
WKH ORQJ�WHUP VSDFH YHKLFOHV� EHFDPH SDUWLFXODUO\ RE�

YLRXV RYHU WKH ODVW \HDUV RI �0LU� RUELWDO VWDWLRQ RSH�

UDWLRQ� %\ WKH GDWD RI H[SHUWV� UHVSRQVLEOH IRU PDLQ�

WHQDQFH RI WKH VWDWLRQ RSHUDELOLW\� DSSUR[LPDWHO\ ���

RI WKH ZRUN SHUIRUPHG LQ WKH VWDWLRQ� ZHUH UHODWHG WR

UHSDLU DQG UHVWRUDWLRQ RI LWV YDULRXV V\VWHP IXQFWLRQV�

2QH RI WKH YXOQHUDEOH� EXW DOVR WKH PRVW YLWDO OLIH

VXSSRUW VHFWLRQV LQ VXFK FRPSOH[HV� LV WKH PDQ\ NLOR�

PHWHU SLSLQJ �VWHHO� WLWDQLXP� DOXPLQLXP� IRU YDULRXV

SXUSRVHV� 7KH DELOLW\ WR UHSDLU WKH IDLOLQJ WXEH E\ LWV

VLPSOH UHSODFHPHQW VHHPV LPSUREDEOH �HVSHFLDOO\� LQ

DQ HPHUJHQF\�� ,Q WKLV FDVH� LW LV DOPRVW LPSRVVLEOH

WR GR ZLWKRXW WKH WUDGLWLRQDO PHWKRGV RI MRLQLQJ PD�

WHULDOV E\ ZHOGLQJ DQG EUD]LQJ SURFHVVHV�

7KH VXEMHFW RI WKLV VWXG\ LV LQYHVWLJDWLRQ RI WKHUPDO
SURFHVVHV LQ UHSDLU RI VSDFH YHKLFOH SLSLQJ E\ WKH EUD]�

LQJ SURFHVV LQ VSDFH� 6ROYLQJ WKLV WDVN ZLOO SHUPLW

GHWHUPLQDWLRQ RI WKHPRVW HIIHFWLYH SURFHVV SDUDPHWHUV
RI WKH IXWXUH VWDQGDUG RQ�ERDUG KDUGZDUH WR LPSOH�

PHQW WKH DERYH SURFHVV� DOORZLQJ WKH ORQJ�WHUP YH�

KLFOH SLSLQJ V\VWHP UHSDLU WR EH SHUIRUPHG E\ WKH FUHZ
OLWWOH RU QRW DW DOO VNLOOHG LQ WKLV SURIHVVLRQ�

7KH VFKHPDWLF VXJJHVWHG E\ DFDGHPLFLDQ %�(� 3D�
WRQ LV WKH VLPSOHVW RQH IRU PDNLQJ WKH MRLQW LQ EUD]LQJ

RI SLSLQJ LQ VSDFH �)LJXUH ��� $FFRUGLQJ WR WKLV VFKH�

PDWLF� WKH GDPDJHG SLSLQJ VHFWLRQ LV UHSODFHG E\ D

WXEXODU LQVHUW RI WKH VDPH PDWHULDO� KDYLQJ DSSURSUL�

DWH OHQJWK� RXWHU DQG LQQHU GLDPHWHUV� 7KH LQVHUW LV

FHQWHUHG UHODWLYH WR WKH SLSLQJ D[LV XVLQJ WZR FRX�

SOLQJV �MXVW RQH RI WKHP LV VKRZQ LQ WKH GUDZLQJ�

WKDW DUH PRYHG RII WKH LQVHUW E\ KDOI RI WKHLU OHQJWK

WRZDUGV WKH VROLG VHFWLRQV RI WKH SLSLQJ� DIWHU WKH

LQVHUW KDV EHHQ SODFHG LQWR WKH SLSLQJ UXSWXUH� 7KHQ

D KHDW VRXUFH GLVWULEXWHG RYHU WKH RXWHU VXUIDFH RI WKH

FRXSOLQJ� DV VKRZQ LQ )LJXUH �� LV XVHG WR KHDW WKH

LWHP XS WR FRPSOHWH PHOWLQJ RI WKH EUD]H DOOR\� HDUOLHU

GHSRVLWHG RQWR WKH FRXSOLQJ LQQHU VXUIDFH� LWV ILOOLQJ
WKH SDUW RI WKH JDS EHWZHHQ WKH SLSLQJ DQG WKH FRX�

SOLQJ DQG� ILQDOO\� UHDFKLQJ WKH EUD]LQJ WHPSHUDWXUH

LQ WKH ]RQH RI FRQWDFW RI WKH EUD]H DOOR\ ZLWK WKH RXWHU

VXUIDFH RI WKH LQVHUW DQG WKH SLSLQJ



� 7KLV UHVXOWV LQ

IRUPDWLRQ RI WKH EUD]HG MRLQW�
7KLV SDSHU LV GHYRWHG WR GHYHORSPHQW RI D PDWKH�

PDWLFDO PRGHO DQG GHWDLOHG FRPSXWHU PRGHOOLQJ RI

WKHUPDO SURFHVVHV LQ EUD]LQJ RI VWDLQOHVV VWHHO SLSLQJ

LQ VSDFH� 7KH DLP RI PRGHOOLQJ LV GHWHUPLQDWLRQ RI

WKH RSWLPDO JHRPHWULFDO GLPHQVLRQV RI WKH FRXSOLQJ

DQG VHOHFWLRQ RI LWV PDWHULDO� WKLFNQHVV RI WKH OD\HU RI

WKH EUD]H DOOR\ UHTXLUHG IRU GHSRVLWLRQ RQ LWV LQQHU

VXUIDFH� DV ZHOO DV RSWLPDO FRQGLWLRQV DQG WLPH RI WKH

LWHP KHDWLQJ WR SURYLGH D VRXQG EUD]HG MRLQW�

� <X�/� 9$6(1,1� $�$� =$*5(%(/1<� $�7� =(/1,&+(1.2� ,�9� .5,97681 DQG 9�)� 6+8/<0� ����




7KH JLYHQ VFKHPDWLF RI EUD]LQJ WKH MRLQW LV FRQGLWLRQDO� WKH DFWXDO
GHVLJQ YDULDQW RI WKH DERYH FRPSRQHQW VKRXOG SURYLGH FRPSOHWH
ILOOLQJ RI WKH JDS ZLWK WKH PROWHQ EUD]H DOOR\ DQG ILOOHW IRUPDWLRQ�
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0DWKHPDWLFDO PRGHO� $ QRQ�VWDWLRQDU\ TXDVL OLQ�
HDU HTXDWLRQ RI KHDW FRQGXFWLYLW\ ZLOO EH XVHG IRU
FDOFXODWLRQ RI WKH WHPSHUDWXUH ILHOG LQ DOO WKH FRPSR�
QHQWV RI WKH MRLQW �DUHDV � w � ��′� LQ )LJXUH �� LQ WKH
FRQVLGHUHG PHWKRG RI UHSDLU RI WKH VSDFH YHKLFOH SLS�
LQJ� 7DNLQJ LQWR DFFRXQW WKH D]LPXWKDO V\PPHWU\ RI
WKH V\VWHP� WKLV HTXDWLRQ IRU HDFK RI WKH DERYH DUHDV
'L�L  �� ���� �� �′� LQ WKH F\OLQGULFDO V\VWHP RI FR�RU�

GLQDWHV �VHH )LJXUH �� FDQ EH ZULWWHQ LQ WKH IRUP RI
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+HUH� 7L�U� ]� W� LV WKH VSDFH�WLPH GLVWULEXWLRQ RI
WHPSHUDWXUH LQ L�WK UHJLRQ �L  �� ���� �� �′�� ρL�7� LV
WKH GHQVLW\� λL�7� LV WKH KHDW FRQGXFWLYLW\ FRHIILFLHQW�
&L�7� LV HIIHFWLYH KHDW FDSDFLW\ RI WKH DSSURSULDWH
PDWHULDO WKDW LV GHWHUPLQHG DOORZLQJ IRU WKH KHDW RI
LW PHOWLQJ�

&L (7) = FL (7) +:PL δ (7 w 7PL)� ���

ZKHUH FL �7� LV WKH VSHFLILF KHDW� :PL LV WKH ODWHQW
KHDW RI PHOWLQJ� 7PL LV WKH PDWHULDO PHOWLQJ WHPSHUD�
WXUH LQ L�WK UHJLRQ�

$VVXPLQJ WKH LQVHUW OHQJWK WR EH ODUJH HQRXJK DQG
WKH FRXSOLQJ SRVLWLRQ V\PPHWULFDO UHODWLYH WR WKH SODQH
RI FRQWDFW RI WKH LQVHUW ZLWK WKH PDLQ SLSLQJ �SODQH
]  � LQ )LJXUH ��� WKH WHPSHUDWXUH ILHOG FDQ DOVR EH
DVVXPHG WR EH V\PPHWULFDO UHODWLYH WR WKH DERYH SODQH�
,Q WKLV FDVH LQ VHFWLRQ IURP WKH VWDUW RI KHDWLQJ XS WR
FRPSOHWH PHOWLQJ RI WKH EUD]H DOOR\� HTXDWLRQ ��� FDQ
EH VROYHG RQO\ LQ WKUHH RI WKH IRXU FRQVLGHUHG DUHDV�
IRU LQVWDQFH� LQ UHJLRQ � DQG LQ WKH XSSHU KDOYHV RI
UHJLRQV � DQG � �VHH )LJXUH ���

'� =


 U � 5� w δ� < U < 5�� � < ] < /�



 �

'� =


 U � 5� < U < 5� + δ�� ] � � < ] < / ⁄ � �

'� =


 U � 5� w ∆ < U < 5�� ] � � < ] < / ⁄ � �

���

ZKHUH 5� LV WKH RXWHU UDGLXV RI WKH SLSLQJ DQG WKH
LQVHUW� δ� LV WKHLU ZDOO WKLFNQHVV� 5� LV WKH LQQHU UDGLXV
RI WKH FRXSOLQJ� δ� LV LWV ZDOO WKLFNQHVV� / LV WKH
FRXSOLQJ OHQJWK� ∆ LV WKH WKLFNQHVV RI WKH LQLWLDO OD\HU
RI WKH EUD]H DOOR\� /HW XV DVVXPH WKDW DIWHU DVVHPEO\
RI WKH MRLQW XQGHU FRQVLGHUDWLRQ� WKHUH LV D JDS RI D
ILQLWH ZLGWK EHWZHHQ WKH SLSLQJ H[WHUQDO VXUIDFH DQG
LQQHU VXUIDFH RI WKH EUD]H DOOR\ OD\HU� &RQVLGHULQJ
WKDW EUD]LQJ LV SHUIRUPHG XQGHU ]HUR JUDYLW\� L�H� LQ
WKH DEVHQFH RI WKH FRQYHFWLYH FRPSRQHQW RI KHDW H[�
FKDQJH EHWZHHQ WKH DERYH VXUIDFHV� WKH KHDW H[FKDQJH
EHWZHHQ WKH SLSLQJ DQG WKH FRXSOLQJ DW WKH LQLWLDO
VWDJHV RI WKH MRLQW KHDWLQJ LV FRQVLGHUHG DV MXVW UDGLD�
WLRQ KHDW H[FKDQJH >�@� ,Q WKH FDVH ZKHQ EUD]LQJ LV
SHUIRUPHG LQVLGH WKH VSDFH YHKLFOH OLYLQJ FRPSDUW�
PHQWV� L�H� DW DWPRVSKHULF SUHVVXUH� LQ DGGLWLRQ WR
UDGLDWLRQ KHDW H[FKDQJH� WKH FRQGXFWLYH FRPSRQHQW
RI KHDW H[FKDQJH� UHODWHG WR KHDW FRQGXFWLYLW\ RI WKH
DLU SUHVHQW LQ WKH JDS� VKRXOG EH DOVR WDNHQ LQWR DF�
FRXQW�

:KHQ VROYLQJ WKH KHDW FRQGXFWLYLW\ HTXDWLRQV� ZH
DVVXPH WKDW DIWHU WKH EUD]H DOOR\ PHOWLQJ WHPSHUDWXUH
�OLTXLGXV� KDV EHHQ UHDFKHG LQ DOO WKH SRLQWV RI UHJLRQ
'�� LW FKDQJHV LWV VKDSH XQGHU WKH LPSDFW RI VXUIDFH
WHQVLRQ IRUFHV DQG ILOOV WKH JDS EHWZHHQ WKH FRXSOLQJ
LQQHU VXUIDFH DQG WKH RXWHU VXUIDFH RI WKH SLSLQJ� DV
VKRZQ LQ )LJXUH �� ,Q IXUWKHU VROXWLRQ RI WKH V\VWHP
RI HTXDWLRQV ���� OHW XV DSSUR[LPDWHO\ FRQVLGHU DUHD
'�

′ DV WKH DUHD KDYLQJ D UHFWDQJXODU FURVV�VHFWLRQ� WKDW

FDQ EH GHILQHG DV IROORZV XQGHU WKH FRQGLWLRQ RI SUHV�
HUYDWLRQ RI WKH EUD]H DOOR\ YROXPH �VHH )LJXUH ���

'�
′ = U � 5� < U < 5�� ] � � < ] < /′ ⁄ � � ���

ZKHUH� SURYLGHG FRQGLWLRQ ∆ �� 5� LV VDWLVILHG IRU WKH
OHQJWK RI WKLV UHJLRQ /′� ZH KDYH

/
′ ≈ /

�∆ ⁄ 5�

� w (5� ⁄ 5�)
�
�

���

,W LV IXUWKHU DVVXPHG WKDW DIWHU WKH EUD]H DOOR\
FRQWDFW ZLWK WKH SLSLQJ VXUIDFH DW ] � /′��� DQ LGHDO
WKHUPDO FRQWDFW EHWZHHQ UHJLRQV '� DQG '�

′ LV HVWDE�

OLVKHG�
/HW XV DVVLJQ WKH LQLWLDO DQG ERXQGDU\ FRQGLWLRQV

IRU VROYLQJ HTXDWLRQV ��� LQ WKH FRQVLGHUHG DUHDV� /HW
XV VHOHFW WKH REYLRXV FRQGLWLRQ DV WKH LQLWLDO RQH

7L _ W = � = 7D� ���

)LJXUH �� 6FKHPDWLF RI D EUD]HG MRLQW LQ UHSDLU RI WKH VSDFH YHKLFOH
SLSLQJ� � x SLSLQJ� � x LQVHUW� � x FRXSOLQJ� � x LQLWLDO OD\HU
RI WKH EUD]H DOOR\� � x EUD]H DOOR\ PHOW �IRU RWKHU GHVLJQDWLRQV
VHH WKH WH[W�
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ZKHUH 7D LV WKH DPELHQW WHPSHUDWXUH� 7KH ERXQGDU\
FRQGLWLRQV IRU HTXDWLRQV ��� DUH DVVLJQHG� SURFHHGLQJ
IURP WKH IROORZLQJ FRQVLGHUDWLRQV� $V LW LV DVVXPHG
WKDW WKH WHPSHUDWXUH ILHOG LV V\PPHWULFDO UHODWLYH WR
SODQH ]  �� ERXQGDU\ FRQGLWLRQV IRU WHPSHUDWXUH LQ
DOO DUHDV DW ]  � DUH VHOHFWHG LQ WKH IRUP RI FRQGLWLRQV
RI VROXWLRQ V\PPHWU\�2Q WKH LQQHU ERXQGDU\ RI UHJLRQ
'� LW FDQ EH DVVXPHG WKDW

∂7�

∂U _ U = 5
�
w δ

�

= ��

���

DV XQGHU ]HUR JUDYLW\ FRQGLWLRQV� WKH FRQYHFWLYH KHDW
H[FKDQJH LV DEVHQW� DQG UDGLDWLRQ KHDW H[FKDQJH EH�
WZHHQ WKH UHJLRQV RI WKH LQQHU VXUIDFH DW D VORZ FKDQJH
RI LWV WHPSHUDWXUH LQ WKH ORQJLWXGLQDO GLUHFWLRQ� FDQ
EH QHJOHFWHG� 2Q WKH ERXQGDU\ RI UHJLRQ '� WKDW LV
RSSRVLWH WR SODQH ]  �� ZH DVVXPH WKDW

7� _ ] = /
�

= 7D� ���

+HUH� /� LV WKH OHQJWK RI UHJLRQ '�� VHOHFWHG WR EH
VR ODUJH WKDW ZLWK LWV IXUWKHU LQFUHDVH� WKH FKDQJH RI
WKH WHPSHUDWXUH ILHOG LQ WKH ]RQH RI WKH MRLQW KHDWLQJ
EHFRPHV QHJOLJLEOH� 2Q WKH SLSLQJ RXWHU VXUIDFH EH�
\RQG WKH FRXSOLQJ �] � /��� FRQGLWLRQV RI UDGLDWLRQ
KHDW H[FKDQJH ZLWK WKH HQYLURQPHQW DUH DVVLJQHG�

λ�
∂7�

∂U _ U = 5
�

= ε�σ� 7D

�
w 7�

�
_ U =5

�
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���

ZKHUH ε� LV WKH GHJUHH RI WKH SLSLQJ PDWHULDO EODFNQHVV�
σ� LV 6WHIDQw%ROWVPDQQ FRQVWDQW� $V LW LV DVVXPHG
WKDW DVVHPEO\ RI WKH MRLQW UHVXOWV LQ D JDS RI D ILQLWH
ZLGWK EHWZHHQ WKH FRXSOLQJ DQG WKH SLSLQJ VXUIDFH�
WUDQVSDUHQW IRU WKHUPDO UDGLDWLRQ� DW WKH LQLWLDO VWDJHV
RI KHDWLQJ �XS WR WKH EUD]H DOOR\ PHOWLQJ� WKH ERXQG�
DU\ FRQGLWLRQV RQ WKH RXWHU ERXQGDU\ RI UHJLRQ '� DW
� � ] � /�� DUH WDNHQ LQ WKH IRUP VLPLODU WR ��� ZLWK
UHSODFHPHQW RI 7D E\ 7� _ U = 5

�
w ∆ DQG RI ε� E\ WKH

UHGXFHG GHJUHH RI EODFNQHVV ε
_
�� �� FDOFXODWHG E\ WKH

HTXDWLRQ IURP >�@�

ε
_
�� � =

ε�ε�
ε� + ε� w ε�ε�

� ����

ZKHUH ε� LV WKH GHJUHH RI EODFNQHVV RI WKH EUD]H DOOR\
PDWHULDO� $IWHU SDUW RI WKH JDS KDV EHHQ ILOOHG ZLWK
WKH EUD]H DOOR\� WKH ERXQGDU\ FRQGLWLRQ LQ WKH ]RQH
RI WKH EUD]H DOOR\ FRQWDFW ZLWK WKH SLSLQJ VXUIDFH� L�H�
DW � � ] � /′�� LV UHSODFHG E\ WKH FRQGLWLRQ RI DQ

LGHDO WKHUPDO FRQWDFW� ,W LV DVVXPHG WKDW RQ WKH UH�
PDLQLQJ SDUW RI WKH SLSLQJ VXUIDFH WKDW LV XQGHU WKH
FRXSOLQJ� WKH FRQGLWLRQV IRU UDGLDWLRQ KHDW H[FKDQJH
ZLWK WKH FRXSOLQJ LQQHU VXUIDFH DUH VWLOO VDWLVILHG�

/HW XV DVVLJQ ERXQGDU\ FRQGLWLRQV IRU UHJLRQ '�

�VHH )LJXUH �� DV IROORZV� 2Q WKH FRXSOLQJ RXWHU VXU�
IDFH LQ WKH UHJLRQ RI WKH KHDW VRXUFH LPSDFW RQ LW� L�H�
DW � � ] � =� ZH DVVXPH

λ�
∂7�

∂U _ U = 5
�
+ δ

�

= T��

����

ZKHUH T� LV WKH GHQVLW\ RI WKH KHDW IORZ LQWURGXFHG
WKURXJK WKH FRXSOLQJ VXUIDFH� )RU WKH UHPDLQLQJ SDUW
RI WKH FRXSOLQJ H[WHUQDO VXUIDFH� VLPLODU WR ���� OHW
XV DVVXPH FRQGLWLRQV RI UDGLDWLRQ KHDW H[FKDQJH ZLWK
WKH HQYLURQPHQW� $V UHJDUGV WKH LQQHU ERXQGDU\ RI
UHJLRQ '�� FRQGLWLRQV RI LGHDO WKHUPDO FRQWDFW ZLWK
WKH EUD]H DOOR\ OD\HU DUH DVVLJQHG WKDW DUH VDWLVILHG DW
] � /�� XS WR WKH PRPHQW RI FRPSOHWH PHOWLQJ RI
WKH EUD]H DOOR\ LQLWLDO OD\HU DQG DW ] � /′�� DIWHU

FKDQJH RI WKH VKDSH RI UHJLRQ '�� ZKHUHDV DW /′�� �
� ] � /�� FRQGLWLRQV RI UDGLDWLRQ KHDW H[FKDQJH EH�
WZHHQ WKH FRXSOLQJ LQQHU VXUIDFH DQG WKH SLSLQJ VXU�
IDFH DUH DVVXPHG�

/HW XV GHILQH WKH ERXQGDU\ FRQGLWLRQV IRU WKH UH�
JLRQ RFFXSLHG E\ WKH EUD]H DOOR\ �UHJLRQ � ��′� LQ

)LJXUH ��� 2Q WKH ERXQGDU\ RI WKLV UHJLRQ� FRQWDFWLQJ
WKH FRXSOLQJ PHWDO� OHW XV DVVLJQ WKH FRQGLWLRQV IRU
WKH LGHDO WKHUPDO FRQWDFW� 2Q WKH LQQHU ERXQGDU\ XS
WR WKH PRPHQW RI FRPSOHWH PHOWLQJ RI WKH EUD]H DOOR\�
OHW XV DVVXPH WKH FRQGLWLRQV RI UDGLDWLRQ KHDW H[FKDQJH
ZLWK WKH SLSLQJ VXUIDFH WKDW DUH UHSODFHG E\ WKH FRQ�
GLWLRQV RI DQ LGHDO WKHUPDO FRQWDFW DIWHU FRPSOHWH
PHOWLQJ RI WKH EUD]H DOOR\� )LQDOO\� RQ WKH XSSHU
ERXQGDU\ RI WKH FRQVLGHUHG UHJLRQ� L�H� DW ]  /��
�]  /′�� DIWHU WKH EUD]H DOOR\ PHOWLQJ�� FRQGLWLRQV
RI UDGLDWLRQ H[FKDQJH ZLWK WKH HQYLURQPHQW� DUH DV�
VLJQHG�

7KLV FRPSOHWHV WKH GHILQLWLRQ RI ERXQGDU\ SURE�
OHPV IRU WKH HTXDWLRQV RI KHDW FRQGXFWLYLW\ ��� IRU
WKH FDVH RI WKH PHWKRG RI SLSLQJ UHSDLU LQ VSDFH� FRQ�
VLGHUHG LQ WKLV SDSHU� 1RWH WKDW WKH GHVFULEHG PRGHO
RI WKHUPDO SURFHVVHV LQ EUD]LQJ RI WKH SLSLQJ LV D WZR�
GLPHQVLRQDO RQH XQOLNH� IRU LQVWDQFH� WKH PRGHO VXJ�
JHVWHG LQ >�@� ZKHUH XQLGLPHQVLRQDO HTXDWLRQV RI KHDW
FRQGXFWLYLW\ ZHUH XVHG IRU FDOFXODWLRQ RI WKH WHPSHUD�
WXUH ILHOGV LQ EUD]LQJ RI WKLQ�ZDOOHG WXEXODU LWHPV�

0RGHOOLQJ UHVXOWV� (TXDWLRQV ��� ZLWK WKH UHVSHF�
WLYH LQLWLDO DQG ERXQGDU\ FRQGLWLRQV ZHUH VROYHG QX�
PHULFDOO\ E\ WKH ILQLWH GLIIHUHQFH PHWKRGV� 7KH GH�
ULYHG GLIIHUHQWLDO HTXDWLRQV ZHUH VROYHG E\ WKHPHWKRG
RI FKDQJLQJ GLUHFWLRQV >�@� $OO FDOFXODWLRQV ZHUH PDGH
ZLWK WKH IROORZLQJ JHRPHWULFDO SDUDPHWHUV RI WKH
MRLQW� 5�  � PP� δ�  � PP� /  �� PP� 5�  ��� w
��� PP� ,Q WKLV FDVH WKLFNQHVV ∆ RI WKH EUD]H DOOR\
LQLWLDO OD\HU ZDV YDULHG LQ WKH UDQJH IURP ��� XS WR
��� PP VR WKDW WKH JDS ZLGWK EHWZHHQ WKH FRXSOLQJ
DQG WKH SLSLQJ VXUIDFH UHPDLQHG FRQVWDQW� HTXDO WR
��� PP
� δ�  � w � PP� 7KH SLSLQJ DQG LQVHUW ZHUH
RI ��.K��1�7 �$,6, ���� VWDLQOHVV VWHHO� WKH FRXSOLQJ
ZDV RI FRSSHU RU WKH VDPH VWHHO� &RQVLGHUHG DV WKH
EUD]H DOOR\ ZDV 6Qw1Lw*H V\VWHP DOOR\ SURSRVHG LQ
>�@ ZLWK D KLJK FRQWHQW RI WLQ DQG� KHQFH� FORVH WR WLQ
YDOXHV RI WKHUPRSK\VLFDO SURSHUWLHV� $OO WKH UHTXLUHG
WKHUPRSK\VLFDO SURSHUWLHV RI WKH DERYH PDWHULDOV ZHUH
WDNHQ IURP >� w �@� 7HPSHUDWXUH RI VWDLQOHVV VWHHO




7KH DERYH VL]H RI WKH JDS LV WKH PD[LPDO DGPLVVLEOH RQH IRU EUD]LQJ
DQG LW ZDV VHOHFWHG DOORZLQJ IRU WKH DELOLW\ WR SHUIRUP PDQXDO
DVVHPEO\ RI WKH EUD]HG MRLQW GXULQJ H[WUDYHKLFXODU DFWLYLW\�
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EUD]LQJ ZLWK WKH DERYH EUD]H DOOR\ ZDV DVVXPHG WR
EH HTXDO WR ��� .�

)LUVW WKH RSWLPDO OHQJWK RI WKH ]RQH RI WKH FRXSOLQJ
KHDWLQJ E\ WKH H[WHUQDO KHDW VRXUFH �KHDWHU� ZDV GH�
WHUPLQHG� ,W ZDV DVVXPHG WKDW WKH KHDW IORZ ZDV XQL�
IRUPO\ GLVWULEXWHG RYHU WKH H[WHUQDO VXUIDFH RI WKH
FRXSOLQJ ZLWKLQ WKH UHJLRQ RI w= � ] � = �VHH )L�
JXUH ��� DQG LWV GHQVLW\ T� ZDV JLYHQ E\ WKH IROORZLQJ
UHODWLRQVKLS�

T� =
3

�π(5� + δ�)=
� ����

ZKHUH 3 LV WKH WRWDO SRZHU DSSOLHG WR WKH LWHP E\ WKH
KHDWHU�

0RGHOOLQJ UHVXOWV GHPRQVWUDWHG WKDW WKH WHPSHUD�
WXUH ILHOGV WKDW DUH WKH PRVW RSWLPDO IRU EUD]LQJ WKH
FRQVLGHUHG MRLQW� LQ WKH ]RQH RI WKH EUD]H DOOR\ FRQWDFW
ZLWK WKH SLSLQJ VXUIDFH� DUH LQ SODFH ZKHQ FRQGLWLRQ
=� ≈ /′�� LV VDWLVILHG� 6KRUWHQLQJ RI WKH KHDWLQJ DUHD
OHQJWK LV DFFRPSDQLHG E\ RYHUKHDWLQJ RI WKH FHQWUDO
UHJLRQV RI WKH FRXSOLQJ VXUIDFH �XS WR PHOWLQJ RI LWV
PDWHULDO�� ,QFUHDVH RI =� UHVXOWV LQ WKDW DIWHU WKH EUD]H
DOOR\ PHOWLQJ DQG IRUPDWLRQ RI DQ LGHDO WKHUPDO FRQ�
WDFW EHWZHHQ WKH FRXSOLQJ DQG SLSLQJ LQ ] � /′��
UHJLRQ� WKH FRXSOLQJ RXWHU HGJHV DUH RYHUKHDWHG� $V
D UHVXOW� WKH WHPSHUDWXUH SURILOH LQ WKH ]RQH RI WKH
EUD]H DOOR\ FRQWDFW ZLWK WKH VXUIDFH RI WKH SLSLQJ DQG
WKH LQVHUW LV ULVLQJ WRZDUGV WKH FRXSOLQJ HGJHV� WKLV
EHLQJ HVSHFLDOO\ VLJQLILFDQW LQ WKH FDVHZKHQ D VWDLQOHVV
VWHHO FRXSOLQJ LV XVHG� ZKLFK KDV D PXFK ORZHU KHDW
FRQGXFWLYLW\ WKDQ FRSSHU� 6XFK D WHPSHUDWXUH SURILOH
LQ WKH EUD]LQJ ]RQH LV LQDGPLVVLEOH� DV GHFUHDVH RI WKH
FRQWDFW DQJOH RI ZHWWLQJ RI WKH VXUIDFH EHLQJ SURFHVVHG
ZLWK WKH EUD]H DOOR\� FDQ OHDG WR WKH EUD]H DOOR\ VSUHDG�
LQJ WR WKH FRXSOLQJ HGJHV ZLWK WKH LQFUHDVH RI WKLV
VXUIDFH WHPSHUDWXUH� WKLV� LQ LWV WXUQ� QRW DOORZLQJ D
VRXQG EUD]HG MRLQW WR EH PDGH�

:LWK WKH VHOHFWHG OHQJWK RI WKH KHDWLQJ ]RQH �IRU
WKH FRQVLGHUHG JHRPHWULFDO SDUDPHWHUV RI WKH MRLQW�
YDOXHV =�  /′�� DUH LQ WKH UDQJH RI ��� w ��� PP��
FDOFXODWLRQV ZHUH SHUIRUPHG RI WKH GHSHQGHQFH RI WHP�
SHUDWXUH LQ GLIIHUHQW SRLQWV RI WKH LWHP RQ WKH GXUDWLRQ
RI LWV KHDWLQJ DW WKH LQLWLDO WHPSHUDWXUH 7D  ��� .
�EUD]LQJ LQ OLYLQJ FRPSDUWPHQWV RI WKH VSDFH YHKLFOH��
)LJXUH � JLYHV WKH DSSURSULDWH GHSHQGHQFLHV IRU WKH
FHQWUDO SRLQWV RI WKH SLSLQJ H[WHUQDO VXUIDFH �U  5��
]  �� DQG FHQWUDO SRLQWV RI WKH FRXSOLQJ LQQHU VXUIDFH
�U  5�� ]  ��� $V IROORZV IURP WKH SUHVHQWHG FXUYHV�
WKH SLSLQJ VXUIDFH WHPSHUDWXUH UHPDLQV SUDFWLFDOO\
FRQVWDQW� HTXDO WR WKH LWHP LQLWLDO WHPSHUDWXUH� XS WR
FRPSOHWH PHOWLQJ RI WKH EUD]H DOOR\� FKDQJH RI LWV
VKDSH XQGHU WKH LPSDFW RI WKH VXUIDFH WHQVLRQ IRUFHV
DQG IRUPDWLRQ RI DQ LGHDO WKHUPDO FRQWDFW EHWZHHQ
WKH EUD]H DOOR\ DQG WKH SLSLQJ VXUIDFH� 7KH WHPSHUD�
WXUH RI WKH FRXSOLQJ LQQHU VXUIDFH� HTXDO WR WKH EUD]H
DOOR\ WHPSHUDWXUH LQ DSSURSULDWH SRLQWV� DW WKH LQLWLDO
VWDJH RI KHDWLQJ JURZV SUDFWLFDOO\ OLQHDUO\ LQ WLPH
�H[FHSW IRU WKH SURFHVV RI EUD]H DOOR\ PHOWLQJ�� 7KHQ�
DIWHU FRQWDFW RI WKH PROWHQ EUD]H DOOR\ ZLWK WKH UHOD�
WLYHO\ FROG VXUIDFH� LW LV DEUXSWO\ FRROHG GRZQ� ZKLOH

WKH SLSLQJ VXUIDFH LV KHDWHG VR WKDW WKHLU WHPSHUDWXUHV
DUH HTXDOLVHG DQG IXUWKHU KHDWLQJ RI WKH LWHP OHDGV WR
D OLQHDU JURZWK RI WHPSHUDWXUH LQ WKH EUD]LQJ ]RQH�
1RWH WKDW LQ WKH FDVH ZKHQ D FRSSHU FRXSOLQJ LV XVHG�
FRPSOHWH PHOWLQJ RI WKH EUD]H DOOR\ WDNHV SODFH DOPRVW
� WLPHV IDVWHU WKDQ LQ WKH FDVH RI D VWDLQOHVV VWHHO
FRXSOLQJ �)LJXUH ��� WKLV EHLQJ DWWULEXWDEOH WR D
KLJKHU KHDW FRQGXFWLYLW\ RI FRSSHU DQG LWV ORZHU KHDW
FDSDFLW\�

$V ZDV DOUHDG\ QRWHG� FRQWDFW RI WKH PROWHQ EUD]H
DOOR\ ZLWK WKH FROG VXUIDFH RI WKH SLSLQJ DQG WKH LQVHUW
OHDGV WR FRQVLGHUDEOH FRROLQJ GRZQ RI WKH EUD]H DOOR\
�XS WR SDUWLDO VROLGLILFDWLRQ� WKDW LV IROORZHG E\ IXU�
WKHU KHDWLQJ DQG IXVLRQ� )LJXUH � VKRZV WKH HYROXWLRQ
RI WKH WKHUPDO FRQGLWLRQ RI WKH EUD]H DOOR\ DIWHU LWV
FRQWDFW ZLWK WKH SLSLQJ VXUIDFH� WLPH ZDV FRXQWHG
VLQFH WKH PRPHQW WKH EUD]H DOOR\ WRXFKHG WKH VXUIDFH
EHLQJ EUD]HG�

,Q RUGHU WR GHWHUPLQH WKH HQHUJ\ FKDUDFWHULVWLFV RI
WKH EUD]LQJ SURFHVV� FDOFXODWLRQ ZDV SHUIRUPHG RI WKH
WLPH RI WKH MRLQW KHDWLQJ XS WR WKH VSHFLILHG WKHUPDO
FRQGLWLRQ DQG RI WKH HQHUJ\ UHTXLUHG IRU LW� GHSHQGLQJ
RQ WKH SRZHU DSSOLHG WR WKH LWHP� 7KH DSSURSULDWH
FDOFXODWLRQ GDWD GHULYHG IRU WKH VWDLQOHVV VWHHO FRX�
SOLQJ� DUH JLYHQ LQ )LJXUH �� DQG IRU WKH FRSSHU FRX�
SOLQJ x LQ )LJXUH �� 7KH ORZHU FXUYHV LQ )LJXUH ��
D DQG )LJXUH �� D FRUUHVSRQG WR WKH WLPH RI WKH MRLQW

)LJXUH �� 'HSHQGHQFH RI WHPSHUDWXUH 7 LQ GLIIHUHQW SRLQWV RI WKH
LWHPRQ KHDWLQJ WLPH WZKHQ D FRXSOLQJ RI VWDLQOHVV VWHHO ��.K��1�7
�D� DQG FRSSHU �E� LV XVHG DW 5�  ��� PP� δ�  ��� PP� 5�  
 ��� PP� δ�  ��� PP� ∆  ��� PP� 3  ��� :� VROLG FXUYHV x
IRU D SRLQW ZLWK FR�RUGLQDWHV U  5�� ]  �� GDVKHG FXUYHV x U  
 5�� ]  �
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KHDWLQJ XS WR FRPSOHWH PHOWLQJ RI WKH EUD]H DOOR\ DQG
HVWDEOLVKPHQW RI DQ LGHDO WKHUPDO FRQWDFW EHWZHHQ WKH
EUD]H DOOR\ DQG WKH SLSLQJ VXUIDFH� 7KH ORZHU ERXQG�
DU\ RI WKH JUH\ DUHD FRUUHVSRQGV WR WKH WLPH RI DFKLHYH�
PHQW RI WKH EUD]LQJ WHPSHUDWXUH DW OHDVW LQ RQH SRLQW
RI FRQWDFW RI WKH EUD]H DOOR\ ZLWK WKH SLSLQJ VXUIDFH�
DQG WKH XSSHU ERXQGDU\ x WR WKH WLPH RI KHDWLQJ RI
WKH HQWLUH VXUIDFH EHLQJ EUD]HG XS WR WKH VSHFLILHG
WHPSHUDWXUH� )LQDOO\� WKH XSSHU FXUYHV LQ WKHVH )L�
JXUHV FRUUHVSRQG WR WKH WLPH RI WKH VWDUW RI PHOWLQJ
RI WKH FRXSOLQJ VXUIDFH� L�H� OLPLW WKH PD[LPDO DGPLV�

VLEOH WLPH RI WKH LWHP KHDWLQJ DW WKH VSHFLILHG DSSOLHG
SRZHU�

$V IROORZV IURP WKH FXUYHV� JLYHQ LQ )LJXUHV � DQG

� WKH WLPH RI KHDWLQJ XS WR WKH VSHFLILHG WKHUPDO

FRQGLWLRQ LV QDWXUDOO\ UHGXFHG ZLWK WKH LQFUHDVH RI 3�

$V UHJDUGV WKH HQHUJ\� UHTXLUHG IRU KHDWLQJ WKH HQWLUH

VXUIDFH EHLQJ EUD]HG XS WR WKH EUD]LQJ WHPSHUDWXUH�

(E  3WE� ZKHUH WE LV WKH WLPH RI KHDWLQJ WR WKH EUD]LQJ

WHPSHUDWXUH �XSSHU ERXQGDU\ RI WKH JUH\ DUHD LQ )L�

JXUH �� D DQG )LJXUH �� D�� LW LV DOVR UHGXFHG ZLWK WKH

LQFUHDVH RI SRZHU DSSOLHG WR WKH LWHP �)LJXUH �� E

DQG )LJXUH �� E�� 7KH FDXVH IRU WKDW LV UHGXFWLRQ RI

WKH VKDUH RI HQHUJ\ ORVVHV IRU KHDW FRQGXFWLYLW\ DQG

UDGLDWLRQ LQ WKH WRWDO HQHUJ\ EDODQFH RI WKH MRLQW XQGHU

FRQVLGHUDWLRQ ZLWK WKH LQFUHDVH RI WKH VSHHG RI HQHUJ\

DSSOLFDWLRQ� GHWHUPLQHG E\ YDOXH 3�
&DOFXODWLRQV VKRZHG WKDW DW RWKHU FRQGLWLRQV EHLQJ

HTXDO� WKH EUD]LQJ WLPH WE� DQG� WKHUHIRUH� DOVR HQHUJ\
(E UHTXLUHG IRU PDNLQJ WKH EUD]HG MRLQW� LQFUHDVH ZLWK
WKH FRXSOLQJ ZDOO WKLFNQHVV� SUDFWLFDOO\ LQ SURSRUWLRQ
WR WKH LQFUHDVH RI LWV PDWHULDO YROXPH� ,Q DGGLWLRQ�
WKH HQHUJ\� UHTXLUHG WR SURYLGH WKH EUD]LQJ SURFHVV
LQ WKH FDVH D FRSSHU FRXSOLQJ LV XVHG� WXUQV RXW WR EH
DSSUR[LPDWHO\ �� � VPDOOHU WKDQ ZKHQ D VWHHO FRX�
SOLQJ LV XVHG �)LJXUH �� E DQG )LJXUH �� E�� 7KXV� WKH
PHWKRG RI PDNLQJ WKH EUD]HG MRLQW� WKDW LV WKH PRVW
HQHUJ\ HIIHFWLYH LQ UHSDLU RI VWDLQOHVV VWHHO SLSLQJ� LV
WKH XVH RI D FRSSHU FRXSOLQJ RI D PLQLPDO DGPLVVLEOH
WKLFNQHVV�

7KH RSWLPDO UDQJH RI SRZHUV DSSOLHG WR WKH LWHP
E\ WKH KHDWHU� WKDW DUH UHTXLUHG IRU PDNLQJ WKH EUD]HG

)LJXUH �� (YROXWLRQ RI WKH WKHUPDO FRQGLWLRQ RI WKH EUD]H DOOR\ DIWHU LWV FRQWDFW ZLWK WKH SLSLQJ VXUIDFH ZKHQ D VWDLQOHVV VWHHO FRXSOLQJ
LV XVHG XQGHU WKH FRQGLWLRQV� PHQWLRQHG LQ )LJXUH � DQG 3  ��� :� XQKDWFKHG DUHDV FRUUHVSRQG WR WKH OLTXLG FRQGLWLRQ RI WKH EUD]H
DOOR\ �7 ≥ 7/  ��� .�� GDUN DUHDV x WR WKH VROLG VWDWH �7 ≤ 76  ��� .�� JUH\ DUHDV x WR WKH LQWHUPHGLDWH VWDWH� D x W  ����� E x
����� F x ����� G x ����� H x ����� I x ���� V

)LJXUH �� 'HSHQGHQFH RI WLPH W RI WKH LWHP KHDWLQJ WR WKH VSHFLILHG
WKHUPDO FRQGLWLRQ �D� DQG HQHUJ\ (E� UHTXLUHG IRU WKH EUD]LQJ
SURFHVV �E�� RQ WKH LQSXW SRZHU 3 ZKHQ D FRXSOLQJ RI VWDLQOHVV
VWHHO ��.K��1�7 LV XVHG �5�  ��� PP� 5�  ��� PP� δ�  ��� PP�
δ�  ��� PP� ∆  ��� PP� 7D  ��� .�
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MRLQW DFFRUGLQJ WR WKH VFKHPDWLF XQGHU FRQVLGHUDWLRQ�
LV EHWZHHQ ��� DQG ��� :� WKLV DPRXQWLQJ WR QRW
PRUH WKDQ � N: RI WKH FRQVXPHG HOHFWULF SRZHU� DO�
ORZLQJ IRU WKH HIILFLHQF\ RI WKH KHDWHU SURSHU DQG WKH
SURFHVV RI KHDW WUDQVIHU WR WKH LWHP� 6XFK SRZHU OHYHOV�
RQ WKH RQH KDQG� FDQ EH HDVLO\ SURYLGHG E\ WKH RQ�
ERDUG SRZHU VXSSO\ V\VWHP RI WKH VSDFH YHKLFOH� DQG�
RQ WKH RWKHU KDQG� DOORZ EUD]LQJ WR EH SHUIRUPHG LQ
D UHODWLYHO\ VKRUW WLPH �DERXW �� w �� V�� 6R� IRU LQ�
VWDQFH� WKH WLPH UHTXLUHG WR DFKLHYH WKH EUD]LQJ WHP�
SHUDWXUH LQ DOO WKH SRLQWV RI WKH VXUIDFH EHLQJ EUD]HG
DW 3  ��� :� DQG 7D  ��� .� LV HTXDO WR ���� V LQ
WKH FDVH RI D FRSSHU FRXSOLQJ �)LJXUH �� D� DQG ���� V�
LI WKH FRXSOLQJ LV RI ��.K��1�7 �)LJXUH �� D�� ,Q
DGGLWLRQ� DV IROORZV IURP WKH VDPH SORWV� DSSO\LQJ
VXFK SRZHU WR WKH LWHP SURYLGHV D VXIILFLHQW �PRUH
WKDQ � V� WLPH LQWHUYDO EHWZHHQ WKH FRPSOHWLRQ RI WKH
EUD]LQJ SURFHVV DQG WKH VWDUW RI WKH FRXSOLQJ PDWHULDO
PHOWLQJ�

)LQDOO\� LI EUD]LQJ LV SHUIRUPHG LQ UDZ VSDFH� WKH
WLPH IRU WKH MRLQW KHDWLQJ XS WR WKH EUD]LQJ WHPSHUD�
WXUH DQG WKH HQHUJ\ UHTXLUHG IRU LW� UHVSHFWLYHO\� FDQ
HVVHQWLDOO\ GHSHQG RQ WKH LQLWLDO WHPSHUDWXUH RI WKH
LWHP� ,Q SDUWLFXODU� LQ UHSDLU RI SLSLQJ RQ WKH VXQOLW
VLGH RI WKH VSDFH YHKLFOH� ZKHUH WKH LQLWLDO WHPSHUDWXUH
LV ��� .� WKH WLPH RI EUD]LQJ WKH FRQVLGHUHG MRLQW
ZKHQ D FRSSHU FRXSOLQJ LV XVHG� LV ���� V �(E  ��� N-��
ZKHUHDV RQ WKH VKDGRZ VLGH DW 7D  ��� . x ���� V
�(E  ��� N-��

,Q FRQFOXVLRQ LW VKRXOG EH QRWHG WKDW WKLV ZRUN LV
RI D WKHRUHWLFDO QDWXUH DQG LWV UHVXOWV UHTXLUH H[SHUL�
PHQWDO YHULILFDWLRQ� LQFOXGLQJ IOLJKW WHVWLQJ�

&21&/86,216

�� $ PDWKHPDWLFDO PRGHO RI WKHUPDO SURFHVVHV LQ EUD]�
LQJ RI SLSLQJ LQ VSDFH� DQ DSSURSULDWH FRPSXWDWLRQDO
DOJRULWKP DQG VRIWZDUH IRU LPSOHPHQWDWLRQ RI WKLV
PRGHO LQ WKH FRPSXWHU KDYH EHHQ GHYHORSHG�

�� 0RGHOOLQJ UHVXOWV KDYH VKRZQ WKDW XVH RI D
FRSSHU FRXSOLQJ LQ EUD]LQJ RI WKH FRQVLGHUHG MRLQW�
SURYLGHV DQ HQHUJ\ VDYLQJ XS WR �� �� FRPSDUHG WR
WKH VWHHO FRXSOLQJ� DV ZHOO DV DOORZV DFKLHYLQJ D PRUH

XQLIRUP GLVWULEXWLRQ RI WHPSHUDWXUH LQ WKH EUD]LQJ
]RQH�

�� ,Q EUD]LQJ MRLQWV RI VXFK JHRPHWULFDO GLPHQ�
VLRQV� WKH PRVW RSWLPDO SRZHUV DUH ��� w ��� :� DS�
SOLHG WR WKH LWHP E\ WKH KHDWHU� WKXV DOORZLQJ WKH
]RQH RI EUD]H DOOR\ FRQWDFW ZLWK WKH SLSLQJ VXUIDFH WR
EH KHDWHG XS WR WKH EUD]LQJ WHPSHUDWXUH LQ �� w �� V�

5()(5(1&(6

�� ������ 6SDFH� WHFKQRORJLHV� PDWHULDOV VFLHQFH� VWUXFWXUHV�
(G� E\ %�(� 3DWRQ� .\LY� 3:,�

�� .XWDWHODG]H� 6�6� ������ )XQGDPHQWDOV RI KHDW H[FKDQJH
WKHRU\� 0RVFRZ� $WRPL]GDW�

�� =HOQLFKHQNR� $�7�� 9DNXOHQNR� 6�$�� %XODWVHY� $�5� HW DO�
������ &DOFXODWLRQ RI KHDWLQJ RI D PXOWL�OD\HU WXEXODU LWHP
IRU EUD]LQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

�� $QGHUVRQ� '�� 7DQQHNKLO� -�� 3OHWFKHU� 5� ������ &RPSXWD�
WLRQDO K\GURPHFKDQLFV DQG KHDW H[FKDQJH� 0RVFRZ� 0LU�

�� =DJUHEHOQ\� $�$�� *DYULVK� 6�6�� %XODWVHY� $�5� HW DO�
������ $QDO\VLV RI SHUPDQHQW MRLQWV RI WXEXODU HOHPHQWV RI
EUD]H�ZHOGLQJ DQG EUD]LQJ W\SH PDGH ZLWK 85,� ,Q� 3URE�
OHPV RI VSDFH WHFKQRORJ\ RI PHWDOV� .\LY� 3:,�

�� ������ 5HIHUHQFH ERRN RQ EUD]LQJ� (G� E\ ,�(� 3HWUXQLQ�
0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� /DULNRY� /�1�� <XUFKHQNR� <X�)� ������ 6WUXFWXUH DQG
SURSHUWLHV RI PHWDOV DQG DOOR\V� ,Q� 7KHUPDO SURSHUWLHV RI
PHWDOV DQG DOOR\V� 5HIHU� %RRN� .\LY� 1DXNRYD 'XPND�

�� ������ 7DEOHV RI SK\VLFDO YDOXHV� 5HIHU� %RRN� (G� E\ ,�.�
.LNRLQ� 0RVFRZ� $WRPL]GDW�

)LJXUH �� 'HSHQGHQFH RI WKH WLPH RI WKH LWHP KHDWLQJ XS WR WKH
VSHFLILHG WKHUPDO FRQGLWLRQ �D� DQG HQHUJ\ UHTXLUHG IRU WKH EUD]LQJ
SURFHVV �E� RQ WKH LQSXW SRZHU ZKHQ D FRSSHU FRXSOLQJ LV XVHG
�VHH SDUDPHWHUV DQG GHVLJQDWLRQV LQ )LJXUH ��
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9�9� '0,75,. DQG 9�9� 6+(9&+(1.2

8NUDLQLDQ (QJLQHHULQJ�3HGDJRJLFDO $FDGHP\� .KDUNRY� 8NUDLQH

$%675$&7

0HWKRG IRU HVWLPDWLRQ RI WKH DPRXQW RI WKH DUF KHDW LQWURGXFHG LQWR SDUHQW PHWDO DQG WUDQVIHUUHG ZLWK WKH OLTXLG PHWDO

IORZV IURP WKH KHDG WR WKH WDLO SRUWLRQ RI WKH ZHOG SRRO LV VXJJHVWHG� ,W LV VKRZQ WKDW WKH HIILFLHQF\ LQ XVH RI WKH PROWHQ

SRRO KHDW FDQ EH LQFUHDVHG E\ XVLQJ DQ H[WUD ILOOHU PHWDO DQG VHOHFWLQJ WKH RSWLPXP SDUDPHWHUV RI ZHOGLQJ�

.H\ ZRU G V � DUF ZHOGLQJ� DUF KHDW� ZHOGLQJ SRRO� RYHU�

KHDWLQJ� KHDW FRQVXPSWLRQ

,W LV NQRZQ WKDW WKH DUF KHDW LQWURGXFHG LQWR WKH

SDUHQW PHWDO LV FRQVXPHG SDUWLDOO\ IRU WKH DGGLWLRQDO

RYHUKHDWLQJ WKH PROWHQ SRRO DQG +$= PHWDO >� w �@�

)LUVW LQ ZHOGLQJ RI WKLQ�ZDOOHG VWUXFWXUHV WKH GLV�

SODFHPHQW RI KHLJKW RI SHQHWUDWLRQ RI HGJHV IURP WKH

UHJLRQ RI WKH DUF VSRW WR WKH VLGH RI WKH SRRO WDLO

SRUWLRQ ZDV REVHUYHG E\ $�,� $NXORY LQ KLV WKHVLV IRU

WKH GHJUHH RI 'U� RI 7HFKQLFDO 6FLHQFHV� 0DQ\ ZRUNV

ZHUH GHYRWHG WR WKH VWXG\ RI SURFHVVHV SURFHHGLQJ LQ

WKH PROWHQ SRRO >� w �� HWF�@� 7KH TXDQWLWDWLYH HVWL�

PDWLRQ RI GHJUHH RI RYHUKHDWLQJ WKH SRRO PHOW ZDV

FDUULHG RXW E\ XV GXULQJ FDOFXODWLRQV RI WKH WHPSHUD�

WXUH FRQGLWLRQV >� w �@� 7R LPSURYH WKH VWUXFWXUH RI

PDWKHPDWLFDO PRGHOV RI KHDW SUREOHPV� UHDOL]HG E\

QXPHULFDO PHWKRGV� DQG WR RSWLPL]H WKH SDUDPHWHUV

RI ZHOGLQJ FRQGLWLRQV LW LV UDWLRQDO WR GHWHUPLQH WKH

DPRXQW RI DUF KHDW ZKLFK LV WUDQVIHUUHG E\ WKH PROWHQ

PHWDO IORZV IURP WKH KHDG WR WDLO SRUWLRQ RI WKH SRRO�

7KHUHIRUH� LW LV LPSRUWDQW WR GHWHUPLQH WKH DX[LO�

LDU\ RYHUKHDWLQJ LQ ZHOGLQJ VWHHOV� SURQH WR WKH IRU�

PDWLRQ RI KDUGHQHG VWUXFWXUHV� LQFOXGLQJ SHDUOLWLF

VWHHOV ZKLFK DUH ZLGHO\ XVHG LQ SRZHU HQJLQHHULQJ� ,W

LV DOVR UDWLRQDO WR GHWHUPLQH WKH FRRUGLQDWHV RI RYHU�

KHDWHG UHJLRQV� DW ZKLFK WKH VWUXFWXUHV� QRW PHHWLQJ
WKH UHTXLUHPHQWV RI VWDQGDUG GRFXPHQWDWLRQ� DUH

IRUPHG� ,W ZDV HVWDEOLVKHG WKDW WKH YROXPH RI RYHU�

KHDWHG UHJLRQV ZLWK VLPLODU VWUXFWXUHV LQ ZHOGHG MRLQWV
FDQ EH GLIIHUHQW� 6XFK VWUXFWXUHV DUH REVHUYHG DOVR LQ

ORFDO YROXPH UHJLRQV� ,Q VWUXFWXUH RI ZHOG PHWDO
�EDLQLWH � IHUULWH� VWHHO ��.K0) �& x ���� &U x
���� 0Rx ���� 9 x ��� ZW��� )H x EDODQFH�� WKHVH

PD\ EH HQODUJHG PDWUL[ JUDLQV α�)H� ZKLFK DUH FKDU�

DFWHULVWLF RI D KLJK GHJUHH RI SKDVH VWUHVVHV� 7KH DG�

GLWLRQDO KHDWLQJ FDQ DOVR SURPRWH WKH IRUPDWLRQ RI
�VRIW� IHUULWLF RU �KDUG� PDUWHQVLWLF LQWHUOD\HUV DW WKH

UHJLRQ RI +$=PHWDO IXVLRQ� 6R� WKH RYHUKHDWHG UHJLRQ

VKRXOG QRW EH DGPLWWHG� LI SRVVLEOH� WR IRUP WKH RS�

WLPXP LQLWLDO VWUXFWXUH�

7KH SUHVHQFH RI RYHUKHDWHG UHJLRQV LV QRW DOVR GH�

VLUDEOH GXULQJ WKH ZHOG IRUPDWLRQ >�@ DV WKH\ LQFUHDVH

WKH GHJUHH RI UHVLGXDO VWUHVVHV DQG VWUDLQV�

,W ZDV HVWDEOLVKHG >�� �� �@ WKDW GXULQJ WKH DXWR�

PDWLF ZHOGLQJ DW PHGLXP FRQGLWLRQV �,Z  ��� w

��� $� Y
Z
 �� w �� P� K�8

D
 �� w �� 9� HOHFWURGH

ZLUH GLDPHWHU x � PP� WKH PDLQ IORZ RI PROWHQ

PHWDO IURP WKH KHDG WR WDLO SRUWLRQ RI WKH SRRO LV

VSUHDG LQ WKH PHOW UHJLRQ DGMDFHQW WR WKH FU\VWDO�

OL]DWLRQ VXUIDFH �)LJXUH ��� ,Q DFFRUGDQFH ZLWK WKH
SUHVHQWHG GLDJUDP RI WKH IORZ WKH FXUUHQW�IUHH DX[LO�

LDU\ ILOOHU ZLUH �$):� ZDV LQMHFWHG WR WKH ZHOG SRRO

�)LJXUH ��� 7KH UDWH RI $): LQMHFWLRQ ZDV �� w
�� P�K� DQG WKH IUHTXHQF\ RI WKLV ZLUH PRYHPHQW LQ
WKH PHOW UHJLRQ DGMDFHQW WR WKH FU\VWDOOL]DWLRQ VXUIDFH

ZDV �� w �� PRYHPHQWV SHU PLQXWH�

/HW XV FRQVLGHU WKDW WKH DPRXQW RI KHDW WUDQVIHUUHG

E\ WKH PROWHQ PHWDO IORZV IURP KHDG WR WDLO SDUW RI
WKH SRRO FRUUHVSRQGV WR WKH DPRXQW RI KHDW FRQVXPHG

IRU WKH $): PHOWLQJ� 7KH PHQWLRQHG SURFHVV ZLOO EH
FRQVLGHUHG DV TXDVL�VWHDG\ ZLWK D FRQVWDQW UDWH RI

$): LQMHFWLRQ WR WKH PROWHQ SRRO� ,W LV DOVR DVVXPHG

WKDW WKH $):� LQMHFWHG WR WKH SRRO� KDV D IRUP RI D

VHPL�ILQLWH EDU �)LJXUH ��� (UURU DW DEVHQFH RI DOORZ�

DQFH IRU D ODWHQW KHDW RI PHOWLQJ GRHV QRW H[FHHG �� �

RI WKH KHDW DPRXQW FRQVXPHG IRU $): PHOWLQJ DW WKH

UHJLRQ � �)LJXUH ��� 7KH DOORZDQFH IRU WKH ODWHQW KHDW� 9�9� '0,75,. DQG 9�9� 6+(9&+(1.2� ����

)LJXUH �� 'LDJUDP RI PRYHPHQW RI PROWHQ PHWDO IORZV IURP KHDG
WR WDLO SRUWLRQV RI WKH ZHOG SRRO� � x SRRO PHOW� � x UHJLRQ RI
DUF DFWLYH VSRW �δ

S
x PROWHQ SRRO GHSWK�
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FDQ EH PDGH E\ LQWURGXFLQJ FRUUHFWLRQ FRHIILFLHQWV N�
GHWHUPLQHG H[SHULPHQWDOO\� N�  ��� DW WKH UHJLRQ ��
N�  ���� DW WKH UHJLRQ �� 7KH DPRXQW RI WKH PROWHQ
SRRO KHDW� FRQVXPHG IRU $): PHOWLQJ �)LJXUH ��
WDNLQJ LQWR DFFRXQW WKH NQRZQ VWDWHPHQWV >��@ DQG
DYHUDJHG YDOXHV FL�7�� γL�7��L  �� �� ��� ZKRVH GDWD
ZHUH WDNHQ IURP >�@� ZLOO EH ZULWWHQ

4 = N�6O
DY

F� γ�
7� w 7�

�
O� +

+ N�6� F� γ�
7� w 7�

�
O� + 6� F� γ�

7� w 7�

�
O��

���

ZKHUH 6� LV WKH $): VHFWLRQ DW UHJLRQ IURP O� WR �∞�
PP�� �wO� LV WKH OHQJWK RI UHJLRQ RI $): PHOWLQJ�
PP� O�wO� LV WKH OHQJWK RI UHJLRQ RI $):� ORFDWHG LQ
SRRO� PP� O�wO� LV WKH OHQJWK RI UHJLRQ RI $):� LQ
ZKLFK LW LV SUHKHDWHG IURP WKH VLGH RI PROWHQ SRRO�
PP� γ LV WKH GHQVLW\ DW WKH L�WK UHJLRQ RI $):� NJ�P��
F LV WKH KHDW FRQWHQW �PDVV� DW WKH L�WK UHJLRQ RI $):�
-��NJ⋅�&�� α LV WKH DQJOH �)LJXUH �� GHWHUPLQHG H[�
SHULPHQWDOO\� 7�  ����� ± ��� �& LV WKH DYHUDJHG
WHPSHUDWXUH DW WKH UHJLRQ RI $): PHOWLQJ� 7�  
 ���� �& x ����� w ����� �&��  ����� ± ��� �&
LV WKH PHDQ YDOXH RI WHPSHUDWXUH DW WKH UHJLRQ RI
FRQWDFW O�wO� RI $):� LQMHFWHG WR WKH SRRO ZLWK D
PHOW� 7�  ���� �& LV WKH WHPSHUDWXUH DW WKH VXUIDFH
RI WKH PROWHQ SRRO� 7�  �� �& LV WKH HQYLURQPHQWDO
WHPSHUDWXUH� 6O

DY

LV WKH DYHUDJHG DUHD RI FURVV VHFWLRQ

RI D FRQH�VKDSHG UHJLRQ RI $): PHOWLQJ� PP��

6O
DY

= π UO
DY

� =
πODYWJ�α

�
�

UO
DY

LV WKH DYHUDJHG UDGLXV RI FRQH EDVH RI UHJLRQ RI

$): PHOWLQJ� PP�
,W ZDV GHWHUPLQHG WKDW WKH KHDW FRQVXPSWLRQ IRU

WKH $): PHOWLQJ DQG KHDWLQJ LQ ZHOGLQJ XVLQJ WKH
PHQWLRQHG FRQGLWLRQV LV � w �� � IURP WKH DUF KHDW
LQWURGXFHG LQWR WKH SDUHQW PHWDO� ,W FDQ EH FRQVLGHUHG
WKDW WKH KHDW� FORVH WR WKH TXDQWLWDWLYH FKDUDFWHULVWLF�
LV WUDQVIHUUHG E\ WKH PROWHQ PHWDO IORZV IURP KHDG
WR WDLO SRUWLRQ RI WKH ZHOG SRRO�

,W LV NQRZQ WKDW WKH XVH RI DQ DX[LOLDU\ ILOOHU PHWDO
LQ WKH PHFKDQL]HG ZHOGLQJ FDQ GHFUHDVH WKH RYHUKHDW�
LQJ RI WKH SRRO PHOW DQG +$= PHWDO� 7KH DSSOLFDWLRQ
RI WKH PHQWLRQHG SURFHVVHV RI ZHOGLQJ FDQ EH SURP�

LVLQJ >��@� LQFOXGLQJ� LQ WKH RSLQLRQ RI 9�1� =HP]LQ
>��@� IRU ZHOGLQJ RI SHDUOLWLF VWHHOV�

7KH GHFUHDVH LQ RYHUKHDWLQJ FDQ DOVR EH UHDFKHG
LQ ZHOGLQJ DW WKH FRQGLWLRQV ZKRVH SDUDPHWHUV DUH
EDVHG RQ WKH UHVXOWV RI PRGHOOLQJ WKH SURFHVVHV RI KHDW
H[FKDQJH DQG FU\VWDOOL]DWLRQ LQ WKH UHJLRQ RI PROWHQ
SRRO� PHWDO RI ZHOG DQG +$= >��@� 7KLV ZDV SURYHG
E\ REWDLQHG H[SHULPHQWDO VL]HV RI UHJLRQV RI +$=
PHWDO RI ZHOGHG MRLQWV PDGH E\ WKH DXWRPDWLF ZHOGLQJ
LQ &2� DW FRQYHQWLRQDO DQG VXJJHVWHG �EDVHG RQ PRG�
HOOLQJ UHVXOWV� FRQGLWLRQV �7DEOH��

'XULQJ ZHOGLQJ DW WKH VXJJHVWHG FRQGLWLRQ WKH
SHQHWUDWLRQ RI SDUHQW PHWDO HGJHV DQG DOVR RI PHWDO
RI WKH SUHYLRXV OD\HUV ZDV VXIILFLHQW� 0RUHRYHU� WKHUH
ZHUH QR GHIHFWV RI �ODFN RI IXVLRQ� W\SH LQ JDS ZDOOV
DQG EHWZHHQ WKH EHDGV�

7KH SUHVHQFH RI QRUPDOL]LQJ UHJLRQV RI ODUJHU VL]HV
WKDQ WKDW RI WKH RYHUKHDWLQJ UHJLRQ ZDV REVHUYHG LQ
VHSDUDWH ZHOGHG MRLQWV PDGH IURP ORZ�DOOR\HG SHDU�
OLWLF &Uw0Rw9 VWHHOV� ,Q RXU RSLQLRQ� WKH SURFHVV RI
IRUPDWLRQ RI VWUXFWXUHV RI WKHVH UHJLRQV UHTXLUHV VHSD�
UDWH VWXG\� WDNLQJ LQWR DFFRXQW WKH SHFXOLDULWLHV RI
KHDW GLVWULEXWLRQ�

7KH UHDOL]DWLRQ RI WKH VXJJHVWHG PHWKRG RI FDOFX�
ODWHG�H[SHULPHQWDO GHWHUPLQDWLRQ RI DPRXQW RI KHDW

)LJXUH �� 'LDJUDP RI $): IHHGLQJ WR WKH SRRO WDLO SRUWLRQ LQ
DFFRUGDQFH ZLWK GLDJUDP RI )LJXUH �� �x PROWHQ SRRO� �x $):�
�x ZHOG PHWDO� �x UHJLRQ RI �wO

�
OHQJWK IRU $):PHOWLQJ� � x

UHJLRQ RI O
�
wO� OHQJWK IRU PHOWLQJ RI $): ORFDWHG LQ PROWHQ SRRO�

�x UHJLRQ RI O
�
wO� OHQJWK IRU $):PHOWLQJ� VXEMHFWHG WR SUHKHDWLQJ

E\ D SRRO KHDW� Y
Z�I
x VSHHG RI $): IHHGLQJ LQ WKH DSH[ RI IRUPLQJ

FRQH DW LWV PHOWLQJ

)LJXUH �� 'LDJUDP RI KHDW EDODQFH RI WKH DXWRPDWLF ZHOGLQJ LQ
&2

�

:LGWK �DYHUDJHG� RI UHJLRQV RI +$= PHWDO RI VDPSOHV


RI

�� PP WKLFNQHVV� ZHOGHG DW FRQYHQWLRQDO DQG VXJJHVWHG FRQGL�
WLRQV

$XWRPDWLF ZHOG�

LQJ FRQGLWLRQV

+$= UHJLRQ� PP

IXVLRQ RYHUKHDWLQJ QRUPDOL]LQJ

SDUWLDO

UHFU\VWDOOL]DW

LRQ

6XJJHVWHG ��� w ��� ��� w ��� ��� w ��� ��� w ���

&RQYHQWLRQDO ��� w ��� ��� w ��� ��� w ��� ��� w ���




6DPSOHV ZHUH PDGH RI VWHHO ��.K�0� �& x ����� &U x ����

0R x ��� ZW��� )H x EDODQFH�� HOHFWURGH ZLUH 6Y���.K0)� WHP�

SHULQJ DW ��� �&� � K�
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WUDQVIHUUHG E\ WKH PROWHQ PHWDO IORZV IURP WKH KHDG
WR WDLO SRUWLRQV RI WKH SRRO PDGH LW SRVVLEOH WR FRUUHFW
WKH NQRZQ GLDJUDP RI KHDW EDODQFH RI WKH ZHOGLQJ
SURFHVV �)LJXUH ���

:LWK WKH XVH RI HVWLPDWHG GDWD LW VHHPV SRVVLEOH WR
GHYHORS WKH PHWKRGV RI ZHOGLQJ ZKLFK ZLOO GHFUHDVH WKH
RYHUKHDWLQJ RI WKH PROWHQ SRRO DQG +$= UHJLRQV DQG
SURPRWH WKH SURGXFLQJ RI ZHOGHG MRLQWV ZLWK DQ RSWL�
PXP LQLWLDO VWUXFWXUH� LQFOXGLQJ WKDW RI SHDUOLWLF VWHHOV�

5()(5(1&(6

�� ������ 7HFKQRORJ\ RI HOHFWULF ZHOGLQJ RI PHWDOV DQG DOOR\V
E\ IXVLRQ� (G� E\ %�(� 3DWRQ� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� $NXORY� $�,�� %HOFKXN� *�$�� 'HP\DQWVHYLFK� 9�3� ������
7HFKQRORJ\ DQG HTXLSPHQW IRU IXVLRQ ZHOGLQJ� 0RVFRZ�
0DVKLQRVWUR\HQL\H�

�� ������ 3K\VLFDO SURSHUWLHV RI VWHHOV DQG DOOR\V XVHG LQ
SRZHU HQJLQHHULQJ� +DQGERRN� (G� E\ %�(� 1HMPDUN� /H�
QLQJUDG� (QHUJLD�

�� 9RSRSDM� 1�0�� .RUQLHQNR� $�1�� .RVWHQ\XN� 1�,� HW DO�
0HWKRG RI PHDVXULQJ WKH IRUFH DFWLRQ RI DUF RQ ZHOG SRRO
LQ FRQVXPDEOH HOHFWURGH ZHOGLQJ� 8665 DXWKRUsV FHUWLILFDWH
�������� ,QW� &O� % �� . ������ 3XEO� ���������

�� $NXORY� $�,�� &KHUQ\VKRY� *�*�� 'RURQLQ� <X�9� HW DO�
������ (IIHFW RI K\GURG\QDPLF SKHQRPHQD LQ ZHOG SRRO
RQ WKH IRUPDWLRQ RI EXWW ZHOGV LQ FRQVXPDEOH HOHFWURGH
ZHOGLQJ� ,]YHVWL\D 9X]RY� 0DVKLQRVWUR\HQL\H� �� ��� w
����

�� $NXORY� $�,�� 'PLWULN� 9�9�� %DEXVKNLQD� 9�$� 0HWKRG RI
GHWHUPLQDWLRQ RI GLUHFWLRQ RI PRYHPHQW RI PROWHQ PHWDO
IORZV IURP KHDG WR WDLO SRUWLRQ RI ZHOG SRRO� 8665
DXWKRUsV FHUWLILFDWH �������� ,QW� &O� % �� . ������ 3XEO�
���������

�� 'PLWULN� 9�9� ������ 0HWKRG RI GHWHUPLQDWLRQ RI WHPSHUD�
WXUH FRQGLWLRQ LQ PROWHQ ZHOGLQJ SRRO� 6YDURFKQR\H 3URL]�
YRGVWYR� �� �� w ���

�� 'PLWULN� 9�9� ������ 'HYHORSPHQW RI PHWKRG RI GHWHUPLQD�
WLRQ RI WHPSHUDWXUH FRQGLWLRQ RI PROWHQ SRRO� ,]YHVWL\D
9X]RY� 0DVKLQRVWUR\HQL\H� �� �� w ���

�� 'PLWULN� 9�9� ������ (VWLPDWLRQ RI DUF KHDW LQWURGXFHG WR
SDUHQW PHWDO� ,ELG�� �� ��� w ����

��� ������ 7KHRU\ RI ZHOGLQJ SURFHVVHV� (G� E\ 9�9� )URORY�
0RVFRZ� 9LVVKD\D 6KNROD�

��� .DVDWNLQ� %�6�� 9RONRY� 9�*� ������ $SSOLFDWLRQ RI FXW
ZLUH DV D ILOOHU PDWHULDO LQ DXWRPDWLF ZHOGLQJ RI KLJK�
VWUHQJWK VWHHOV� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

��� =HP]LQ� 9�1� ������ +HDW UHVLVWDQFH RI ZHOGHG MRLQWV� /H�
QLQJUDG� 0DVKLQRVWUR\HQL\H�

��� 'PLWULN� 9�9� ������ 6WDELOL]DWLRQ RI FRQGLWLRQV RI DXWR�
PDWLF ZHOGLQJ RI SHDUOLWLF VWHHOV� 6YDURFKQR\H 3URL]YRGVWYR�
�� �� w ���
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,�$� *21&+$529
�
� $�3� 3$/76(9,&+

�
� 9�6� 72.$5(9

�
� 7�6� 9(%/$<$

�
DQG 1�3� .+$5&+(1.2

�

�
7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

�
7DUDV 6KHYFKHQNR .\LY 1DWLRQDO 8QLYHUVLW\� .\LY� 8NUDLQH

$%675$&7

7KH IRUPV RI K\GURJHQ H[LVWHQFH LQ ZHOGLQJ IXVHG IOX[ $1����$ ZHUH H[DPLQHG XVLQJ WKH PHWKRGV RI ,5�VSHFWURVFRS\�
WKHUPRJUDYLPHWU\ DQG JDV FKURPDWRJUDSK\� $V PRGHO VXEVWDQFHV WKH ]HROLWH 1D$ DQG NDROLQ ZHUH XVHG� $ VLJQLILFDQW

GLIIHUHQFH RI IOX[ $1����$ IURP WKH ]HROLWH LV VKRZQ E\ D QDWXUH RI D WKHUPDO K\GURJHQ GHVRUSWLRQ� ,W LV HVWDEOLVKHG

WKDW WKH PDLQ SDUW RI WKH ODWWHU LV GLVVROYHG LQ WKH IOX[ H[DPLQHG GXULQJ WKH SURFHVV RI IXUQDFH PHOWLQJ LQ WKH IRUP RI

D K\GUR[\O DQG UHPRYHG DW KHDWLQJ DERYH ��� �&�

.H\ ZRU G V � K\GURJHQ� ZDWHU� K\GUR[\O� IXVHG IOX[� ]HR�
OLWH� NDROLQ� WKHUPDO GHVRUSWLRQ

+\GURJHQ LV WKH FDXVH RI IRUPDWLRQ RI SRUHV LQ ZHOGV
GXULQJ 6$: DQG DOVR RI FROG FUDFNV LQ ZHOGHG MRLQWV
PDGH IURP WKH ORZ�DOOR\HG KLJK�VWUHQJWK VWHHOV� 7KH

ZHOGLQJ IOX[ LV RQH RI WKH PDLQ VRXUFHV RI K\GURJHQ

>�@� $W WKH VDPH WLPH WKH TXDOLW\ ZHOGV FDQ EH SUR�
YLGHG E\ XVLQJ WKH ZHOGLQJ FRQVXPDEOHV FRQWDLQLQJ

WKH GLIIXVLYH K\GURJHQ LQ WKH GHSRVLWHG PHWDO RI QRW
PRUH WKDQ � FP

����� J RI PHWDO >�@� )RU WKLV SXUSRVH�
LW LV QHFHVVDU\ WR LQYHVWLJDWH ERWK WKH FRQWHQW RI D
SRWHQWLDO K\GURJHQ DQG DOVR WKH IRUPV RI LWV H[LVWHQFH

LQ ZHOGLQJ IOX[HV� 7KH DYDLODEOH GDWD DUH OLPLWHG�

7KXV� LQ ZRUN RI <X�'� %UXVQLWV\Q >�@ WKH ZDWHU
UHPRYDO IURP IOX[HV ZDV VWXGLHG E\ KHDWLQJ DQG PHDV�

XUHPHQW RI ORVVHV LQ PDVV RI VDPSOH RI IOX[HV ���2)��

DQG ���2)��� RI VODJ V\VWHPV &D)�w$O�2�w&D2 DQG

&D)�w$O�2�w0J2w6L2�� UHVSHFWLYHO\� ZKLFK DUH VXV�

FHSWLEOH WR WKH IRUPDWLRQ RI FU\VWDOOLQH VWUXFWXUHV�

7KH FRQFOXVLRQ ZDV PDGH RQ WKH EDVLV RI PRGH RI

ZDWHU UHPRYDO DERXW WKH GRPLQDWLQJ SUHVHQFH RI D

]HROLWH ZDWHU LQ IOX[HV ZKLFK LV DGVRUEHG GXULQJ WKHLU

PDQXIDFWXUH DW WKH VWDJH RI D ZHW JUDQXODWLRQ LQGH�

SHQGHQWO\ RI VWUXFWXUH RI JUDLQV �SXPLFH�� VWRQH��

JODVV�W\SH� DQG UHPRYHGZLWKLQ WKH WHPSHUDWXUH UDQJH

RI ��� w ���� �&� ,Q >�� �@ WKLV FRQFOXVLRQ LV YDOLG

IRU DOO WKH IOX[HV� LQFOXGLQJ WKH DFLG VODJ V\VWHPV
0Q2w6L2�w&D)��

+RZHYHU� DFFRUGLQJ WR GDWD >�@� WKH ZDWHU� DG�

VRUEHG LQ VWUXFWXUDO YRLGV� LV DOPRVW FRPSOHWHO\ UH�

PRYHG LQ KHDWLQJ RI QDWXUDO DQG V\QWKHWLF ]HROLWHV XS

WR WKH WHPSHUDWXUH RI RUGHU RI ��� �&� $W WKH VDPH
WLPH� DFFRUGLQJ WR GDWD RI ,�$� 1RYRNKDWVN\ >�@� WKH
UHPRYDO RI GLVVROYHG ZDWHU GXULQJ KHDWLQJ IURP PHW�

DOOXUJLFDO VODJV LQ ZKLFK LW LV SUHVHQW LQ WKH IRUP RI

K\GUR[\O JURXSV 2+w� LV VWDUWHG IURP ��� �& DQG

KLJKHU� ,W LV DOVR NQRZQ >�@ WKDW K\GURJHQ FRQWDLQHG
LQ DOXPRVLOLFDWHV LQ WKH IRUP RI K\GUR[\O DQLRQV 2+w

LV UHPRYHG GXULQJ KHDWLQJ LQ WKH IRUP RI ZDWHU ZKRVH

WHPSHUDWXUH RI GHVRUSWLRQ FDQ UHDFK PRUH WKDQ ��� �&
GHSHQGLQJ RQ WKH ERQG RI DQLRQV 2+w

ZLWK FDWLRQV

RI WKH DOXPRVLOLFDWHV�

0RGHO RI ZDWHU H[LVWHQFH LQPLQHUDOV� XVHG E\<X�'�
%UXVQLWV\Q >�@� GRHV QRW WDNH LQWR DFFRXQW WKH VODJ FRQ�
WDFW ZLWK D ZDWHU YDSRXU GXULQJ LWV PHOWLQJ LQ IXUQDFH�
,Q WKH PRUH UHFHQW ZRUN >�@ WKH VDPH DXWKRU UHFRJQL]HV
WKH IHDVLELOLW\ RI LWV GLVVROXWLRQ LQ WKH VODJ PHOW GXULQJ
PHOWLQJ ZKHQ KH H[SODLQHG WKH SUHVHQFH RI ZDWHU LQ WKH

IOX[ RI D GU\ JUDQXODWLRQ� ,Q KLV RSLQLRQ >�@ WKH GHWHU�
PLQDWLRQ RI ZDWHU FRQWHQW E\ ORVVHV LQ PDVV RI WKH VDP�

SOH� ZKLFK ZDV XVHG E\ KLP LQ >�@� FDQQRW SURYLGH WKH

UHOLDEOH UHVXOWV EHFDXVH ODUJH HUURUV FDQ EH PDGH E\ WKH

IRUPDWLRQ RI YRODWLOH IOXRULGH FRPSRXQGV DQG R[LGDWLRQ
RI VHSDUDWH FRPSRQHQWV�

,Q ZRUNV >�� ��@ WKH DXWKRUV FDPH WR WKH FRQFOXVLRQ

WKDW D ODUJH DPRXQW RI K\GURJHQ LV DYDLODEOH LQ WKH
IXVHG IOX[HV LQ WKH IRUP RI K\GUR[\O 2+w

� +RZHYHU�

WKH WHFKQRORJ\ RI PDQXIDFWXUH DQG FRPSRVLWLRQ RI
IOX[HV ZHUH QRW PHQWLRQHG WKHUH� ,Q DGGLWLRQ� LQ >�@
WKH ODWWHU ZHUH LQYHVWLJDWHG DIWHU FDOFLQDWLRQ DW ��� �&
WKDW GRHV QRW JLYH LQIRUPDWLRQ DERXW WKH FRPSOHWH
FRQWHQW RI K\GURJHQ LQ WKHP�

7R FODULI\ WKH IRUPV RI H[LVWHQFH DQG FRQWHQW RI
K\GURJHQ LQ WKH IXVHG IOX[HV� WKH IOX[ $1����$ DQG
DOVR NDROLQ DQG V\QWKHWLF ]HROLWH 1D$ �DV PRGHO VXE�

VWDQFHV� FRQWDLQHG ZDWHU LQ GLIIHUHQW IRUPV� ZHUH LQ�

YHVWLJDWHG� 7KH IOX[ $1����$� ZKLFK EHORQJV WR WKH

VODJ V\VWHP 0Q2w6L2�w&D)�� KDV D GHQVH JODVV�W\SH

VWUXFWXUH RI WKH JUDLQV ZKLFK KDYH QR LQQHU FDYLWLHV�

7KH V\QWKHWLF ]HROLWH 1D$ FRQVLVWV RI DOWHUQDWLQJ WHW�
UDKHGURQV 6L2� DQG $O2�� MRLQHG ZLWK HDFK RWKHU E\

DSH[HV� =HROLWH 1D$ KDV D IUDPH ZLWK D UDWLR 6L�$O  

 � DQG FDYLWLHV RI DERXW ��� QP GLDPHWHU� :DWHU

PROHFXOHV� ILOOLQJ WKHVH YRLGV� DUH FRQQHFWHG WR WKLV

IUDPH E\ WKH DGVRUSWLRQ IRUFHV� ,Q NDROLQ WKH K\GURJHQ
H[LVWV LQ LWV VWUXFWXUH LQ WKH IRUP RI 2+�JURXSV >�@�

7KH IRUPV RI K\GURJHQ H[LVWHQFH ZHUH H[DPLQHG E\
WKH PHWKRG RI ,5�VSHFWURVFRS\ XVLQJ VSHFWURSKRWRPHWHU
6SHFRUG 0���� 6DPSOHV ZHUH SUHSDUHG LQ WKH IRUP RI
VXVSHQVLRQ RI FUXVKHG JUDLQV RI WKH VXEVWDQFH LQ D SX�

ULILHG YDVHOLQH RLO DQG GHSRVLWHG RQ WKH SRWDVVLXP EUR�

PLGH� 7KH WKHUPDO GHVRUSWLRQ RI ZDWHU IURP WKH VXE�

VWDQFHVZDVPDGH E\ WKHPHWKRGV RI D WKHUPRJUDYLPHWULF

DQDO\VLV DQG JDV FKURPDWRJUDSK\ >��@�

� ,�$� *21&+$529� $�3� 3$/76(9,&+� 9�6� 72.$5(9� 7�6� 9(%/$<$ DQG 1�3� .+$5&+(1.2� ����
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2w+ ERQGV RI PROHFXODU ZDWHU DQG K\GUR[\O DUH
FKDUDFWHULVWLF RI DSSHDUDQFH RI GLIIHUHQW W\SLFDO EDQGV
RI DEVRUSWLRQ GXULQJ SDVVLQJ RI ,5�EHDPV WKURXJK WKH
VXEVWDQFH� 7KLV LV DVVRFLDWHG ZLWK H[FLWLQJ RI YDOHQFH
DQG GHIRUPDWLRQ YLEUDWLRQV RI DWRPV �PRYHPHQWV RI
DWRPV� UHVSHFWLYHO\� DORQJ WKH YDOHQFH ERQG DQG ZLWK
D FKDQJH LQ DQJOH EHWZHHQ WZR ERQGV��

,Q WKH UHJLRQ RI YDOHQFH YLEUDWLRQV RI 2+�JURXSV
WKH ,5�VSHFWUXP RI WKH NDROLQ VDPSOH �)LJXUH �� KDV
QDUURZ LQWHQVLYH EDQGV RI WUDQVPLVVLRQ RI IUHH K\�
GUR[\O JURXSV �QRW ERXQG ZLWK K\GURJHQ ERQGV ZLWK
RWKHU K\GUR[\OV RU ZDWHU PROHFXOHV � DW WKH IUHTXHQF\
RI ���� DQG ���� FPw� DQG ZLGH ORZHU�LQWHQVLYH EDQG
RI WUDQVPLVVLRQ ZLWKLQ WKH UDQJH RI ���� w ���� FPw�

IUHTXHQFLHV� 7KH ODWWHU FRUUHVSRQGV WR WKH YDOHQFH YL�
EUDWLRQV RI 2+�JURXSV RI WKH PROHFXODU ZDWHU DG�
VRUEHG RQ WKH NDROLQ VXUIDFH� ,Q WKH ,5�VSHFWUXP RI
NDROLQ� FDOFLQDWHG DW ��� �& IRU � K� WKLV EDQG GLVDS�

SHDUV� ,Q DGGLWLRQ� WKHUH DUH QR EDQGV RI WUDQVPLVVLRQ
LQ WKH UHJLRQ RI GHIRUPDWLRQ YLEUDWLRQV RI 2+�JURXSV
����� w ���� FPw��� W\SLFDO RQO\ RI WKH PROHFXODU
ZDWHU� WKDW ZDV LQIRUPHG LQ >��@� $IWHU NDROLQ FDOFL�
QDWLRQ IRU � K DW ��� �& DQG LWV VRDNLQJ LQ DLU� WKHUH
ZHUH QR QDUURZ LQWHQVLYH EDQGV RI YDOHQFH YLEUDWLRQV
RI IUHH K\GUR[\O JURXSV LQ WKH ,5�VSHFWUXP� LQFOXGHG
HDUOLHU LQWR WKH NDROLQ VWUXFWXUH� $IWHU LWV IXUWKHU DLU
VRDNLQJ WKHVH EDQGV DUH QRW UHFRYHUHG� RQO\ VOLJKW
ZLGH EDQGV DSSHDU ZKLFK FRUUHVSRQG WR YDOHQFH DQG
GHIRUPDWLRQ YLEUDWLRQV RI WKH DGVRUEHG ZDWHU�

7KHUPRJUDYLPHWULF DQDO\VLV RI WKH NDROLQ VDPSOH
ZDV PDGH XVLQJ D GHULYDWRJUDSK 4�����'� ,W ZDV
HVWDEOLVKHG WKDW ZLWKLQ WKH ��� w ��� �& LQWHUYDO �)L�
JXUH �� WKH ORVV LQ PDVV �DERXW �� �� RFFXUV GXH WR
ZDWHU OLEHUDWLRQ� 7KHVH UHVXOWV KDYH D JRRG FRUUHODWLRQ
ZLWK WKRVH REWDLQHG LQ >��@ ZKHUH LW ZDV VKRZQ� XVLQJ
WKH JDV FKURPDWRJUDSK\ PHWKRG� WKDW WKH K\GURJHQ
H[LVWLQJ LQ NDROLQ LQ WKH IRUP RI K\GUR[\O LV HYROYHG
LQ WKH IRUP RI ZDWHU DW ��� w ��� �& WHPSHUDWXUH�

6DPSOH RI ]HROLWH 1D$ ZDV GULHG GXULQJ � K DW
��� �& DQG WKHQ LWV VSHFWUXP RI WUDQVPLVVLRQ ZDV H[�
DPLQHG DIWHU FRROLQJ �)LJXUH ��� ,W KDV DQ LQWHQVLYH
ZLGH EDQG RI ���� w ���� FPw� IUHTXHQFLHV ZLWK PD[L�
PXP DW ���� FPw� LQ WKH UHJLRQ RI YDOHQFH YLEUDWLRQV
RI 2+�JURXSV� ,Q WKH UHJLRQ RI GHIRUPDWLRQ YLEUDWLRQV
RI 2+�JURXSV RQH PRUH ZLGH EDQG LQ WKH UDQJH RI
���� w ���� FPw� IUHTXHQFLHV ZLWK PD[LPXP DW
���� FPw� LV REVHUYHG� 7KH PHQWLRQHG EDQGV FRUUH�
VSRQG WR WKH K\GURJHQ ERQG RI K\GURJHQ RI ZDWHU
PROHFXOHV ZLWK LRQV RI R[\JHQ IURP WKH ]HROLWH IUDPH�
7KLV LV H[SODLQHG E\ DQ LQWHQVLYH DGVRUSWLRQ RI ZDWHU
IURP WKH DLU E\ WKH VDPSOH VXUIDFH GXULQJ FRROLQJ
EHIRUH WKH DQDO\VLV� 7KH QH[W ]HROLWH KROGLQJ LQ DLU
GXULQJ �� GD\V GRHV QRW OHDG WR LQFUHDVLQJ WKH LQWHQVLW\
RI EDQGV LQ WKH UHJLRQ RI YDOHQFH DQG GHIRUPDWLRQ
YLEUDWLRQV� 7KLV SURYHV WKDW K\GUDWLRQ RI ZDWHU E\
]HROLWH IURP WKH DLU LV PRVW LQWHQVLYH DW WKH ILUVW PLQ�
XWHV RI LWV FRQWDFW ZLWK DWPRVSKHULF PRLVWXUH DQG WKHQ

)LJXUH �� ,5�VSHFWUXP RI WUDQVPLVVLRQ RI NDROLQ VDPSOH LQ LQLWLDO
VWDWH ���� FDOFLQDWHG DW ��� �& IRU � K ���� DV ZHOO DV DW ��� �& IRU
� K DQG KROGLQJ LQ DLU ���

)LJXUH ��'HULYDWRJUDP RI NDROLQ VDPSOH� �x FXUYH RI PDVV ORVVHV�
� x FXUYH RI KHDWLQJ

)LJXUH �� ,5�VSHFWUXP RI WUDQVPLVVLRQ RI ]HROLWH 1D$ VDPSOH FDO�
FLQDWHG DW ��� �& IRU � K ��� DQG ZLWK D VXEVHTXHQW KROGLQJ LQ DLU
IRU �� GD\V ���
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LW LV UHGXFHG RQ ILOOLQJ WKH IUDPH YRLGV ZLWK ZDWHU
PROHFXOHV�

$FFRUGLQJ WR WKH GHULYDWRJUDP RI ]HROLWH 1D$ �)L�
JXUH �� WKH ORVV RI LWV PDVV DW WKH H[SHQVH RI WKHUPDO
GHVRUSWLRQ RI ZDWHU PROHFXOHV IURP WKH VDPSOH VWDUWV
DW WKH WHPSHUDWXUH RI DERXW �� �&� UHDFKHV PD[LPXP
DW ��� �&� UHGXFHV D OLWWOH DW ��� �&� DQG WKHQ LW LV
LQWHUUXSWHG FRPSOHWHO\ DW ��� �&� 7KH WRWDO ORVV RI
PDVV E\ WKH ]HROLWH �UHODWLYH KXPLGLW\� LV ���� ��

7KH FKURPDWRJUDP RI WKH ZDWHU WKHUPRGHVRUSWLRQ
IURP ]HROLWH 1D$ GXULQJ KHDWLQJ DW WKH �� w
�� �&�PLQ UDWH LV JLYHQ LQ )LJXUH �� ,W LV FKDUDFWHUL]HG
E\ WKH SUHVHQFH RI PD[LPXP DW ��� �& WHPSHUDWXUH
DQG ILQLVKLQJ RI WKH SURFHVV RI ZDWHU OLEHUDWLRQ DW
��� �&� 7KLV QRQ�HTXLOLEULXP KHDWLQJ FDXVHG� SURE�
DEO\� WKH IRUPDWLRQ RI D VPDOO DPRXQW RI GHVRUELQJ
ZDWHU DW ��� �&� 7KH WHPSHUDWXUH PRGH RI ZDWHU
GHVRUSWLRQ LV FRLQFLGHG ZLWK GDWD REWDLQHG E\ WKH
PHWKRG RI D WKHUPRJUDYLPHWULF DQDO\VLV �)LJXUH ���
0RUHRYHU� WKH WRWDO K\GURJHQ FRQWHQW LQ WKH ]HROLWH
VDPSOH LV ����� FP����� J�

,5�VSHFWUXP RI IOX[ $1����$ �)LJXUH �� GLIIHUV
JUHDWO\ IURP WKRVH ZKLFK ZHUH GHVFULEHG HDUOLHU IRU
NDROLQ DQG ]HROLWH� ,W FRQWDLQV D VOLJKW EOXUULQJ EDQG
RI WUDQVPLVVLRQ RI YDOHQFH YLEUDWLRQV RI 2+�JURXSV
ZLWKLQ WKH LQWHUYDO RI IUHTXHQFLHV ���� w ���� FPw��
,Q ,5�VSHFWUXP RI WKH IOX[ FDOFLQDWHG DW ��� �& IRU
� K� WKLV EDQG LV VRPHZKDW GHFUHDVHG� EXW QRW GLVDS�
SHDUHG FRPSOHWHO\� 3UREDEO\� LW LV GXH WR WKH FRQWDFW
RI WKH FDOFLQDWHG IOX[ ZLWK DQ DWPRVSKHULF PRLVWXUH
RI WKH DLU GXULQJ SUHSDUDWLRQ RI WKH VDPSOH IRU WKH
DQDO\VLV �ZDWHU DGVRUSWLRQ DW LWV VXUIDFH RFFXUV��

7KH VSHFWUDO UHJLRQ RI IUHTXHQFLHV ���� w ���� FPw�

LV FKDUDFWHUL]HG E\ WKH YDOHQFH YLEUDWLRQV RI 2+�
JURXSV FRUUHVSRQGLQJ ERWK WR ZDWHU� DGVRUEHG E\ WKH
VXUIDFH DQG FDSLOODULHV� DQG DOVR WR K\GUR[\O JURXSV�
ERXQG ZLWK WKH VWUXFWXUH RI WKH VXEVWDQFH RI D GLIIHU�
HQW GHJUHH RI VWUHQJWK� 7KH VHSDUDWH LGHQWLILFDWLRQ RI
IRUPV RI K\GURJHQ LQ WKH IXVHG IOX[HV KDYLQJ VLJQLIL�

FDQWO\ ORZHU LWV PDVV FRQWHQWV �OHVV WKDQ ��� �� DV
FRPSDUHG ZLWK ]HROLWH DQG NDROLQ� LV GLIILFXOW� ,W LV
QRWHG LQ >��@ WKDW LQ WKH UHJLRQ RI WKH YDOHQFH YLEUD�
WLRQV LW LV LPSRVVLEOH WR GLYLGH DGHTXDWHO\ WKH EDQGV
UHIHUULQJ WR YDOHQFH YLEUDWLRQV RI VWUXFWXUDO K\GUR[�
LGHV DQG ZDWHU PROHFXOHV� ,Q WKH UHJLRQ RI ���� w
���� FPw� IUHTXHQFLHV RI GHIRUPDWLRQ YLEUDWLRQV RI
2+�JURXSV W\SLFDO RQO\ RI PROHFXODU DGVRUSWLRQ RI
+

�
2 RQ WKH ,5�VSHFWUXP RI IOX[ $1����$ WKH WUDQV�

PLVVLRQ EDQGV DUH SUHVHQW� EXW WKH\ DUH YHU\ ZHDN�
7KLV IOX[ ZDV QRW H[DPLQHG E\ WKH PHWKRG RI WKHU�
PRJUDYLPHWU\� EHFDXVH LQ WKH SURFHVV RI KHDWLQJ RI
PDQJDQHVH�VLOLFDWH IOX[HV WKH ORVV LQ PDVV� GXH WR D
ZDWHU OLEHUDWLRQ� LV REVHUYHG VLPXOWDQHRXVO\ ZLWK LWV
LQFUHDVH� EHFDXVH RI PDQJDQHVH R[LGDWLRQ DQG DOVR
ORVVHV FDXVHG E\ SUHFLSLWDWLRQ RI WKH VLOLFRQ
WHWUDIOXRULGH� 7KH ODWWHU RFFXUV DV D UHVXOW RI LQWHUDF�
WLRQ RI VLOLFRQ GLR[LGH DQG FDOFLXP IOXRULGH LQFOXGHG
LQWR WKH IOX[ FRPSRVLWLRQ�

7KH LPSRUWDQW LQIRUPDWLRQ DERXW WKH IRUPV RI K\�
GURJHQ LQ IXVHG IOX[HV FDQ EH REWDLQHG E\ VWXG\ RI
WKH NLQHWLFV RI K\GURJHQ HYROXWLRQ IURP IOX[HV GXULQJ
WKHLU KHDWLQJ XVLQJ DPHWKRG RI D JDV FKURPDWRJUDSK\�

)LJXUH � VKRZV WKH FKURPDWRJUDP RI WKHUPDO
GHVRUSWLRQ RI ZDWHU IURP IOX[ $1����$� 7KH QDWXUH
RI WKLV SURFHVV GLIIHUV JUHDWO\ IURP WKH WKHUPRGHVRUS�
WLRQ RI ]HROLWH 1D$ �VHH )LJXUHV � DQG ��� 7KH DPRXQW
RI K\JURVFRSLF PRLVWXUH UHPRYHG GXULQJ KHDWLQJ WR
��� �& LV XS WR � � RI LWV WRWDO PDVV FRQWHQW� ZKLOH
GXULQJ KHDWLQJ WR ��� �& LW LV DERXW �� �� $W D IXUWKHU
KHDWLQJ WKH DPRXQW RI WKH UHPRYHG ZDWHU LV LQFUHDVHG�
7KH ILUVW PD[LPXP DW ��� �& WHPSHUDWXUH LV FRLQFLGHG
ZLWK DQ H[RWKHUPLF HIIHFW RQ WKH FXUYH RI D GLIIHUHQWLDO
WKHUPDO DQDO\VLV RI IOX[ $1����$ >��@� FDXVHG E\ WKH
JURZWK RI FU\VWDOV� 7KLV UHVXOWV LQ D �MXPS\� ZDWHU
OLEHUDWLRQ� WKXV H[SODLQLQJ WKH SUHVHQFH RI WZR SHDNV

)LJXUH �� 'HULYDWRJUDP RI ]HROLWH 1D$ VDPSOH� � x FXUYH RI PDVV
ORVVHV� � x FXUYH RI KHDWLQJ

)LJXUH �� &KURPDWRJUDP RI WKHUPDO GHVRUSWLRQ RI K\GURJHQ IURP
]HROLWH 1D$ VDPSOH

)LJXUH �� ,5�VSHFWUXP RI WUDQVPLVVLRQ RI IOX[$1����$� �x LQLWLDO�
� x DIWHU FDOFLQDWLRQ DW ��� �& IRU � K
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RQ WKH FKURPDWRJUDP� 7KH PDLQ DPRXQW RI ZDWHU LV
OLEHUDWHG ZLWKLQ WKH ��� w ��� �& WHPSHUDWXUH LQWHU�
YDO� 7KH KLJK�WHPSHUDWXUH PRGH RI LWV OLEHUDWLRQ LV
REVHUYHG LQ KHDWLQJ RI ZKLWH PLFD WR ���� �& LQ ZKLFK
K\GURJHQ LV LQ WKH IRUP RI D K\GUR[\O JURXS 2+w

>��@� 7KH WRWDO K\GURJHQ FRQWHQW LQ WKH H[DPLQHG
VDPSOH RI IOX[ $1����$ ZDV �� FP����� J�

7R FRQILUP WKH DVVXPSWLRQ DERXW WKH IDFW WKDW WKH
ZDWHU GHVRUEHG IURP WKH IOX[ $1����$ LV GLVVROYHG
LQ LW DW KLJK WHPSHUDWXUHV GXULQJ WKH SURFHVV RI IXUQDFH
PHOWLQJ LQ WKH IRUP RI 2+�JURXS� WKH )LJXUH � SUH�
VHQWV WKH FKURPDWRJUDP RI WKHUPDO GHVRUSWLRQ RI K\�
GURJHQ IURP WKH VDPSOH RI IOX[ $1����$ FDOFLQDWHG
DW ��� �& IRU � K DQG KHOG LQ DLU GXULQJ D PRQWK� ,W
LV VHHQ LQ WKH FKURPDWRJUDP WKDW DIWHU WKH FDOFLQDWLRQ
WKH IOX[ VDPSOH KDV QR KLJK�WHPSHUDWXUH IUDFWLRQ RI
ZDWHU ZKLFK FRXOG GLVVROYH LQ LW GXULQJ PHOWLQJ� 'LI�
IHUHQFH LQ YDOXHV RI WHPSHUDWXUHV RI ZDWHU GHVRUSWLRQ
RQ WKH FKURPDWRJUDPV �)LJXUHV � DQG �� LV� SUREDEO\�
FDXVHG E\ D QRQ�HTXLOLEULXP PRGH RI KHDWLQJ GXULQJ
DQDO\VLV DV FRPSDUHG ZLWK FDOFLQDWLRQ DW ��� �& IRU
� K DQG D ORZ FRHIILFLHQW RI GLIIXVLRQ RI 2+�JURXS
>�@� +\GURJHQ� ZKRVH FRQWHQW LQ WKH FDOFLQDWHG IOX[
$1����$ ZDV DERXW � FP����� J� KDG PDLQO\ WKH
IRUP RI D PRLVWXUH DGVRUEHG DW WKH IOX[ VXUIDFH GXULQJ
LWV KROGLQJ DIWHU FDOFLQDWLRQ�

&21&/86,216

�� ([DPLQDWLRQ RI WKH IXVHG IOX[ $1����$� ]HROLWH
1D$ DQG NDROLQ ZDV SHUIRUPHG XVLQJ WKH PHWKRGV RI
WKHUPRJUDYLPHWU\� ,5�VSHFWURVFRS\ DQG JDV FKURPD�
WRJUDSK\�

�� :HOGLQJ IXVHG IOX[ $1����$ LV GLIIHUHG IURP
]HROLWHV E\ D WRWDO FRQWHQW DQG NLQHWLFV RI WKHUPDO
GHVRUSWLRQ RI K\GURJHQ� 7KH H[LVWLQJ FRQFHSWLRQ
DERXW WKH GRPLQDWLQJ SUHVHQFH RI D �]HROLWLF� ZDWHU
LQ WKH IXVHG IOX[HV LV HUURQHRXV�

�� 7KHUH LV D QHJOLJLEOH DPRXQW RI DGVRUEHG ZDWHU
DW WKH VXUIDFH RI JUDLQV RI JODVV�W\SH IXVHG IOX[ $1�
���$� 7KH PDLQ DPRXQW RI K\GURJHQ LV HYROYHG LQ WKH
IRUP RI PRLVWXUH GXULQJ KHDWLQJ DERYH ��� �&� ,W LV
PRVW SUREDEOH� WKDW WKLV LV K\GURJHQZKLFK LV GLVVROYHG
LQ WKH IOX[ GXULQJ LWV IXUQDFH PHOWLQJ DQG DYDLODEOH
LQ WKH IRUP RI D K\GUR[\O 2+�JURXSV�

5()(5(1&(6

�� .LUGR� ,�9� ������ $ERXW FRPSRVLWLRQ RI JDVHV VXUURXQGLQJ
WKH DUF GXULQJ VXEPHUJHG DUF ZHOGLQJ� $YWRPDWLFKHVND\D
6YDUND� �� �� w ���

�� 3RNKRGQ\D� ,�.�� 3DOWVHYLFK� $�3�� *RORYNR� 9�*� HW DO�
������ 7HFKQRORJLFDO DQG PHWDOOXUJLFDO PHWKRGV RI GHFUHDVLQJ
WKH DEVRUSWLRQ RI K\GURJHQ LQ ZHOGLQJ� ,Q� &ROO� RI SDSHUV RI
�VW ,QW� &RQI� RI &,6 RQ :HOGLQJ &RQVXPDEOHV� .UDVQRGDU�
-XQH �� w ��� 0RVFRZ� 2$2 �$2 6SHWVHOHNWURG��

�� %UXVQLWV\Q� <X�'� ������ $ERXW K\GUDWLRQ RI ZHOGLQJ IXVHG
IOX[HV� :HOGLQJ� ,VVXH �� /HQLQJUDG� 6XGRVWUR\HQL\H�

�� 3RWDSRY� 1�1� ������ )XQGDPHQWDOV RI VHOHFWLRQ RI IOX[HV
LQ ZHOGLQJ RI VWHHOV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�

�� .RYDFK� <D�� 3HWURY� *�/� ������ ,QYHVWLJDWLRQ RI K\GUD�
WLRQ DQG GHK\GUDWLRQ RI DFLG IOX[HV IRU WKH DXWRPDWLF DUF
ZHOGLQJ RI VWHHOV� ,Q� :HOGLQJ IOX[HV DQG VODJV� .\LY�
1DXNRYD 'XPND�

�� %HWHNKWLQ� $�*� ������0LQHUDORJ\� 0RVFRZ� *RVJHRORJL]GDW�
�� 1RYRNKDWVN\� ,�$� ������ *DVHV LQ R[LGH PHOWV� 0RVFRZ�

0HWDOOXUJLD�
�� %UXVQLWV\Q� <X�'�� 9LWRO� (�,� ������ $ERXW GHWHUPLQDWLRQ

RI ZDWHU LQ ZHOGLQJ IOX[HV� :HOGLQJ� ,VVXH �� /HQLQJUDG�
6XGSURPJL]�

�� )URORY� <X�9� ������ )XVHG IOX[ DV D K\GURJHQ VRXUFH LQ
ZHOGLQJ� $YWRPDWLFKHVND\D 6YDUND� �� �� w ���

��� 7VXERL� -�� 7HUDVKLPD� +� ������ 7KH EHKDYLRU RI K\GURJHQ
LQ DUF ZHOGLQJ� -� -:6� �� ��� w ����

��� 3DOWVHYLFK� $�3� ������� &KURPDWRJUDSKLF PHWKRG RI K\GUR�
JHQ FRQWHQW GHWHUPLQDWLRQ LQ FRPSRQHQWV RI HOHFWURGH FRDW�
LQJV� ,Q� &ROO� RI SDSHUV RI �VW ,QW� &RQI� RI &,6 RQ :HOG�
LQJ &RQVXPDEOHV� .UDVQRGDU� -XQH �� w ��� 0RVFRZ� 2$2
�$2 6SHWVHOHNWURG��

��� =DULILDQWV� <X�$�� .LVHOHY� 9�)�� .KUXVWDOHYD� 6�9� ������
$ERXW LQIUDUHG VSHFWUD RI K\GUDWH FRDWLQJ RI R[LGHV� ,Q�
%RXQG ZDWHU LQ GLVSHUVHG V\VWHPV� 0RVFRZ� 068�

��� 9HEOD\D� 7�6�� .KDUFKHQNR� 1�3�� 6KHYFKHQNR� /�$� HW DO�
������ (IIHFW RI PHWKRG RI JUDQXODWLRQ RQ VWUXFWXUH RI
ZHOGLQJ IOX[� .KLP� 7HNKQRORJL\D� �� �� w ���

)LJXUH �� &KURPDWRJUDP RI WKHUPDO GHVRUSWLRQ RI K\GURJHQ IURP
IOX[ $1����$

)LJXUH �� &KURPDWRJUDP RI WKHUPDO GHVRUSWLRQ RI K\GURJHQ IURP
IOX[ $1����$� FDOFLQDWHG DW ��� �& IRU � K
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=DSRUR]KMH 6WDWH 7HFKQLFDO 8QLYHUVLW\� =DSRUR]KMH� 8NUDLQH

$%675$&7

5HVXOWV RI SODQQLQJ DQG SURFHVVLQJ RI H[SHULPHQWDO GDWD WR RSWLPL]H WKH FKHPLFDO FRPSRVLWLRQ RI WKH GHSRVLWHG PHWDO

SRVVHVVLQJ KLJK ZHDU UHVLVWDQFH DUH SUHVHQWHG� 7KH HIIHFW RI FDUERQ� ERURQ DQG YDQDGLXP LQ IHUUR�FKURPLXP ��� � &U�

DOOR\V RQ WKHLU UHVLVWDQFH WR WKH DEUDVLYH ZHDU LV GHWHUPLQHG�

.H\ ZRU G V � GHSRVLWHG PHWDO� ZHDU UHVLVWDQFH� FKHPLFDO
FRPSRVLWLRQ� UHJUHVVLRQ

,W ZDV VWDWHG HDUOLHU >� w �@ WKDW WKH XVH RI VWDQGDUG

VXUIDFLQJPDWHULDOV GRHV QRW DOZD\V JXDUDQWHH WKH KLJK

UHVLVWDQFH WR DEUDVLYH ZHDU RI FRPSRQHQWV RI URDG�

FRQVWUXFWLRQ HTXLSPHQW� VLQFH LW GRHV QRW WDNH LQWR

FRQVLGHUDWLRQ WKH GHILQLWH VHUYLFH FRQGLWLRQV� 7KLV UH�

IHU� LQ SDUWLFXODU� WR WKH HOHPHQWV RI ZRUNLQJ FRPSR�
QHQWV RI WKH DVSKDOW PL[HUV� $Q DWWHPSW ZDV PDGH LQ

WKH SUHVHQW ZRUN WR RSWLPL]H WKH FKHPLFDO FRPSRVL�

WLRQ� GHSRVLWHG ZLWK DOORZDQFH IRU WKH FRQGLWLRQV RI

ZHDU� ,Q DFFRUGDQFH ZLWK >�� �@ WKH PRVW SURPLVLQJ

PDWHULDOV IRU WKH FRPSRQHQWV RI WKH PL[LQJ HTXLSPHQW

DUH WKH DOOR\V RI D KLJK LQLWLDO KDUGQHVV �+5& �� w

��� DQG ODUJH FRQWHQW ��� w �� �� RI D VWUHQJWKHQLQJ

H[FHVVLYH SKDVH� ZKLFK LV FKDUDFWHUL]HG E\ WKH IROORZ�

LQJ PLFURKDUGQHVV� +9 �� w �� *3D� 0DWHULDOV KDY�

LQJ PDUWHQVLWLF�DXVWHQLWLF PDWUL[ PHHW WKHVH FRQGL�

WLRQV� :H VXSSRVH WKDW K\SHUHXWHFWLF DOOR\V RI )Hw

&w&Uw%w9 V\VWHP ZKLFK GR QRW FRQWDLQ VFDUFH HOH�
PHQWV DQG DUH FU\VWDOOL]HG ZLWK D GLIIHUHQW H[FHVVLYH

SKDVH� FDUELGH 0�&�� 0��&�� ERULGH 0%� 0�%� FDU�

ERERULGH 0�� �&%��� HWF�� GHSHQGLQJ RQ WKH UDWLR RI

FKURPLXP FRQWHQW WR FDUERQ DQG ERURQ� DUH FRUUHODWHG

VXIILFLHQWO\ ZHOO ZLWK WKH VSHFLILHG UHTXLUHPHQWV� 7KH

SUHVHQFH RI DZLGH VSHFWUXP RI IRUPLQJ KDUG LQFOXVLRQV

GHILQHV WKH KLJK SRWHQWLDOLWLHV RI WKH JLYHQ V\VWHP RI
DOOR\LQJ� DV LW DOORZV VHOHFWLRQ RI WKRVH UHTXLUHG RS�

WLPXP UDWLRV RI DPRXQW RI GLIIHUHQW W\SHV RI WKH

VWUHQJWKHQLQJ SKDVH ZKLFK SURYLGH WKH PD[LPXP

ZHDU UHVLVWDQFH RI WKH PHWDO XQGHU FRQGLWLRQV RI VHUY�

LFH RI ZRUNLQJ HOHPHQWV RI WKH URDG�FRQVWUXFWLRQ PD�

FKLQHV� $ UHODWLYH OLQHDU ZHDU UHVLVWDQFH ε/ �UHIHU�

HQFH x DV�DQQHDOHG VWHHO �� �& x ���� ZW��� )H x

EDODQFH�� ZDV VHOHFWHG DV D SDUDPHWHU RI RSWLPL]LQJ�
:KHQ SODQQLQJ WKH H[SHULPHQWV� WKH FRQWHQW RI

DOOR\LQJ HOHPHQWV ZDV VHOHFWHG DV YDULDEOHV ZKRVH HI�

IHFW RQ WKH ZHDU UHVLVWDQFH RI PDWHULDOV ZDV VWXGLHG

LQ >�@ DQG LW ZDV QHFHVVDU\ WR HVWDEOLVK RQO\ WKHLU

FRPELQHG HIIHFW RQ WKH DELOLW\ WR ZHDU UHVLVWDQFH RI

PHWDO XQGHU WKH JLYHQ VHUYLFH FRQGLWLRQV� 7KH IROORZ�

LQJ IDFWRUV ZHUH WDNHQ DV EDVLF DQG LQGHSHQGHQW� PDVV

VKDUH RI FDUERQ� ERURQ DQG YDQDGLXP LQ WKH GHSRVLWHG

PHWDO� 7KH PDVV VKDUH RI WKH FKURPLXP UHPDLQHG FRQ�

VWDQW DQG ZDV HTXDO WR �� �� 7KLV LV DVVRFLDWHG ZLWK

WKH IDFW WKDW FKURPLXP LQWURGXFWLRQ LQWR WKH GHSRVLWHG

PHWDO ZDV QHFHVVDU\ IRU WKH IRUPDWLRQ RI WKH FKURPLXP

FDUELGHV� ERULGHV RU FDUERERULGHV� $QG FKURPLXP FRQ�

WHQW LQ WKH DOOR\ VKRXOG EH OLPLWHG WR �� w �� �� DV

WKH DXWKRUV RI >�� �@ IRXQG WKDW WKH LQFUHDVH LQ FKUR�

PLXP FRQWHQW DERYH �� w �� � GRHV QRW OHDG WR WKH

LQFUHDVH LQ ZHDU UHVLVWDQFH RI WKH VXUIDFLQJ PDWHULDOV

XVHG XQGHU WKH FRQGLWLRQV RI LQWHQVLYH DEUDVLYH ZHDU�

([SHULPHQWV ZHUH SHUIRUPHG DFFRUGLQJ WR WKH SODQ

RI W\SH %� >�@� FRQWDLQLQJ WKH FRPSOHWH IDFWRULDO H[�

SHULPHQW �
�
� FHQWUHV RI IDFHV DQG FXEH� 7KH FRQWHQW

RI DOOR\LQJ HOHPHQWV ZDV YDULHG ZLWKLQ WKH IROORZLQJ

UDQJHV� �� & x ��� w ���� % x ��� w ���� 9 x ��� w

��� DW D PHDQ FRQWHQW RI ���� &� ��� % DQG ���� 9�

7DNLQJ LQWR DFFRXQW WKH LQYHVWLJDWLRQV SHUIRUPHG

LW ZDV UDWLRQDOO\ WR VHW WKH ORZHU OHYHO RI DOOR\LQJ

ZLWK FDUERQ DQG ERURQ RI QRW OHVV WKDQ � �� DV� KHUH�

WKH DPRXQW RI WKH VWUHQJWKHQLQJ SKDVH LV GHFUHDVHG

�OHVV WKDQ �� ��� WKXV FDXVLQJ WKH XQMXVWLILHG IDFWRULDO
VSDFH LQ WKH UHJLRQ RI DOOR\V ZLWK WKH H[SHFWHG ORZ

ZHDU UHVLVWDQFH >� w �@� 7KH OLPLWDWLRQV E\ DQ XSSHU

OHYHO RI DOOR\LQJ ZLWK FDUERQ DQG ERURQ ���� DQG
��� �� UHVSHFWLYHO\� DUH GXH WR WKH IHDVLELOLW\ WR SUR�

YLGH WKH FDOFXODWHG FKHPLFDO FRPSRVLWLRQ RI WKH PHWDO

SURGXFHG E\ PHOWLQJ RI WKH ��� PP GLDPHWHU IOX[�

FRUHG ZLUH�

7KH VHOHFWLRQ RI LQWHUYDOV E\ YDQDGLXP YDU\LQJ

ZDV EDVHG RQ WKH IDFW WKDW LW LV UDWLRQDO WR VHW WKH

ORZHU OHYHO RI QRW OHVV WKDQ ��� � �GXH WR QRW FOHDU

PDQLIHVWDWLRQ RI HIIHFW RI ORZ FRQWHQW RI YDQDGLXP

RQ WKH DOOR\ ZHDU UHVLVWDQFH� DQG WKH XSSHU OHYHO

VKRXOG QRW H[FHHG � � �DW KLJK FRQWHQWV WKH ZHDU

UHVLVWDQFH RI WKH PHWDO EDVH LV GHWHULRUDWHG� EHLQJ

FDXVHG E\ GHSOHWLRQ RI WKH VROLG VROXWLRQ ZLWK FDUERQ

XVHG IRU WKH IRUPDWLRQ RI WKH YDQDGLXP FDUELGHV >�@��

,W VKRXOG EH QRWHG WKDW WKH DFFHSWHG VHOHFWLRQ RI

YDU\LQJ OLPLWV LV DSSUR[LPDWH DQG DOORZV GHWHUPLQD�

WLRQ RQO\ RI WKH ERXQGDULHV RI FKDQJLQJ WKH DOOR\LQJ
� 6�1� 32329� ����
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HOHPHQWV DV LW GRHV QRW WDNH LQWR DFFRXQW WKH QXPEHU

RI SHFXOLDULWLHV RI IRUPDWLRQ RI VROLG SKDVHV� DV ZHOO

DV WKH HIIHFW RI WHFKQRORJLFDO IDFWRUV GXULQJ VXUIDFLQJ�

7KXV� GXULQJ WKH FDUELGH IRUPDWLRQ D SDUW RI FDUERQ

LV VXEVWLWXWHG IRU DWRPV RI ERURQ DQG RWKHU HOHPHQWV�

7KH ODWWLFH RI FDUELGHV LV VFDUFH LQ FDUERQ WKDW GH�

FUHDVHV WKH QXPEHU RI HOHPHQWV ERXQG LQWR FDUELGHV�

$W WKH VDPH WLPH LW FDQ GHWHUPLQH WKH UHJLRQ RI WKH

IDFWRULDO VSDFH� LQ ZKLFK WKH DOOR\ ZLWK D PD[LPXP

ZHDU UHVLVWDQFH PD\ ORFDWH DW D SUHVHW V\VWHP RI DO�

OR\LQJ )Hw&w&Uw%w9� 7KH UHVXOWV RI H[SHULPHQWV DUH

JLYHQ LQ 7DEOH �

0LFURVWUXFWXUH RI WKH GHSRVLWHG PHWDO RI WKH H[�

DPLQHG PDWHULDOV E\ D PDWUL[ RI SODQQLQJ ZLWK GLI�

IHUHQW UHODWLYH ZHDU UHVLVWDQFH LV JLYHQ LQ )LJXUH ��
$IWHU SURFHVVLQJ RI H[SHULPHQWDO GDWD WKH UHJUHV�

VLRQ GHSHQGHQFLHV RI ZHDU UHVLVWDQFH RQ FRQWHQW RI
DOOR\LQJ HOHPHQWV ZHUH REWDLQHG� ZKLFK DUH SUHVHQWHG
LQ )LJXUH �� $QDO\VLV RI REWDLQHG UHODWLRQV VKRZV WKDW
FDUERQ� ERURQ DQG YDQDGLXP HQWHU WKH HTXDWLRQ ZLWK
VLJQ �SOXV� DQG FDXVH WKH LQFUHDVH LQ PHWDO ZHDU UH�
VLVWDQFH� WKRXJK WKHLU VLPXOWDQHRXV HIIHFW PD\ FDXVH
VRPH UHGXFWLRQ RI WKH DOOR\ WR WKH DEUDVLYH ZHDU UH�
VLVWDQFH� 7KH QHJDWLYH WULSOH HIIHFW LV GXH� SUREDEO\�
WR �FRPSHWLWLYHQHVV� RI FDUERQ� ERURQ� YDQDGLXP LQ
LQFUHDVLQJ WKH ZHDU UHVLVWDQFH RI PHWDO� DV GXULQJ LWV
FU\VWDOOL]DWLRQ WKH GLIIHUHQW SURFHVVHV DUH RFFXUUHG�

)LJXUH ��0LFURVWUXFWXUH RI GHSRVLWHG PHWDO ZLWK GLIIHUHQW UHODWLYH
ZHDU UHVLVWDQFH �LQ DFFRUGDQFH ZLWK 7DEOH�� D x ����� E x
���� �×����

)LJXUH �� (IIHFW RI YDQDGLXP DQG FDUERQ �D� DW PDVV VKDUH RI ERURQ RI ��� ��� DQG ��� � ��� DQG FDUERQ DQG ERURQ �E� DW PDVV VKDUH
RI YDQDGLXP RI ��� � RQ WKH UHODWLYH ZHDU UHVLVWDQFH RI GHSRVLWHG PHWDO ZLWK �� � RI FKURPLXP

0DWUL[ RI SODQQLQJ

0DVV VKDUH

RI HOHPHQWV� � ,QLWLDO

KDUG�

QHVV�

+5&

0LFURKDUGQHVV�

*3D
/LQHDU

UHODWLYH

ZHDU

UHVLVWDQFH�

ε/
& % 9 %DVH

6WUHQJ�

WKHQLQJ

SKDVH

���� ��� ���� �� ����� w ����

���� ��� ���� �� ���� ����� ����

���� ��� ���� �� ���� w ����

���� ��� ���� �� ���� ����� ����

���� ��� ���� �� ���� w ����

���� ��� ���� �� ���� ����� ����

���� ��� ���� �� ����� w ����

���� ��� ���� �� ���� ����� ����
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VXFK DV FDUELGH IRUPDWLRQ DQG IRUPDWLRQ RI ERULGH
SKDVH ZKLFK FDQ VXSSUHVV HDFK RWKHU� $W WKH ORZHU
OHYHO RI ERURQ �� �� WKH ZHDU UHVLVWDQFH LV GHWHUPLQHG
PDLQO\ E\ WKH FDUERQ FRQWHQW� 7KLV LV DVVRFLDWHG ZLWK
WKH IDFW WKDW ZLWK LQFUHDVH LQ FDUERQ IURP ��� WR ��� �
WKH DPRXQW RI FDUELGHV RI 0�&� W\SH� FDUERERULGHV
0���&%�� DQG ERURFDUELGHV 0��%&� LV LQFUHDVHG >�@�
7KH PDLQ SURFHVV LQ DOOR\ FU\VWDOOL]DWLRQ LV WKH IRU�
PDWLRQ RI WKH FDUELGH SKDVH ZLWK ERURQ DWRPV DGGL�
WLRQDOO\ LQWURGXFHG LQWR LWV FU\VWDOOLQH ODWWLFH� WKDW
FDXVHV WKH LQFUHDVH LQ KDUGQHVV RI LQFOXVLRQV DQG PHWDO
EDVH DQG SURYLGHV WKH LQFUHDVH LQ LWV ZHDU UHVLVWDQFH�

7KH GHSHQGHQFH RI WKH ZHDU UHVLVWDQFH RQ YDQD�
GLXP FRQWHQW DW �� � &U DQG � � % KDV GLIIHUHQW
IRUPV� 7KXV� DW PDVV VKDUH RI FDUERQ ��� � �UDWLR LQ
DWRPLF SHUFHQWDJHV 9�& ���� w ����� WKH DOOR\ DELO�
LW\ WR UHVLVW WKH DEUDVLYH ZHDU LV LQFUHDVHG PRQRWRQL�
FDOO\� DQG DW WKH PDVV VKDUH RI FDUERQ� HTXDO WR � �
�UDWLR LQ DWRPLF SHUFHQWDJHV 9�&  ���� w ������ WKLV
GHSHQGHQFH DFTXLUHV D SDUDEROLF IRUP ZLWK DQ H[WUH�
PXP QHDU � � FRQFHQWUDWLRQ RI YDQDGLXP �9�&  
 ������ $W DPDVV VKDUH RI ��� � ERURQ WKH GHSHQGHQFH
RI ZHDU UHVLVWDQFH RI WKH GHSRVLWHG PHWDO RQ WKH PDVV
VKDUHV RI YDQDGLXP DQG FDUERQ KDV D FOHDUO\ H[SUHVVHG
RSWLPXP LQ WKH UHJLRQ RI FRQWHQW RI ��� � & DQG
��� � 9� $V LV VHHQ LQ )LJXUH �� DW RSWLPXP PDVV
VKDUH RI YDQDGLXP ��� � WKH GHSHQGHQFH RI ZHDU UH�
VLVWDQFH RQ WKH PDVV VKDUH RI FDUERQ DQG ERURQ KDV D
GLIIHUHQW QDWXUH� 7KXV� DW PLQLPXP OHYHO RI FDUERQ
�� �� WKH LQFUHDVH LQ D PDVV VKDUH RI ERURQ IURP � WR
� � FDXVHV WKH PRQRWRQRXV JURZWK RI ZHDU UHVLVWDQFH�
7KH LQFUHDVH LQ FDUERQ FRQWHQW RI KLJKHU WKDQ ��� �
DQG WKDW RI ERURQ RI PRUH WKDQ ��� � DW RSWLPXP
FRQWHQW RI YDQDGLXP ���� �� OHDGV WR WKH GHFUHDVH LQ
WKH ZHDU UHVLVWDQFH�

7KH UHVXOWV RI WUHDWPHQW RI FRPSRVLWLRQV RI H[SHUL�
PHQWDO DOOR\V VKRZHG WKDW WKH VHOHFWHG IDFWRUV �FDU�
ERQ� ERURQ� YDQDGLXP� DQG WKH OHYHOV RI WKHLU YDU\LQJ
PDNH LW SRVVLEOH WR SURGXFH WKH GHSRVLWHG PHWDO ZLWK
D KLJK ZHDU UHVLVWDQFH �ε ≥ �� GHSHQGLQJ RQ WKH YDOXHV
DQG PXWXDO VHFWLRQ RI HOHPHQWV� WKDW SURYHV D SURSHU
VHOHFWLRQ RI WKH DOOR\LQJ V\VWHP� 7KH DQDO\VLV RI WKH
REWDLQHG UHODWLRQVKLSV VKRZV WKDW WKH PD[LPXP YDOXH
RI UHODWLYH ZHDU UHVLVWDQFH LV DWWDLQHG DW WKH IROORZLQJ
PDVV VKDUH RI WKH GHSRVLWHG PHWDO� �� &U x �����
& x ���� % x ���� 9 x ����

7R FKHFN H[SHULPHQWDOO\ WKH ZHDU�UHVLVWDQFH RI WKH
SURGXFHG DOOR\ LQ WKH LQGXVWULDO FRQGLWLRQV WKH VDP�
SOHV RI WKH GHSRVLWHG PHWDO ZHUH WHVWHG� 7R DYRLG WKH
UDQGRP HUURUV GXULQJ ZHDU� DOO WKH DOOR\V RI WKHPDWUL[
RI WKH FRPSOHWH IDFWRULDO H[SHULPHQW ZHUH WHVWHG WR�
JHWKHU ZLWK WKH HVWLPDWHG DOOR\� 7KH DQDO\VLV RI UHVXOWV
RI FKHFNLQJ WKH ZHDU UHVLVWDQFH RI WKH SURGXFHG PD�
WHULDO VKRZHG D JRRG FRUUHODWLRQ EHWZHHQ WKH HVWL�
PDWHG DQG H[SHULPHQWDO GDWD� 7KH PLFURVWUXFWXUH RI
WKH GHSRVLWHG PHWDO DQG IULFWLRQ VXUIDFH DIWHU VHUYLFH
XQGHU WKH FRQGLWLRQV RI RSHUDWLRQ RI WKH DVSKDOW PL[HU
DJLWDWRUV DUH SUHVHQWHG LQ )LJXUH ��

7KH H[DPLQDWLRQ RI VWUXFWXUH RI PHWDO� GHSRVLWHG
E\ WKH IOX[�FRUHG ZLUH 33����.K��5�) �& x ����
&U x ����� : x ���� 9 x XS WR ��� ZW��� )H x

EDODQFH� VKRZHG WKDW LW FRQVLVWV RI D FRPSDUDWLYHO\
VRIW PDUWHQVLWLF�DXVWHQLWLF PDWUL[ DQG D ODUJH QXPEHU
��� w �� �� RI VWUHQJWKHQLQJ SKDVH RI D KLJK PLFUR�
KDUGQHVV� 7KH H[FHVVLYH SKDVH KDV D VKDSH RI QHHGOHV�
GLVWULEXWHG XQLIRUPO\ LQ WKH PHWDO EDVH� RULHQWHG DW
DQJOHV FORVH WR ��� ZLWK UHVSHFW WR WKH VXUIDFH EHLQJ
GHSRVLWHG �)LJXUH ��� DV D PDMRU D[LV RI ERULGH QHHGOHV
FRLQFLGHV ZLWK WKH GLUHFWLRQ RI KHDW UHPRYDO DQG KDV
D PD[LPXP UDWH RI JURZWK� WKXV VXSSUHVVLQJ WKH
JURZWK RI FU\VWDOV RULHQWHG DW DQJOH WR WKH GLUHFWLRQ
RI KHDW UHPRYDO >�@� 7KLV LPSRUWDQW TXDOLW\ RI ZHDU�
UHVLVWDQW PDWHULDOV RI WKH JLYHQ V\VWHP RI DOOR\LQJ
JLYHV DQ RSSRUWXQLW\ WR LQFUHDVH WKH DELOLW\ RI WKH
DOOR\ WR WKH ZHDU UHVLVWDQFH� WR SURYLGH WKH UHTXLUHG
RULHQWDWLRQ RI WKH VWUHQJWKHQLQJ SKDVH UHODWLYH WR WKH
ZHDU SODQH�

5()(5(1&(6

�� 7HQHQEDXP� 0�0� ������ :HDU UHVLVWDQFH RI VWUXFWXUDO

PDWHULDOV DQG PDFKLQH SDUWV� 0RVFRZ� 0DVKLQRVWUR\HQL\H�
�� 3RSRY� 6�1� ������ 7KHRUHWLFDO EDVHV RI PXOWLFULWHULDO

DQDO\VLV RI ZHDU RI VWHHOV DQG DOOR\V� ,Q� 5HVWRUDWLRQ DQG LQ�

FUHDVH RI ZHDU UHVLVWDQFH DQG VHUYLFH OLIH RI PDFKLQH SDUWV�
=DSRUR]KMH� 2$2 0RWRU 6LFK�

�� 3RSRY� 6�1� ������ :HDU UHVLVWDQFH RI GHSRVLWHG PHWDO RI
ZRUNLQJ HOHPHQWV RI URDG�FRQVWUXFWLRQ PDFKLQHV� $YWR�

PDWLFKHVND\D 6YDUND� �� �� w ���
�� %U\NRY� 1�1�� 3RSRY� 6�1� ������ (IIHFW RI VWUXFWXUH RI DO�

OR\V RI DJLWDWRUV RI DVSKDOW PL[LQJ PDFKLQHV RQ WKH ZHDU UH�
VLVWDQFH� 6WURLW� L 'RUR]KQ� 0DVKLQ\� �� �� w ���

�� /LYVKLWV� /�6�� *ULQEHUJ� 1�$�� .XUNXPPHOOL� (�*� ������
)XQGDPHQWDOV RI GHSRVLWHG PHWDO DOOR\LQJ� 0RVFRZ� 0DFKL�
QRVWUR\HQL\H�

�� +DUWPDQ� .�� /HWVN\� (�� 6KHIHU� 9� ������ ([SHULPHQW

SODQQLQJ LQ LQYHVWLJDWLRQ RI WHFKQRORJLFDO SURFHVVHV� 0RV�
FRZ� 0LU�

�� 3RSRY� 6�0� ������ 3HFXOLDULWLHV RI HIIHFW RI VWUXFWXUH RI
KDUG LQFOXVLRQV RQ ZHDU UHVLVWDQFH RI GHSRVLWHG KHWHURJHQH�
RXV DOOR\V� 0HWDOORYHGHQL\H L 2EUDE� 0HWDOORY� �� �� w ���

)LJXUH ��0LFURVWUXFWXUH �×���� RI GHSRVLWHGPHWDO RI ���.K��5�)
W\SH �D� DQG LWV IULFWLRQ VXUIDFH DIWHU ZHDU �×���� �E�
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2YHU WKH ODVW IHZ \HDUV� ZKHQ VR PDQ\ VSDFH IOLJKWV KDYH
EHHQ PDGH� ZH DUH JRLQJ RYHU WR D QHZ TXDOLW\� ZLWKRXW
QRWLFLQJ LW� $V \RX FDQ VHH� ILUVW RQH�PDQ YHKLFOHV ZHUH

IO\LQJ� QRZ� WKUHH�PDQ EHJDQ WR IO\� DQG MXVW QRZ D WZR�PHQ
YHKLFOH LV JRLQJ XS� ,W FDQ EH VDLG EHIRUHKDQG WKDW RQH�PDQ

YHKLFOHV ZLOO KDUGO\ EH IORZQ DQ\ PRUH� , EHOLHYH , ZLOO QRW

PDNH DQ\ PLVWDNH� LI , SUHGLFW DOVR WKH QH[W VWHS� ,W ZLOO

VRRQ EH DQ LVVXH WKDW WKHUH LV KDUGO\ DQ\ VHQVH LQ ODXQFKLQJ

VXFK H[SHQVLYH V\VWHPV DV VSDFH YHKLFOHV IRU VHYHUDO GD\V

LQWR VSDFH� 7KH\ SUREDEO\ VKRXOG EH SXW LQWR RUELW DQG OHIW

WKHUH IRU TXLWH D ORQJ WLPH� DQG DOO WKH QHFHVVDU\ VXSSOLHV
WR WKHVH YHKLFOHV VKRXOG EH SURYLGHG� DQG WKH FUHZV VKRXOG

EH GHOLYHUHG DQG UHSODFHG E\ XVLQJ VLPSOLILHG W\SHV RI VSDFH
YHKLFOHV� ZKLFK VKRXOG FHUWDLQO\ KDYH D GRFNLQJ FDSDELOLW\�

VR DV WR SHUIRUP WKHLU IXQFWLRQV� GRFNLQJ WR D V\VWHP RI

RUELWLQJ YHKLFOHV� 7KLV ZD\ ZH� ZLWKRXW QRWLFLQJ LW� DUH� DV

D PDWWHU RI IDFW� DGYDQFLQJ WRZDUGV D TXDOLWDWLYH FKDQJH

LQ RXU QRWLRQV DQG DUHDV RI RXU ZRUN RQ VSDFH H[SORUDWLRQ�

LQ WKH QHDU VSDFH GXULQJ RUELWDO IOLJKWV QHDU WKH (DUWK VR

IDU� 1RZ� VSHDNLQJ RI ORQJHU WHUP IOLJKWV DQG ORQJHU UDQJH
IOLJKWV� \RX FHUWDLQO\ XQGHUVWDQG WKDW WKH YHKLFOHV FDQQRW
IO\ LQ VXFK DQ LQGHSHQGHQW PDQQHU WKDW RQH YHKLFOH FDQ
RQO\ KDYH UDGLR FRPPXQLFDWLRQ ZLWK DQRWKHU YHKLFOH� 0X�

WXDO DVVLVWDQFH� UHOLDELOLW\� GXSOLFDWLRQ� ZKDWHYHU� HYHQ WKH
YHU\ VLPSOHVW KXPDQ FRPPXQLFDWLRQ� DUH QRW DQ LVVXH DQ\

PRUH� 1RZ� DV UHJDUGV ZK\ GR ZH QHHG OHDYLQJ WKH YHKLFOH�

, EHOLHYH WKLV FDQ EH DQVZHUHG LQ D YHU\ VLPSOH PDQQHU�
WKDW� DV D PDWWHU RI IDFW� IO\LQJ LQWR VSDFH� PDQ FDQQRW KHOS
OHDYLQJ WKH YHKLFOHV� -XVW DV ZKHQ JRLQJ RYHU WKH RFHDQ�
RQH FDQQRW EH DIUDLG RI IDOOLQJ RYHUERDUG DQG QRW OHDUQ

VZLPPLQJ�

7KLV LQYROYHV D ZKROH QXPEHU RI RSHUDWLRQV WKDW PD\

EH UHTXLUHG ZKHQ WKH YHKLFOHV PHHW� ,I UHTXLUHG� WKLV� E\
WKH ZD\� JUHDWO\ VLPSOLILHV SHUIRUPDQFH RI VSHFLDO REVHUYD�

WLRQV LQ VSDFH� $QG� ILQDOO\� LQ WKRVH FDVHV ZKHQ VRPHWKLQJ

ZLOO QHHG WR EHPHQGHG RQ WKH YHKLFOH�:H DUH� IRU LQVWDQFH�

VHULRXVO\ WKLQNLQJ WKDW D FRVPRQDXW ZKR KDV PDGH WKH

H[LW LQWR VSDFH� VKRXOG EH DEOH WR SHUIRUP DOO WKH UHTXLUHG

UHSDLU�SURGXFWLRQ RSHUDWLRQV� GRZQ WR SHUIRUPDQFH RI

ZHOGLQJ� HWF�� HWF� 7KLV LV QRW IDQWDV\� WKLV LV D QHFHVVLW\�

7KH PRUH SHRSOH IO\ LQWR VSDFH� WKH PRUH DFXWH ZLOO WKLV

QHHG EH� $QG� ILQDOO\� ZH KDYH WR WDNH LQWR DFFRXQW WKH IDFW

WKDW HYHQWXDOO\ VXFK D VLWXDWLRQ PD\ DULVH ZKHQ RQH YHKLFOH

VKRXOG UHQGHU DVVLVWDQFH WR DQRWKHU YHKLFOH� EXW LQ ZKDW

ZD\ WKHQ" 7KH YHKLFOHV DUH KLJKO\ SURWHFWHG VWUXFWXUHV LQ

WHUPV RI WKHUPDO LPSDFW DQG� KHQFH DOVR VWUHQJWK� 7KLV

PHDQV WKDW RQH FDQ DSSURDFK D YHKLFOH DQG� DV D PDWWHU RI

IDFW� DFKLHYH QRWKLQJ� )RU LI LW LV MXVW GHSUHVVXUL]HG WKURXJK
WKH H[LW SRUW� WKH SHRSOH LQVLGH ZLOO EH GHDG� 7KHUHIRUH�

VXFK D V\VWHP RI GRFNLQJ� OLIH VXSSRUW DQG OHDYLQJ WKH YH�

KLFOH VKRXOG EH LQ SODFH WKDW ZRXOG HQDEOH UHQGHULQJ VXFK
DQ DVVLVWDQFH� $W WKLV SRLQW� ZH FRXOG IDQWDVLVH D OLWWOH�

VD\LQJ� IRU LQVWDQFH� WKDW WKHUH FDQ EH HVSHFLDOO\ ODUJH YH�

KLFOHV� WKDW WKH\ PD\EH ZLOO QRW FRPH XS WRR FORVH� PD\ EH
HYHQ DW WHQV RI NLORPHWHUV GLVWDQFH� WKH\ ZLOO EH DEOH WR VHH

HDFK RWKHU� VXSSRVH GXH WR UDGLR HQJLQHHULQJ PHDQV� 7KH

TXHVWLRQ LV KRZ GR ZH PDNH WKH WUDQVIHU IURP RQH YHKLFOH

WR DQRWKHU RQH� SUREDEO\� QRW LQ D VSDFH VXLW� DIWHU DOO� ZLWK

DQ LQGLYLGXDO� OHW XV VD\ R[\JHQ� DQG VRPH NLQG RI SURSXO�

VLRQ V\VWHP� 7KHQ VRPH NLQG RI D VSDFH WD[L� VSDFH ERDW LV

WR EH PDGH IRU VXFK D ODUJH GLVWDQFH� 7KLV LV EHFDXVH ERWK

LQ WHUPV RI ZHLJKW� DQG WKHUPDO FKDUDFWHULVWLFV DQG VXSSOLHV

RI DOO NLQGV� VDIHW\� SUREDEO\� LW LV QRW SRVVLEOH WR OHW D PDQ

JR DV D JUDLQ RI VDQG IRU� OHW XV VD\� �� NP LQ VSDFH� ,W LV

EHWWHU WR PDNH D WD[L� +H PXVW KDYH WKH FDSDELOLW\ RI VHHLQJ
KLV YHKLFOH DQG WKH RQH ZKHUH KH LV JRLQJ� KDYH WKH DELOLW\
RI UHWXUQLQJ WR KLV YHKLFOH DQG WR WKH YHKLFOH WR ZKLFK KH

LV JRLQJ� KDYH FRPPXQLFDWLRQ ZLWK LW� DQG DOO NLQGV RI

HPHUJHQF\ GXSOLFDWLRQ� 6R LW LV VLPSOHU� EHWWHU WR PDNH VXFK

D OLJKWZHLJKW SLHFH� QRW ERXQG E\ JUDYLW\� WKDW ZLOO DOORZ

\RX WR WUDYHO� �$SSODXVH��

, FDQ RQO\ UHIHU \RXU FRQJUDWXODWLRQV WR D ODUJH WHDP RI
GHYHORSHUV DQG WHVW HQJLQHHUV WKDW KDYH FUHDWHG DQG FRQ�

GXFWHG WKLV KLJKO\ FRPSOLFDWHG H[SHULPHQW� , PXVW VD\ WKDW
WKH ILUVW H[LW RI PDQ LQWR VSDFH LV D PDMRU HYHQW LQ VSDFH
UHVHDUFK� , ZRXOG VD\ WKLV LV DQ HYHQW WKDW ZLOO RSHQ XS D

ODUJH DUHD LQ GHYHORSPHQW RI VSDFH YHKLFOHV DQG VSDFH UH�
VHDUFK� 7KDW� DV D PDWWHU RI IDFW� LV DOO WKDW , ZLVKHG WR WHOO

\RX�

Forty years ago just one turn around the globe was made... And we have every
right to be proud that the pioneers of this  event of world importance were our
compatriots  — academician S ergei Pavlovich Korolyev and Yuri Alekseevich Gaga-
rin, Air Force Lieutenant.

In 1964 Boris  Evgenievich Paton and S ergei Pavlovich Korolyev discussed the
poss ibility of us ing manned space flights  for staging and performance of fundamen-
tal materials  science investigations in order to address scientific and applied goals
of cosmonautics. T his  marked the beginning of space exploration for peaceful
purposes.

Intens ive development of space research involved the scientists  and specialis ts  of
all fields of knowledge without exception, laid the foundations of new areas of
science and technology. Over the last forty years, thousands of scientific reports ,
monographs and a great number of science fiction books were published, and
hundreds of films were made, that are devoted to space subjects.

T he editorial board was able to find the speech of S ergei Pavlovich Korolyev
(Professor S ergeev) in March, before the launch of «Voskhod-2» vehicle. T his  was
academician’s last public speech. It needs no comments. It should be just noted
that no science fiction writer in the world was able to foresee or forecast with one
hundred percent accuracy the emergence of a new field of science, whereas
Korolyev was able to do it.
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7KH LVVXHV RI WKH FRVPRQDXW VDIHW\ GXULQJ ZRUN SHUIRUPDQFH LQ UDZ VSDFH� LQ SDUWLFXODU ZLWK

KDQG WRROV� DUH JLYHQ D ORW RI DWWHQWLRQ �VHH� &ROO� RI SDSHUV �6SDFH� WHFKQRORJLHV� PDWHULDO

VFLHQFH� VWUXFWXUHV�� (G� E\ %�(� 3DWRQ� .LHY� 3:,� ������ 7KH KD]DUG RI ZRUNLQJ ZLWK WKH

SURFHVVLQJ HTXLSPHQW FRQVLVWV LQ WKH GDPDJLQJ DELOLW\ RI WKH KHDW VRXUFH �HOHFWURQ EHDP� DUF

GLVFKDUJH� H[RWKHUPDO PL[WXUHV� HWF��� :KHQ SUHSDULQJ H[SHULPHQWV ZLWK WKH KDQG HOHFWURQ

EHDP ZHOGLQJ WRRO� WKH KDUGZDUH GHYHORSHUV WRRN LQWR DFFRXQW WKH SRWHQWLDO KD]DUG RI GLUHFW

LPSDFW RI WKH HOHFWURQ EHDP RQ WKH FRYHU RI WKH RSHUDWRUsV VSDFH VXLW� DV ZHOO DV WKH VSDFH

YHKLFOH� RXWVLGH ZKLFK WKH RSHUDWLRQV ZHUH FRQGXFWHG DQG RQ LWV RXWHU VWUXFWXUHV �DHULDOV� VRODU

EDWWHULHV� HWF��� 3URWHFWLRQ RI WKH RSHUDWRU RU WKH YHKLFOH LQ WKHVH H[SHULPHQWV ZDV HQVXUHG E\

D WKRURXJK WUDLQLQJ RI WKH RSHUDWRU� DUUDQJLQJ KLV H[WHUQDO ZRUN SODFH� VWULFW IROORZLQJ RI WKH

LQVWUXFWLRQV DQG SURFHGXUHV RI WKH VFKHGXOHG ZHOGLQJ RSHUDWLRQV SHUIRUPDQFH� +RZHYHU� ERWK

WKH KDUGZDUH GHYHORSHUV DQG VSHFLDOLVWV VWDJLQJ WKHVH FRPSOLFDWHG VSDFH H[SHULPHQWV� UHDOLVHG

YHU\ ZHOO WKDW DOO WKH PHDVXUHV WDNHQ E\ WKHP MXVW SDUWLDOO\ ORZHUHG WKH OHYHO RI WKH ULVN�

,Q ����� XSRQ WKH LQLWLDWLYH RI DFDGHPLFLDQ %�(� 3DWRQ� WKH VFLHQWLILF OHDGHU RI WKH ZRUN RQ VSDFH

ZHOGLQJ WHFKQRORJLHV� D FRPSHWLWLRQ ZDV DQQRXQFHG RQ GHYHORSPHQW RI LGHDV �SURSRVDOV�

LQH[SHQVLYH DQG TXLWH VLPSOH WR FDUU\ RXW� HPERG\ LQ PRFN�XSV DQG LPSOHPHQW� IRU LQWHUORFNLQJ

WKH HOHFWURQ EHDP ZKHQ LW JRHV EH\RQG WKH ZRUNLQJ ]RQH� $ ODUJH WHDP RI VSHFLDOLVWV RI ERWK

WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH DQG RWKHU RUJDQLVDWLRQV WRRN SDUW LQ WKH FRPSHWLWLRQ�

,W UHVXOWHG LQ SURSRVLQJ WKH PHWKRGV RI �FRQWRXULQJ� WKH ZRUNLQJ ]RQH DUHD ZLWK D FXUUHQW�FRQ�

GXFWLQJ IUDPH� RU �SDLQWLQJ� WKH ZRUNLQJ ]RQH SURSHU ZLWK D VSHFLDO G\H�VHQVRU� ILWWLQJ WKH

HOHFWURQ EHDP WRRO ZLWK D SUREH� SURYLGLQJ HOHFWURPHFKDQLFDO FRQWDFW ZLWK WKH LWHP EHLQJ

SURFHVVHG� LQFRUSRUDWLQJ LQWR WKH KDUGZDUH D GHYLFH DOORZLQJ SURELQJ ZLWK WKH HOHFWURQ EHDP

WKH VXUIDFHV RQ ZKLFK LW LPSLQJHV� RU SODFLQJ DQ LQIUDUHG �EHDFRQ� RQ WKH LWHP EHLQJ ZHOGHG�

ILWWLQJ WKH KDUGZDUH ZLWK WKH YLGHR DQG UDGLR ORFDWLRQ V\VWHPV �$2 �.YDQW�� RU �WHFKQLFDO YLVLRQ��

,W ZDV DOVR SURSRVHG WR FRQVLGHU WKH FRVPRQDXW VSDFH VXLW DV D NLQG RI PXOWLOLQN PDQLSXODWRU

�V\VWHP RI IRXU PDQLSXODWRUV x WZR DUPV DQG WZR OHJV x DWWDFKHG WR D FRPPRQ EDVH�� ILWWHG

ZLWK DQJXODU GLVSODFHPHQW WUDQVGXFHUV LQ WKH MXQFWLRQV� �8QIRUWXQDWHO\� WKLV LQWHUHVWLQJ SURSRVDO

RI 'U� )�1� .LVLOHYVN\ ZDV UHFHLYHG DIWHU WKH FRPSHWLWLRQ ZDV RYHU��

7KUHH NLQGV RI V\VWHPV XQGHU WKH FRQGLWLRQDO WLWOHV RI �3URELQJ� �<X�1� /DQNLQ� DQG RWK���

�,QIRUPDWLRQ EHDFRQ� �.�$� %XODWVHY� DQG RWK��� DQG �7HFKQLFDO YLVLRQ� �9�9� 7RFKLQ� DQG RWK��

ZHUH VHOHFWHG IURP WKH SUHVHQWHG SURSRVDOV IRU IXUWKHU GHYHORSPHQW� PDNLQJ WKH PRFN�XSV

DQG FRQGXFWLQJ GHPRQVWUDWLRQ WHVWLQJ�

*LYHQ EHORZ DUH WKH SDSHUV WKDW GHVFULEH WKH LPSOHPHQWDWLRQ DQG UHVXOWV RI WHVWLQJ SHUIRUPHG

LQ WKH ODERUDWRULHV RI WKH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 8NUDLQH� DQG -� 0DUVKDOO 6SDFH

)OLJKW &HQWHU� 1$6$� 86$� WKH H[SHUWV RI ZKLFK 0� 9DQKRRVHU� &� 5XVVHOO� 0� 7HUU\ DQG 6� &ODUN

KDYH PDGH D JUHDW FRQWULEXWLRQ WR SUHSDUDWLRQ DQG SHUIRUPDQFH RI WHVWLQJ WKDW LV JUDWHIXOO\

DFNQRZOHGJHG E\ WKH DXWKRUV RI WKH SXEOLVKHG SDSHUV�

(GLWRULDO %RDUG

6SDFH 5HVHDUFK 'HSDUWPHQW
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<X�1� /$1.,1 DQG 6�6� *$95,6+

7KH (�2� 3DWRQ (OHFWULF :HOGLQJ ,QVWLWXWH� 1$68� .\LY� 8NUDLQH

$%675$&7

$ GHYLFH IRU SURWHFWLRQ IURP WKH HOHFWURQ EHDP LQ PDQXDO HOHFWURQ EHDP ZHOGLQJ LQ VSDFH LV GHVFULEHG� 7KH GHYLFH

RSHUDWLRQ LV EDVHG RQ VKRUW�WHUP ������ V� SURELQJ ZLWK WKH HOHFWURQ EHDP RI WKH VXUIDFHV EHLQJ ZHOGHG� :KHQ WKH

GLVWDQFH IURP WKH JXQ WR WKH VXUIDFHV EHLQJ ZHOGHG LV LQFUHDVHG DERYH WKH ZRUNLQJ GLVWDQFH� WKH GHYLFH ORZHUV WKH EHDP

SRZHU GHQVLW\ WR D VDIH OHYHO DQG �RU� FRPSOHWHO\ VZLWFKHV WKH EHDP RII�

.H\ ZRU G V � VSDFH� KDQG WRRO� (%:� SURWHFWLRQ

)XQFWLRQLQJ DOJRULWKP� ,I WKH HOHFWURQ EHDP JXQ LV

ORFDWHG DW WKH ZRUNLQJ GLVWDQFH IURP WKH VXUIDFH EHLQJ
SURFHVVHG �OHVV WKDQ ��� PP� DQG WKH DQJOH RI WKH

JXQ D[LV LQFOLQDWLRQ LV LQ WKH VSHFLILHG UDQJH

��� ± ����� ZRUN LV SHUIRUPHG ZLWK D VWDQGDUG
VKDUSO\�IRFXVHG EHDP� (YHU\ ��� V WKH HOHFWURQ EHDP

SUREHV WKHZHOGLQJ ]RQH�'XH WR WKH YHU\ VKRUW SURELQJ

WLPH ����� PV� LW GRHV QRW LQ DQ\ ZD\ DIIHFW WKH WHFK�

QRORJLFDO SURSHUWLHV RI WKH EHDP�

,I WKH GLVWDQFH IURP WKH JXQ WR WKH VXUIDFH ZKLFK

LV KLW E\ WKH EHDP LV LQFUHDVHG DERYH WKH DGPLVVLEOH

OHYHO� WKH SURWHFWLRQ GHYLFH ZLOO �EOXU� WKH HOHFWURQ
EHDP� 7KLV ZLOO UHVXOW LQ DQ DEUXSW ORZHULQJ RI WKH
SRZHU GHQVLW\ HIIHFWLYHQHVV� DV ZHOO DV RI WKH GDPDJ�

LQJ DELOLW\ RI WKH EHDP� 7KH JXQ GLVSODFHPHQW LQWR

WKH ZRUNLQJ ]RQH OHDGV WR UHVWRUDWLRQ RI WKH PRGH

ZLWK WKH IRFXVHG EHDP�

3ULQFLSOH RI RSHUDWLRQ� $ VWDQGDUG HOHFWURQ EHDP

JXQ � �)LJXUH �� LV IXUWKHU ILWWHG ZLWK DQ HOHFWURPDJ�
QHWLF GHIOHFWLQJ V\VWHP� QDPHO\ DQ RSHQ PDJQHW FRUH

� DQG FRLO �� 7KH HOHFWULF FXUUHQW IORZLQJ WKURXJK WKH

FRLO� FUHDWHV LQ WKH PDJQHW FRUH D PDJQHWLF ILHOG WKDW

GHIOHFWV E\ DQJOH α HOHFWURQ EHDP � LQMHFWHG E\ WKH

JXQ� 7KH FRLO FXUUHQW FKDQJHV LQ WLPH ZLWK ���� PV

SHULRG E\ D VDZ�WRRWK ODZ� 7KLV UHVXOWV LQ WKH EHDP

FKDQJLQJ IURP D SRLQW EHDP RI ��� PP UDGLXV LQWR D

GLYHUJHQW OLQHDU EHDP� $W ��� PP GLVWDQFH IURP WKH
JXQ WKH EHDP ZLGWK LV ≈�� PP� L�H� WKH FURVV�VHFWLRQDO

DUHD LV LQFUHDVHG E\ DERXW �� WLPHV� DQG� WKHUHIRUH�

WKH SHQHWUDELOLW\ LV GHFUHDVHG E\ WKH VDPH QXPEHU RI

WLPHV� :LWK WKH LQFUHDVH RI WKH GLVWDQFH IURP WKH JXQ

WR WKH VXUIDFH� WKH SRZHU GHQVLW\ RI WKH SHULRGLFDOO\

GHIOHFWHG EHDP GHFUHDVHV LQ LQYHUVH SURSRUWLRQ WR WKH
GLVWDQFH�

5HIOHFWLQJ IURP SURFHVVHG VXUIDFH �� SDUW RI WKH

HOHFWURQ EHDP KLWV FROOHFWRU �� 6FUHHQ � LV PRXQWHG

LQ IURQW RI LW� GXH WR ZKLFK WKH FROOHFWRU FXUUHQW GURSV

WR ]HUR DW DQJOH RI GHIOHFWLRQ αFU
� $V α

FU
GHSHQGV RQ

GLVWDQFH + EHWZHHQ WKH JXQ DQG WKH LWHP� LWV YDOXH
FDQ EH XVHG IRU LQWHUORFNLQJ WKH EHDP ZKHQ LW OHDYHV

WKH ZRUNLQJ ]RQH�

/HW XV VWXG\ WKH GHSHQGHQFH RI FROOHFWRU FXUUHQW

RQ V\VWHP SDUDPHWHUV DQG DQJOH RI GHIOHFWLRQ� /HW XV

DVVXPH WKDW WKH HOHFWURQ EHDP KDV D QRUPDO�FLUFXODU

GLVWULEXWLRQ RI FXUUHQW GHQVLW\ LQ WKH FURVV�VHFWLRQ

- = ,
P
H[S







w

U
�

�U
Q

�







� ���

ZKHUH ,
P
LV WKH FXUUHQW GHQVLW\ DPSOLWXGH� U LV WKH

GLVWDQFH IURP WKH EHDP D[LV LQ WKH SODQH QRUPDO WR
LWV D[LV� U

Q
LV WKH EHDP �UDGLXV�� /HW XV DOVR DVVXPH

WKDW WKH HOHFWURQ WUDMHFWRULHV DUH SDUDOOHO DQG HOHFWURQ

UHIOHFWLRQ IURP WKH VXUIDFH IROORZV WKH FRVLQH ODZ�

7KHQ� IRU WKH YDOXH RI WKH HOHFWURQ IORZ WR FROOHFWRU

� ZH FDQ ZULWH� <X�1� /$1.,1 DQG 6�6� *$95,6+� ����

)LJXUH �� 6FKHPDWLF RI EHDP WUDMHFWRU\ LQ WKH GHYLFH �IRU GHVLJQD�
WLRQV VHH WKH WH[W�
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
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




[� w [(α)

\�





 w α w �β�

[(α) = .�FRV α + [� .� = +
WJ α VLQ (π⁄ � + α)
VLQ (π ⁄� w α w β) �

\� = + + KF + .�VLQ α� \� = + w KV + .�VLQ α�

[ = U
FRV γ

FRV (α + β)� \ = U VLQ α�

[� LV WKH GLVWDQFH IURP WKH JXQ D[LV WR WKH FROOHFWRU

DQG VFUHHQ� U DQG γ DUH WKH EHDP SRODU FR�RUGLQDWHV�

β LV WKH DQJOH EHWZHHQ WKH JXQ D[LV DQG QRUPDO WR

WKH LWHP VXUIDFH�+ LV WKH GLVWDQFH IURP WKH GHIOHFWLQJ

V\VWHP WR WKH LWHP� KF DQG KV LV WKH GLVWDQFH IURP WKH

GHIOHFWLQJ V\VWHP FHQWHU WR WKH FROOHFWRU DQG VFUHHQ�

)LJXUH �� D JLYHV WKH FDOFXODWHG E\ ��� GHSHQG�

HQFLHV RI FROOHFWRU FXUUHQW RQ WKH DQJOH RI WKH EHDP

GHIOHFWLRQ IRU GLIIHUHQW GLVWDQFHV IURP WKH JXQ WR WKH

UHIOHFWLQJ VXUIDFH� 6LPLODU GHSHQGHQFLHV DUH DOVR IRXQG

DW WKH FKDQJH RI WKH DQJOH RI LQFOLQDWLRQ β �)LJXUH ��

E�� 2QH FDQ VHH IURP WKH )LJXUH WKDW WKH FULWLFDO DQJOH

RI GHIOHFWLRQ RI WKH HOHFWURQ EHDP LV XQDPELJXRXVO\

FRQQHFWHG ZLWK WKH GLVWDQFH WR WKH UHIOHFWLQJ VXUIDFH

DQG DOPRVW GRHV QRW GHSHQG RQ WKH EHDP FXUUHQW YDOXH�

2Q WKH RWKHU KDQG� WKH YDOXH RI WKH FROOHFWRU FXUUHQW

LV GLUHFWO\ SURSRUWLRQDO WR WKH EHDP FXUUHQW DQG LQ�

YHUVHO\ SURSRUWLRQDO WR WKH VTXDUH RI WKH GLVWDQFH�

7KHUHIRUH� ZLWK ODUJH GLVWDQFHV IURP WKH JXQ WR WKH

UHIOHFWLQJ VXUIDFH� UHIOHFWHG HOHFWURQ VLJQDO LV XQGH�

WHFWDEOH DJDLQVW WKH QRLVH EDFNJURXQG� ,W LV IRUWXQDWH

WKDW WKLV GLVWDQFH LV HVVHQWLDOO\ JUHDWHU WKDQ WKH ZRUN�

LQJ GLVWDQFHV DQG WKH DEVHQFH RI WKH FROOHFWRU FXUUHQW

FDQ EH DQRWKHU VLJQDO IRU WKH HOHFWURQ EHDP LQWHUORFN�

LQJ�

&RQWURO PRGXOH� 7KH VFKHPDWLF RI WKH FRQWURO

PRGXOH LV JLYHQ LQ )LJXUH �� ''� PLFURSURFHVVRU JHQ�

HUDWHV DQ ��GLJLW FRGH �SRUW 3�� WKDW LV FRQYHUWHG E\

'$& �'$� DQG '$�� LQWR VDZ�WRRWK YROWDJH� 3RZHU

DPSOLILHU '$� FRQYHUWV WKH VDZ�WRRWK YROWDJH FRPLQJ

WR LWV LQSXW� LQWR WKH GHIOHFWLQJ FRLO FXUUHQW� 7KH QHJD�

WLYH FXUUHQW IHHGEDFN LV WDNHQ IURP UHVLVWRU 5�� $

VLJQDO LQGLFDWLQJ WKH VSHFLILHG GLVWDQFH IURP WKH JXQ

WR WKH LWHP� LV IRUPHG DW WKH RXWSXW :5

____
RI PLFUR�

SURFHVVRU ''�� *UHHQ OLJKW�HPLWWLQJ GLRGH 9'� LV OLW

RQ WKH FRQWURO PRGXOH FDVH� $ VLJQDO RI WKH HOHFWURQ

EHDP LQWHUORFNLQJ LV IRUPHG DW WKH RXWSXW 5'

____
� 7KLV

VLJQDO LV VHQW WR WKH KDQG WRRO FRQWURO SDQHO� 7KH

VLJQDO FRPLQJ IURP WKH FROOHFWRU LV DPSOLILHG E\ RS�

HUDWLRQDO DPSOLILHU '$�� 3RWHQWLRPHWHU 5�� LV XVHG

WR VHW WKH YDOXH RI DPSOLILFDWLRQ E\ GLUHFW FXUUHQW�

DQG SRWHQWLRPHWHU 5�� x E\ DOWHUQDWLQJ FXUUHQW�

&RPSDUDWRU '$�� LQ ZKLFK WKH RSHUDWLQJ OHYHO LV VHW

E\ SRWHQWLRPHWHU 5��� JHQHUDWHV UHFWLOLQHDU SXOVHV RI

'$� RXWSXW YROWDJH� 7KHVH SXOVHV DUH IRUPHG E\ OHYHO

E\ GLRGHV 9'�� 9'� DQG FRPH WR LQSXWV 7� DQG

,172

______
RI PLFURSURFHVVRU ''�� 7KH ODWWHU FDOFXODWHV

WKH GXUDWLRQ RI WKHVH SXOVHV GXULQJ WKUHH SHULRGV RI

WKH HOHFWURQ EHDP GHIOHFWLRQ� ,I SXOVH GXUDWLRQ LV EH�

ORZ ��� RI WKH GHIOHFWLRQ SHULRG� OLJKW�HPLWWLQJ GLRGH

9'� LV OLW� DQG D ORJLFDO XQLW\ DSSHDUV DW WKH RXWSXW

RI PLFURFLUFXLW ''���� *HQHUDWLRQ RI VDZ�WRRWK GH�

IOHFWLRQ FXUUHQW LV LQWHUUXSWHG� $IWHU ��� V WKUHH SXOVHV

RI WKH HOHFWURQ EHDP GHIOHFWLRQ DUH JHQHUDWHG DJDLQ�

FROOHFWRU FXUUHQW VKDSH LV DQDO\]HG� HWF� :RUN LV SHU�

IRUPHG ZLWK WKH KDQG WRRO LQ WKH VWDQGDUG PRGH� 7KH

VKRUW WLPH RI SURELQJ WKH VXUIDFH ZLWK WKH EHDP �� ×
× ���� PV  ���� PV� DQG KLJK UHSHWLWLRQ UDWH RI WKH

SURELQJ SXOVHV ���� � ����  ���� SUDFWLFDOO\ GR QRW

FKDQJH WKH WHFKQRORJLFDO SURSHUWLHV RI WKH HOHFWURQ

EHDP�

,I WKH SXOVH GXUDWLRQ DW RXWSXW ''� RYHU WKUHH

SHULRGV RI WKH EHDP GHIOHFWLRQ LV JUHDWHU WKDQ �� �

RI WKH GHIOHFWLRQ SHULRG� WKH QH[W WKUHH SXOVHV RI VDZ�

WRRWK FXUUHQW DUH JHQHUDWHG DQG VR RQ� 7KH EHDP EHLQJ

�EOXUUHG� EHFDXVH RI SHULRGLFDO GHYLDWLRQ DW D KLJK

IUHTXHQF\� LWV SHQHWUDELOLW\ IDOOV DEUXSWO\� DQG WKH

PRUH WKH JUHDWHU WKH GLVWDQFH WR WKH VXUIDFH RQWRZKLFK

LW GURSV� /LJKW�HPLWWLQJ GLRGH 9'� LV QRW OLW� DIWHU

� V WKH VLJQDO �ORJLFDO� IRU VZLWFKLQJ RII WKH HOHFWURQ

EHDP RI � V GXUDWLRQ� LV JHQHUDWHG DW WKH RXWSXW RI

PLFURFLUFXLW ''���� 'XULQJ WKLV WLPH WKH RSHUDWRU LV

WR EULQJ WKH JXQ EDFN LQWR WKH ZRUNLQJ ]RQH� $IWHU

� V WKH JXQ LV VZLWFKHG RQ DJDLQ� ,I LW LV LQ WKH ZRUNLQJ

]RQH� WKHQ D VWDQGDUG PRGH ZLOO VHW LQ� DIWHU WKUHH

GHIOHFWLRQ SURELQJ SXOVHV� 2WKHUZLVH� WKH EHDP ZLOO

EH �EOXUUHG� IRU � V DQG WKH EHDP VZLWFKLQJ RQ�RII

F\FOH ZLOO EH UHSHDWHG�

([SHULPHQWDO YHULILFDWLRQ� 7KH GHYLFH PRFN�XS

ZDV WHVWHG WRJHWKHU ZLWK D VHW RI �8QLYHUVDO� KDUG�

)LJXUH �� 'HSHQGHQFH RI FROOHFWRU FXUUHQW RQ WKH DQJOH RI HOHFWURQ
EHDP GHIOHFWLRQ IRU GLIIHUHQW GLVWDQFHV WR WKH LWHP �D�� � x +  
 ��� � x ��� � x ��� � x ��� � x ���� � x ��� PP� DQG IRU
GLIIHUHQW DQJOHV RI WKH JXQ LQFOLQDWLRQ DW +  �� PP �E�� � x β  
 �� � x ��� � x w���
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ZDUH LQ VLPXODWLRQ RI PDQXDO (%:� 7KH GHYLFH ZDV

VHW XS IRU RSHUDWLRQ DW �� w �� PP GLVWDQFH IURP WKH

JXQ WR WKH VWDLQOHVV VWHHO VDPSOHV EHLQJ ZHOGHG� %HDP

FXUUHQW ZDV VHW RQ WKH OHYHO RI �� P$� :LWK WKLV VHW

XS WKH LQIOXHQFH RI WKH FKDQJH RI WKH PDWHULDO EHLQJ

ZHOGHG DQG WKH EHDP FXUUHQW YDOXH RQ WKH GHYLFH

RSHUDWLRQ ZDV FKHFNHG�

,W ZDV IRXQG WKDW LQ ZHOGLQJ RI ���66 VWDLQOHVV

VWHHO DQG 7Lw�$Ow�9 WLWDQLXP DOOR\ WKH SURWHFWLRQ

RSHUDWLRQ UDQJH LV �� w ���� PP DW EHDP FXUUHQW RI

�� w �� P$� ,W LV PXFK QDUURZHU IRU DOXPLQLXP DOOR\

���� DQG IRU DOOR\ ���� LW LV �� w �� PP�

7KXV� VHWWLQJ WKH GHYLFH XS RQ VWDLQOHVV VWHHO SUR�

YLGHV JXDUDQWHHG RSHUDWLRQ DW DQ DFFHSWDEOH GLVWDQFH

LQ ZHOGLQJ RI RWKHU PDWHULDOV�

:LWK WKH FKDQJH RI WKH DQJOH RI WKH JXQ WXUQLQJ�

DV ZDV DVVXPHG �)LJXUH �� E�� SURWHFWLRQ RSHUDWHV

ZKHQ WKH HOHFWURQ EHDP JRHV EH\RQG WKH ERDUG RQ

ZKLFK WKH VDPSOHV DUH PRXQWHG� L�H� ZLWK D VLJQLILFDQW

LQFUHDVH RI WKH GLVWDQFH RU DW WUDQVLWLRQ WR WKH DQRGL]HG

VXUIDFH RI WKH ERDUG�

7KH ZRUNLQJ DQG �EOXUUHG� HOHFWURQ EHDP DW SUR�

WHFWLRQ GHYLFH RSHUDWLRQ LV JLYHQ LQ )LJXUH � �VHH FRORU

LQVHUW��

,Q FRQFOXVLRQ� WKH DGYDQWDJHV RI WKH GHYHORSHG

SURWHFWLRQ GHYLFH VKRXOG EH QRWHG� QDPHO\ HTXLSPHQW

VLPSOLFLW\� VPDOO ZHLJKW DQG GLPHQVLRQV� UHOLDELOLW\�

LQVHQVLWLYLW\ WR HQYLURQPHQWDO SDUDPHWHUV �WHPSHUD�

WXUH� YDFXXP� YDSRXU GHSRVLWLRQ� OLJKWLQJ� HWF���

+RZHYHU� VKRUWFRPLQJV RI WKH GHYLFH ZHUH DOVR IRXQG

GXULQJ LWV RSHUDWLRQ� QDPHO\ ILWWLQJ WKH JXQ ZLWK WKH

GHIOHFWLQJ HOHFWURPDJQHWLF V\VWHP ZLWK HOHFWURQ FRO�

OHFWRU� WKDW LQFUHDVH WKH JXQ RYHUDOO GLPHQVLRQV� GH�

SHQGHQFH RI ZRUNLQJ ]RQH SDUDPHWHUV RQ WKH JXQ FXU�

UHQW YDOXH DQG SURFHVVHG VXUIDFH PDWHULDO� WKH WHVWHG

PRFN�XS RI WKH GHYLFH GRHV QRW SURWHFW WKH VSDFH VXLW

PDWHULDO IURP GDPDJH DW VKRUW UDQJH�

7KH GHYLFH FDQ EH LPSURYHG E\ LQWURGXFLQJ D FRU�

UHFWLRQ E\ EHDP FXUUHQW XS WR FRPSOHWH HOLPLQDWLRQ

RI WKH LQIOXHQFH RI WKH ODWWHU� LPSURYHPHQW RI WKH

IXQFWLRQLQJ DOJRULWKP DQG VHOHFWLRQ RI VHWWLQJ XS SD�

UDPHWHUV WR HOLPLQDWH WKH SRVVLELOLW\ RI WKH VSDFH VXLW

EXUQLQJ WKURXJK DW DQ\ GLVWDQFH�

,Q WKH IXWXUH WKH FROOHFWRU FXUUHQW RI UHIOHFWHG

HOHFWURQV FDQ EH XVHG IRU DXWRPDWLF FRUUHFWLRQ RI WKH

HOHFWURQ EHDP SRVLWLRQ UHODWLYH WR WKH EXWW EHLQJ

ZHOGHG� WKDWZLOO JUHDWO\ LPSURYH WKHZHOGLQJ TXDOLW\�

DV ZHOO DV ZHOGLQJ ]RQH YLVXDOL]DWLRQ�

)LJXUH �� 6LPSOLILHG HOHPHQWDU\ GLDJUDP RI WKH GHYLFH
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WR WKH DQRGH D[LV �DGMXVWPHQW� LQ WKH WRRO VHWWLQJ XS�

7KH SDUDPHWHUV GHULYHG LQ VHWWLQJ� DUH HQWHUHG LQWR

WKH FRQWUROOHU ZRUNLQJ SURJUDP� DQG WKHUHDIWHU LW RS�

HUDWHV LV D VHOI�VXIILFLHQW PRGH�

7KH SULQFLSOH RI WKLV V\VWHP RSHUDWLRQ LV EDVHG RQ
ILQGLQJ WKH UHIHUHQFH PDUNV LQ WKH ZHOGLQJ ]RQH� 7KH
YLGHR FDPHUD LV PRXQWHG RQ RQH D[LV ZLWK WKH WRRO

DQRGH� 7KH YLGHR FDPHUD OHQV LV DLPHG LQWR WKHZHOGLQJ

]RQH WKURXJK D PLUURU �YLGHR FDPHUD RSWLFV SURWHF�

WLRQ�� $ FRQWURO ZLQGRZ LV FUHDWHG E\ SURJUDP PHDQV

�VHH )LJXUH � LQ WKH FRORXU LQVHUW�� LQVLGH ZKLFK WKH
FKHFN IRU UHIHUHQFH PDUNV LV SHUIRUPHG� 7KH FRQWURO

ZLQGRZ GLPHQVLRQV DQG LWV SRVLWLRQ LQ WKH IUDPH� DUH

DVVLJQHG LQ VHWWLQJ XS�

,I WKUHH RU PRUH UHIHUHQFH PDUNV DUH ZLWKLQ WKH

FRQWURO ZLQGRZ ZKHQ WKH WRRO LV SODFHG LQ WKH ZHOGLQJ

]RQH DW WKH ZRUNLQJ GLVWDQFH IURP WKH VDPSOH� WKLV LV

LQGLFDWLYH RI WKH WRRO EHLQJ ZLWKLQ WKH ZHOGLQJ ]RQH

DQG LV D VXIILFLHQW FRQGLWLRQ IRU VZLWFKLQJ RII WKH

HOHFWURQ EHDP LQWHUORFNLQJ VLJQDO� ,I WKH QXPEHU RI

UHIHUHQFH PDUNV LQ WKH FRQWURO ZLQGRZ LV OHVV WKDQ

WKUHH RU WKH PDUNV DUH FRPSOHWHO\ DEVHQW� D VLJQDO IRU

WKH HOHFWURQ EHDP LQWHUORFNLQJ LV JLYHQ�

7KH DOJRULWKP RI GHWHUPLQDWLRQ RI WKH SUHVHQFH RI

UHIHUHQFH PDUNV LQ WKH FRQWURO ZLQGRZ LV DV IROORZV�

• GLJLWDO ILOWUDWLRQ RI YLGHR LQIRUPDWLRQ E\ EULJKW�
QHVV�

• FUHDWLQJ WKH GDWD PDWUL[�

• VHDUFKLQJ IRU UHIHUHQFH PDUNV LQ WKH PDWUL[ E\

VSHFLILHG IHDWXUHV�

• LI WKH UHVXOW LV SRVLWLYH� HOLPLQDWLQJ WKH HOHFWURQ

EHDP LQWHUORFNLQJ�
0RFN�XS WHVWLQJ RI WKH DERYH V\VWHP RI WKH HOHF�

WURQ EHDP WRRO LQWHUORFNLQJ DV SDUW RI �8QLYHUVDO�

KDUGZDUH ZDV FRQGXFWHG LQ D YDFXXP FKDPEHU ILWWHG

ZLWK D PDQLSXODWRU� 7KH WRRO ZLWK WKH YLGHR FDPHUD

ZDV PRXQWHG RQ D PDQLSXODWRU� SURYLGLQJ WKHLU GLV�

SODFHPHQW UHODWLYH WR WKH ERDUG ZLWK WKH VDPSOHV WR

EH ZHOGHG� ,Q DGGLWLRQ WR VDPSOHV� WKH UHIHUHQFH PDUNV
ZHUH DOVR PRXQWHG RQ WKH ERDUG� WKDW GHILQHG WKH

ZRUNLQJ ]RQH LQ ZKLFK VDPSOHV ZHOGLQJ ZDV WR EH

SHUIRUPHG� 2EVHUYDWLRQ RI WKH HOHFWURQ EHDP VZLWFK�

LQJ RQ DQG RII LQ WKH ZRUNLQJ ]RQH DQG ZKHQ WKH EHDP

OHIW WKH ]RQH� ZDV FDUULHG RXW DW WKH WRRO GLVSODFHPHQW�
7HVWLQJ ZDV FRQGXFWHG ZLWK WZR NLQGV RI UHIHUHQFH

PDUNV� QDPHO\ SDVVLYH DQG DFWLYH� *RRG OLJKWLQJ XS

RI WKH ZHOGLQJ ]RQH ZDV YHU\ LPSRUWDQW ZKHQ ZRUNLQJ

ZLWK SDVVLYH PDUNV �QRQPHWDO FLUFOHV SDLQWHG EODFN

DJDLQVW D ZKLWH EDFNJURXQG�� 7KH OLJKW VRXUFHV ZHUH

ORFDWHG RQ WKH WRRO DQG EH\RQG LW� :KHQ WKH WRRO ZDV
PRYHG� WKH OLJKWLQJ RI WKH ZHOGLQJ ]RQH ZDV FKDQJHG

DQG WKH PDUNV ZHUH SDUWLDOO\ OLW XS� ZKLOH WKH OLJKW

LQWHUYDOV EHWZHHQ WKH PDUNV ZHUH GDUNHQHG� WKXV UH�

VXOWLQJ LQ WKH FKDQJH RI WKH PDUN VL]H DQG DSSHDUDQFH

RI GDUN VSRWV� 7KH HOHFWURQ EHDP LQWHUORFNLQJ RSHUDWHG

LQ WKH ZRUNLQJ ]RQH� 6LQFH WKH ZRUN RQ VHOHFWLRQ RI

WKH FRUUHFW OLJKWLQJ GLG QRW JLYH SRVLWLYH UHVXOWV� DQ

DWWHPSW ZDV PDGH WR XVH DFWLYH PDUNV �OLJKW�HPLWWLQJ

GLRGHV� GHILQLQJ WKH ZRUNLQJ ]RQH�� WKH XVH RI ZKLFK
\LHOGHG SRVLWLYH UHVXOWV� 6HOHFWLRQ RI DQ DSSURSULDWH

OHYHO RI EODFN DQG ZKLWH UDWLR DOORZHG SURGXFLQJ D
UDWKHU VWDEOH LPDJH DQG IRUPLQJ WKH �DOORZLQJwLQWHU�

ORFNLQJ� VLJQDO� :KHQ WKH WRRO OHIW WKH ZHOGLQJ ]RQH�
WKH LQWHUORFNLQJ VLJQDO VZLWFKHG WKH HOHFWURQ EHDP

RII� 7KH PHOW ]RQH LQ WKH ZHOGLQJ DUHD DOVR ZDV D OLJKW

VRXUFH� +RZHYHU� FRUUHFW VHOHFWLRQ RI WKH FRQWURO ]RQH

HOLPLQDWHV WKH LQIOXHQFH RI WKLV OLJKW VRXUFH RQ WDNLQJ

D FRUUHFW GHFLVLRQ RQ LQWHUORFNLQJ�

:KHQ WKH HOHFWURQ EHDP ZDV VZLWFKHG RQ GXULQJ

WHVWLQJ� LQWHUIHUHQFH DSSHDUHG WKDW� GLVWRUWLQJ WKH 79

VLJQDO LQIRUPDWLRQ� OHG WR GLVDSSHDUDQFH RI WKH PDUNV

LQ WKH IUDPH� DV ZHOO DV XQDXWKRULVHG �HUURQHRXV� LQ�

WHUORFNLQJ RI WKH HOHFWURQ EHDP� ,QWHUIHUHQFH� JHQHU�

DWHG E\ LQYHUWHU RSHUDWLRQ DQG HOHFWURQ EHDP �QRLVH�

FRQILUPHG WKH QHHG IRU D PRUH WKRURXJK LQYHVWLJDWLRQ

RI WKH VDIHW\ V\VWHP SURWHFWLRQ IURP HOHFWURPDJQHWLF

QRLVH� 7KH IRXQG IDXOWV DQG VKRUWFRPLQJV RI WKH DERYH

VDIHW\ V\VWHP GLG QRW SHUPLW XV �XQOLNH WKH ILUVW WZR

SURSRVDOV� SXEOLVKHG LQ WKLV LVVXH RI WKH MRXUQDO� WDN�

LQJ LW WR GHPRQVWUDWLRQ WHVWLQJ VWDJH� WKH WHUPV RI

ZKLFK ZHUH VSHFLILHG E\ WKH FRPSHWLWLRQ FRQGLWLRQV�

)LJXUH �� )XQFWLRQDO GLDJUDP RI WKH HOHFWURQ EHDP WRRO VDIHW\
V\VWHP
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